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Abstract

Furfuryl alcohol is considered by the U.S. Environmental Protection Agency to be a high volume
production chemical, with over 1 million pounds produced annually. Due to its high production
volume and its numerous industrial and consumer uses, there is considerable potential for work-
related exposure, as well as exposure to the general population, through pulmonary, oral, and
dermal routes of exposure. Human exposure data report a high incidence of asthma in foundry
mold workers exposed to furan resins, suggesting potential immunologic effects. Although
furfuryl alcohol was nominated and evaluated for its carcinogenic potential by the National
Toxicology Program, studies evaluating its immunotoxicity are lacking. The studies presented
here evaluated the immunotoxic potential of furfuryl alcohol following exposure by the dermal
and pulmonary routes using a murine model. When tested in a combined irritancy local lymph
node assay, furfuryl alcohol was identified to be an irritant and mild sensitizer (EC3 = 25.6%).
Pulmonary exposure to 2% furfuryl alcohol resulted in enhanced airway hyperreactivity,
eosinophilic infiltration into the lungs, and enhanced cytokine production (IL-4, IL-5, and
interferon-y) by ex vivo stimulated lung-associated draining lymphoid cells. Airway
hyperreactivity and eosinophilic lung infiltration were augmented by prior dermal exposure to
furfuryl alcohol. These results suggest that furfuryl alcohol may play a role in the development of
allergic airway disease and encourage the need for additional investigation.
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Furfuryl alcohol, also known as furanmethanol, 2-furancar-binol, 2-hydroxymethylfuran,
and furfural alcohol, is most commonly used in foundry operations as a binding agent and as
a corrosion inhibitor. Properties such as low viscosity, high reactivity, and excellent solvent
characteristics make it valuable to a variety of industries. Furfuryl alcohol is also used as an
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intermediate in the manufacture of resins and wetting agents, a reactive plasticizer for
phenalic resins in the manufacture of cold-molded grinding wheels, an intermediate in the
synthesis of numerous organic chemicals, and a solvent in cleaning and paint removal
operations, as well as in varnishes and dyes. Furfuryl alcohol can initiate polymerization
when mixed with foundry sand and exposed to heat or acid catalysts, resulting in
vaporization leading to the potential for pulmonary exposure (Virtamo and Tossavainen,
1976). Furfuryl alcohol is also used as a flavoring agent in a variety of consumer food
products including coffee, tea, cocoa, milk products, nuts, breads, popcorn, and vegetables
(Maga, 1979).

As a result of the ubiquitous presence of furfuryl alcohol, concerns have been raised over
potential adverse health effects associated with exposure. Studies have reported furfuryl
alcohol to be highly toxic in laboratory animals (Gajewski and Alsdorf, 1949). Exposure of
rats to furfuryl alcohol vapor (100 ppm) resulted in decreased weight gain and biochemical
changes in the brain (Savolainen and Pfaffli, 1983). Inhalation exposure studies performed
by the National Toxicology Program (NTP) reported evidence of carcinogenic activity in
both male (nasal) and female (nasal and renal) rats (NTP, 1999). In these studies, signs of
severe irritation were observed following inhalation (250 ppm for 16 days) including
labored breathing, decreased activity, and nose and eye discharge. Increases in lung
eosinophils were observed in both male and female rats, suggesting that furfuryl alcohol
exposure may have an impact on immunologic responses.

Consistent with animal studies, human exposure data have reported a high incidence of
respiratory disease, including asthma, in foundry workers exposed to furan-based resins
(Ahman et al., 1991; Cockcroft et al., 1980; Gomes et al., 2001; Kuo et al., 1999; Low and
Mitchell, 1985). A mold maker was found to develop severe asthma after working with a
mixture containing furfuryl alcohol, paraformaldehyde, xylene and a catalyst containing
sulfuric acid or butyl alcohol. Exposure to the furan resin mixed with a catalyst, as well as
pure furfuryl alcohol mixed with sulfuric acid or butyl alcohol, provoked a late asthmatic
response and heightened nonallergic bronchial responsiveness to inhaled histamine in this
individual (Cockcroft et al., 1980).

Although the majority of studies have focused on the health effects associated with
pulmonary exposure to furfuryl alcohol, the skin has also been identified as a relevant route
of exposure in humans. Immersion of a human hand in liquid furfuryl for 15 min has been
shown to result in the percutaneous absorption of furfuryl alcohol concentrations that equal
those absorbed during an 8-h inhalation exposure to 10 mg/m?3 furfuryl alcohol, based on
urinary metabolites (Sedivec and Flek, 1978). In a separate report, study volunteers exposed
dermally to an atmosphere containing 30 mg/m3 furfural vapors, while breathing fresh air
through a mask, absorbed 20-30% of the furfuryl alcohol absorbed by other volunteers
exposed to furfuryl alcohol through both the dermal and pulmonary routes under the same
conditions (Sedivec and Flek, 1978). Based on the previously described occupational uses
for furfuryl alcohol, there is the potential for dermal exposure to the neat chemical, which
could deliver high concentrations to individuals working with this chemical. As a result of
the potential for dermal exposure, a National Institute for Occupational Safety and Health
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(NIOSH) skin notation has recently been added for furfuryl alcohol to alert employees that
excessive exposure to furfuryl alcohol can also occur through this route of exposure.

In addition to the skin notation, other regulations have been created for furfuryl exposure
based on results from human exposure data (Apol, 1973; Burton and Rivera, 1972). The
current permissible exposure limit for furfuryl alcohol designated by the Occupational
Safety and Health Administration is 50 ppm (200 mg/m3), determined as a time-weighted
average for up to an 8-h work shift. The NIOSH recommended exposure limit is 10 ppm (40
mg/m3) with a short-term exposure limit of 15 ppm (60 mg/m3). An immediately dangerous
to life and health value of 75 ppm was also set by NIOSH based on acute inhalation toxicity
data in animals (NIOSH, 2010).

Despite the animal and human reports mentioned above suggesting that furfuryl alcohol
exposure may contribute to allergic airway disease, studies investigating the immunotoxic
effects of furfuryl alcohol were previously lacking. Therefore, these studies were undertaken
to evaluate the immunotoxic effects associated with both dermal and pulmonary exposure to
furfuryl alcohol using a murine model.

MATERIALS AND METHODS

Animals

Chemicals

Female BALB/c mice were used in this study. The mice were purchased from Taconic
Farms (Germantown, NY) at 6-8 weeks of age. Upon arrival, the animals were allowed to
acclimate for a minimum of 5 days. Animals were randomly assigned to treatment groups,
weighed, and individually identified via tail markings using a permanent marker or tattoo. A
preliminary ANOVA on body weights was performed to insure a homogeneous distribution
of animals across treatment groups. The animals were housed at a maximum of five per cage
in ventilated plastic shoebox cages with hardwood chip bedding, NIH-31 modified 6%
irradiated rodent diet (Harlan Teklad, Indianapolis, IN), and tap water was provided from
water bottles, ad libitum. The temperature in the animal facility was maintained between
68°F and 72°F and the relative humidity between 36 and 57%. The light/dark cycle was
maintained on 12-h intervals. All animal experiments were performed in the AAALAC
accredited NIOSH animal facility in accordance with an animal protocol approved by the
Institutional Animal Care and Use Committee.

Furfuryl alcohol (Cas # 98-00-0), methacholine chloride (MCH; Cas # 101-86-0), a-
hexylcinnamaldehyde (HCA,; Cas # 101-86-0), and toluene 2,4-diisocyanate (TDI; Cas #
584-84-9) were all purchased from Sigma Aldrich (St Louis, MO).

Toxicity and range finding studies

Initial studies were conducted to evaluate the toxicity of furfuryl alcohol following dermal
and pulmonary exposure. To select doses for dermal studies, mice were exposed to 25 pl/ear
of acetone vehicle or increasing concentrations of furfuryl alcohol (10-75%) once daily for
three to four consecutive days. For pulmonary exposure, mice were lightly anesthetized with
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isoflurane (Abbott Laboratories, 99.9%, Saint-Laurent, Québec, Canada) and exposed to
increasing concentrations of furfuryl alcohol (0.5-10%) or vehicle (PBS) by pharyngeal
aspiration, using the method described by Rao et al. (2003) once every fourth day for a total
of four doses. Systemic toxicity was evaluated by clinical observation (morbidity or
extensive irritation) and changes in body weight from preexposure to the time of sacrifice.

Combined local lymph node and irritancy assay

To determine the irritancy and sensitization potential of furfuryl alcohol, a combined local
lymph node assay (LLNA) was conducted. Furfuryl alcohol dosing concentrations (10-75%)
and vehicle (acetone) were selected based on initial range finding toxicity studies. The
LLNA was performed according to the method described in the Interagency Coordination
Committee on the Validation of Alternative Methods Peer Review Panel report (National
Institute of Environmental Health Sciences [NIEHS], 1999) with minor modifications.
Briefly, mice (five per group) were exposed topically to acetone vehicle, increasing
concentrations of furfuryl alcohol, or positive control (30% HCA) on the dorsal surface of
each ear (25 pl/ear) for three consecutive days. HCA is an accepted and well-characterized
positive control for the LLNA (NIEHS, 1999). TDI (2.5%) was used as a positive control for
the irritancy portion of the experiment. Irritancy measurements were performed as
previously described (Woolhiser et at, 1999). The thickness of the right and left ear pinnae
of each mouse was measured using a modified engineer’s micrometer (Mitutoyo Co., Japan)
before the first chemical administration and 24 h following the final exposure. The mean
percentage of ear swelling was calculated based on the following equation: ([mean
postchallenge ear thickness — mean prechallenge ear thickness] / mean prechallenge
thickness) x 100. Animals were allowed to rest for 2 days following the last exposure. On
day 6, mice were injected intravenously via the lateral tail vein with 20 uCi 3H-thymidine
(specific activity 2 Ci/mmol; Dupont NFN, Boston, MA). Five hours after 3H-thymidine
injection, animals were euthanized via CO» inhalation, and the left and right cervical
draining lymph nodes (DLNSs) located at the bifurcation of the jugular vein were excised and
pooled for each animal. Single cell suspensions were made and incubated overnight in 5%
trichloroacetic acid, and samples were counted using a Packard Tri-Carb 2500TR liquid
scintillation analyzer (PerkinElmer, Inc., Waltham, MA). Stimulation indices (SI) were
calculated by dividing the mean disintegrations per minute (DPM) per test group by the
mean DPM for the vehicle control group. EC3 values (concentration of chemical required to
induce a threefold increase over the vehicle control) were calculated based on the equation
from Basketter et al. (1999).

Phenotypic analysis of DLN cells following dermal furfuryl alcohol exposure

To determine if furfuryl alcohol induced an IgE-mediated type | response, the absolute
number and percentage of IgE+B220+ cells in the DLNs were quantitated after dermal
exposure to furfuryl alcohol. For the phenotypic analysis, furfuryl alcohol was tested at
concentrations up to 75%. Lymph node cell phenotypes were analyzed using flow
cytometry, as described by Manetz and Meade (1999). Mice were exposed to acetone,
increasing concentrations of furfuryl alcohol, or TDI (2.5%) positive control topically on the
dorsal surface of each ear (25 pl/ear) for four consecutive days. TDI is commonly used by
this laboratory as a Th2 positive control when evaluating low-molecular-weight chemicals.
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Animals were allowed to rest for 6 days after the final exposure and then euthanized on day
10 by CO, inhalation. DLNs were collected (two nodes/animal/tube) in 2 ml PBS and were
dissociated using the frosted ends of two microscope slides. Cell counts were performed
using a Coulter Counter (Z2 model; Beckman Coulter, Fullerton, CA), and 1 x 108 cells per
sample were added to the wells of a 96-well plate. Cells were washed using flow staining
buffer (1% bovine serum albumin/0.1% sodium azide in PBS) and then incubated with Fc
block (clone 2.4G2). The cells were then incubated with anti-CD45RA/B220 (PE, clone
RA3-6B2) and anti-IgE antibodies (FITC, clone R-35-72) or the appropriate isotype
controls, diluted in staining buffer, washed, and incubated with propidium iodine (PI). All
antibodies and isotype controls were purchased from BD Bioscience, Pharmingen (San Jose,
CA). After a final wash, cells were resuspended in staining buffer and analyzed with a BD
FACSCaliber Flow Cytometer using a P1 viability gate.

Pulmonary exposure to furfuryl alcohol

For pulmonary exposure studies, mice were lightly anesthetized using isoflurane and
exposed to increasing concentrations of furfuryl alcohol (50 pl of 0.5, 1, or 2% solution in
PBS) or PBS (vehicle control) by pharyngeal aspiration using the method previous described
by Rao et al. For the initial studies investigating the effects of pulmonary exposure alone,
mice (five per group) were exposed to furfuryl alcohol every fourth day for 3 weeks for a
total of eight doses. For the studies investigating whether prior dermal exposure to furfuryl
alcohol is capable of enhancing pulmonary responses, mice (seven per group) were
sensitized on the dorsal surface of both ears with 25 pl/ear of acetone vehicle control or
increasing concentrations of furfuryl alcohol (25, 50, or 75%) on days 1-4 of the
experiment. Mice were then challenged with 2% furfuryl alcohol via pharyngeal aspiration
on days 5, 9, 13, and 17 for a total of four aspirations.

Airway hyperreactivity

Twenty-four hours after the final pulmonary exposure, airway responsiveness was assessed
as changes in airway function following challenge with aerosolized MCH using the Buxco
unrestrained whole-body plethysmography system. An initial 5-min baseline PenH reading
was obtained prior to challenge with increasing concentrations of aerosolized MCH (10, 25,
and 50 mg/ml in PBS). For each concentration of MCH, average PenH values were collected
every 30 s for 5 min. MCH exposure occurred only for the first 3 min of this 5-min period.
During the final 2 min, mice were exposed to fresh air alone. Average PenH values for each
5-min period were plotted versus the MCH concentration and used as a measure of airway
responsiveness.

Bronchial alveolar lavage-cellular infiltrate phenotyping

Bronchioalveolar lavage (BAL) samples were collected 24 h after final airway challenge.
Following euthanasia, lungs were perfused, via the right ventricle of the heart, with 10 ml
PBS to remove blood cells present within the lung vasculature. BAL samples were then
collected by cannulating the trachea of each mouse and lavaging three times, each time with
1 ml of sterile PBS. Approximately 2 ml of bronchial lavage fluid was recovered from each
mouse. Suspended cells were pelleted by centrifugation (5 min at 486 x g) and resuspended
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in 200 pl of flow staining buffer containing the following combinations of fluorochrome
conjugated antibodies to identify infiltrating eosinophil, neutrophil, and alveolar
macrophage (CD45-APC, Siglec-F-PE, CD11c-biotin, and LY6G-FITC) or B- and T-cell
(CD45-APC, CD45R/B220-PE, and CD3-FITC) populations. Cell suspensions were
incubated with labeled antibodies on ice in the dark for 30 min and washed. Samples stained
with biotin-labeled anti-CD11c (1:100 dilutions in flow staining buffer) were resuspended in
flow staining buffer containing streptavidin PercP, incubated for an additional 30 min on ice
in the dark, and washed. All samples were then fixed by resuspending in 100 ul BD
cytofixation buffer (BD Bioscience, San Diego, CA) and incubating for 15 min. Cells were
then washed, resuspended in flow staining buffer, and enumerated using a FACSCaliber
Flow Cytometer (BD Bioscience, San Jose, CA) within 48 h. Lung cellular infiltrates were
identified phenotypically based upon the distinct expression of the following cell surface
markers as previously reported by Stevens et al. (2007): eosinophils (CD45Ni, LY6G!oW,
Siglec Fhi, CD11c!oW), neutrophils (CD45", LY6GN, CD11c'°W), and alveolar macrophages
(CD45M | LY6G!W, Siglec FNi, CD11cNi). The absolute number of gated cells corresponding
to each cellular phenotype was determined using AccuCheck Counting Beads (Invitrogen,
Camarillo, CA) according to the manufacturer’s instructions.

Ex vivo analysis of cytokine production from lung-associated DLN cells

Total serum

Lung-associated lymph nodes (LALN) were collected in 3 ml PBS from mice 24 h after
final pulmonary exposure. Single cell suspensions of lymph node cells were made by
grinding the tissue between the frosted ends of two microscope slides. Cells were counted
using a Coulter Counter (Z1 model; Beckman Coulter, Brea, CA), adjusted to 1 x 10°
cells/ml in sterile RPMI media containing 10% fetal calf serum (FCS), and seeded in 48-
well plates (500,000 cells per well). Cells were then stimulated with a-CD3 + a-CD28
antibodies (2 pg/ml each; BD Bioscience, Pharmingen) for 24 h at 37°C and 5% CO,.
Supernatants were analyzed for IL-4, IL-5, and interferon (IFN)-y levels using OptEIA
ELISA kits purchased from BD Biosciences according to the manufacturer’s instructions.

IgE

Following euthanasia of animals used in the phenotypic analysis assays (dermal exposure)
and airway hyperreactivity (AHR) (pulmonary exposure), blood samples were collected via
cardiac puncture or transection of the abdominal aorta. Sera were separated by
centrifugation and frozen at —20°C for subsequent analysis of IgE by ELISA. A standard
colorimetric sandwich ELISA was performed as previously described (Butler, 2000). All
antibodies and isotype controls were purchased from BD Bioscience, Pharmingen. In brief,
96-well flat bottom plates (Dynatech Immulon-2) were coated with (2 ug/ml in PBS)
purified monoclonal rat anti-mouse IgE antibody (clone R35-72; 2 pg/ml, diluted in 0.05M
carbonate-bicarbonate buffer, pH 9.6), sealed with plate sealers, and incubated overnight at
4°C. The plates were washed three times with PBS/Tween 20 and then blocked for 1 h with
diluent (2% FCS and 0.05% sodium azide) at room temperature. Initial serum samples were
diluted 1:10 in diluent, and the IgE control standard (mouse IgE a-TNP; clone C38-2) was
prepared at 500 ng/ml. Serum samples and IgE control standard were serially diluted (1:2)
through eight wells, added to the coated plates in a 100 pl volume, and incubated at room
temperature for 1 h. The plates were then washed three times with PBS/Tween 20. Biotin-
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conjugated rat anti-mouse IgE (clone R35-92; 2 ug/ml) was added in a 100 pl volume, and
plates were incubated at room temperature for 1 h. The plates were again washed three times
with PBS/Tween 20. Streptavidin-alkaline phosphatase (BD Bioscience, Pharmingen Cat#
554065; 100 ul of a 1:400 dilution) was added, and plates were incubated for 1 h at room
temperature. P-Nitrophenyl phosphate (Sigma Cat# N-9389) was used as the alkaline
phosphatase substrate and added to the plates in a 100 pl volume. The plates were allowed to
develop for up to 30 min at room temperature or until the optical density reading of the
highest standard reached 3.0. Absorbance was determined using a SpectraMax Vmax Plate
Reader (Molecular Devices, Sunnyvale, CA) at 405-605 nm. Data analysis was performed
using the IBM SoftMax Pro 3.1 (Molecular Devices), and the IgE concentrations for each
sample were interpolated from a standard curve using multipoint analysis.

Histopathology

Lungs from mice dermally exposed to furfuryl alcohol or PBS and then subsequently
challenged by pulmonary aspiration as described above were insulfated with 10% formalin
and collected for histopathology. Lung tissue for histopathology was embedded in paraffin,
sectioned at five microns, and stained with hematoxylin and eosin, Alcian Blue/PAS,
Masons trichrome, and Sirius Red. Lungs from two mice per sensitization and challenge
combination were evaluated for changes by a veterinary pathologist. Semiquantitative
pathology scores were the sum of the severity and distribution of the histopathologic
changes as previously described (Hubbs et al., 2008).

Statistical analysis

RESULTS

For analysis of animal studies, the data were first tested for homogeneity using the Bartlett’s
chi-square test. If homogeneous, a one-way ANOVA was conducted. If the ANOVA
showed significance at p < 0.05 or less, the Dunnett’s multiple range t-test was used to
compare treatment groups with the control group. LLNA data were further evaluated by
calculating the DPM values of the 3H incorporation from the DLNs of the animals from each
group. The data were compared between groups by using Sl values calculated from the
DPM values of each group. Linear trend analysis was performed to determine if furfuryl
alcohol had exposure concentration-related effects for specific endpoints. Differences were
considered to be significant if p < 0.01 as compared with vehicle controls. SAS/STAT
software (Version 9.2 of the SAS system for Windows; SAS Institute, Cary, NC) was used
to analyze PenH. A PROC MIXED was utilized to run a two-way factorial ANOVA with
concentration of MCH treated as a repeated measure to account for multiple measures in
individual animals. Treatment comparisons between treatment groups were then calculated
at each level of MCH utilizing the “slice” option. All differences were considered significant
atp <0.05.

Dermal Exposure to Furfuryl Alcohol

Dermal irritation and sensitization—Initial concentration range finding studies found
no overt dermal toxicity at exposure to 75% furfuryl alcohol; therefore, this was the
maximum concentration used for the dermal studies. The irritancy and sensitization potential
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of furfuryl alcohol were evaluated using a combined irritancy/LLNA. A significant increase
(p < 0.05) in ear swelling (14%) was observed in mice following dermal exposure to 75%
furfuryl alcohol (Fig. 1A). The positive control (2.5% TDI) resulted in a statistically
significant increase (66%) in ear swelling 24 h after final exposure. In the LLNA, a dose
responsive increase (Linear Trend Test; p < 0.01) in proliferation was observed in animals
exposed to increasing concentrations of furfuryl alcohol reaching statistical significance (p <
0.05) in the 50 and 75% exposure groups (Fig. 1B). The calculated EC3 value for furfuryl
alcohol was 25.6%. HCA (30%) was used for the positive control for the LLNA and resulted
in an average Sl value of 7.2.

Elevations in local and total IgE—Although the LLNA is effective at identifying
potential sensitizers based upon their ability to induce lymphoid cell proliferation, the LLNA
does not differentiate between IgE-mediated (Th2) and T cell- mediated (Th1)
hypersensitivity responses. Therefore, to further characterize the effects of furfuryl alcohol-
mediated sensitization, phenotypic analysis of B220+ and IgE+B220+ cell populations
within the DLN of exposed mice was performed. Consistent with LLNA data, phenotypic
analysis of DLN isolated from mice exposed to furfuryl alcohol showed a dose responsive
increase (Linear Trend Test; p < 0.01) in both the percent and absolute number of B220+
and Ige+B220+ cells in the DLN as compared with vehicle control (Table 1). Exposure to
furfuryl alcohol significantly increased the percentage of IgE+B220+ (24.2 + 5.3 at 75%)
and B220+ cell populations (35.1 + 1.9 at 75%) in the DLN at all concentrations tested (25—
75%). The absolute number of B220+ cells in furfuryl alcohol sensitized mice was
significantly elevated at all concentrations, whereas the absolute number of IgE+B220+ cell
was significantly elevated following exposure to 75% furfuryl alcohol. Mice exposed to
75% furfuryl alcohol also exhibited a mild but statistically significant increase in serum IgE
antibody production (493 £ 98 ng/ml; p < 0.05) in comparison with those exposed only to
the acetone vehicle control (180 + 65 ng/ml; Table 1). No changes in organ or body weights
were observed in these animals (data not shown). TDI (2.5%) was used as an IgE positive
control for these studies and resulted in significant mean elevations of total IgE (1356 + 37
ng/ml), IgE+B220+ (38.7 £ 4.6%), and B220+ (41.5 £ 4.5%).

Pulmonary Exposure to Furfuryl Alcohol

Enhanced AHR, IgE, and eosinophils—Results from the concentration range finding
study identified the maximum pulmonary dose that was tolerated by the animals to be 2%.
Animals exposed to concentrations greater than 2% were found to be lethargic, exhibited
weight loss, and had ruffled fur. As expected, exposure to increasing concentrations of MCH
resulted in increasing AHR in the vehicle control group. Repeated pulmonary exposure
(eight doses) to low concentrations of furfuryl alcohol (0.5%) had little effect on airway
responsiveness however; repeated pulmonary exposure (eight doses) to both 1 and 2%
furfuryl alcohol significantly enhanced airway responsiveness to aerosolized MCH (Fig. 2A,;
Table 2). Following challenge with 10 and 25 mg/ml MCH, the average PenH values of
mice exposed to 2% furfuryl alcohol were 3.28 £ 0.28 and 7.21 + 2.36 compared with the
vehicle control values of 1.39 + 0.13 and 2.01 + 0.08, respectively. Due to the strong airway
responses induced by challenge with 25 mg/ml MCH in mice exposed to 2% furfuryl
alcohol, the 50 mg/ml MCH challenge was not conducted. Enhanced airway responses
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following exposure to 1% furfuryl alcohol reached statistical significance only after
challenge with 50 mg/ml MCH, resulting in an average PenH value of 5.9 + 0.72 compared
with a vehicle control value of 3.23 + 0.42. The absolute number of eosinophils in the BAL
fluid of mice exposed to 2% furfuryl alcohol was significantly enhanced (153,075 + 86,269)
in comparison with vehicle controls (1448 + 773; Fig. 2C). Although a modest increase in
the number of eosinophils isolated from the BAL fluid of the 1% exposure group was
identified, the levels did not reach statistical significance. Consistent with these findings,
serum IgE levels were increased approximately threefold, from 541 + 46 pg/ml in vehicle
control mice to 1625 + 530 pg/ml in mice exposed to 2% furfuryl alcohol (Fig. 2B).
Pulmonary exposure to furfuryl alcohol had no effect on the total number of neutrophils
present in BAL fluid (Fig. 2D). No changes in organ or body weights were observed in these
animals (data not shown).

Enhanced cytokine production by LALN—Pulmonary exposure to furfuryl alcohol
resulted in a mixed Th1/Th2 immune response with dose responsive increases (Linear Trend
Test; p <0.01) in IL-4 and IFN-y. Statistically significant increases in IFN-y (219 + 115 pg/
ml), IL-4 (15 = 2 pg/ml), and IL-5 (80 £ 38pg/ml) production by LALN cells (Fig. 3) were
observed following pulmonary exposure to 2% furfuryl alcohol compared with the vehicle
control mice.

Prior dermal exposure to furfuryl alcohol enhances allergic airway responses
—Although airway responses induced by repeat pulmonary exposure (four doses) with 2%
furfuryl alcohol were enhanced (Fig. 4A; Table 2), the increase in average PenH values did
not reach statistical significance when compared with vehicle controls. However, when mice
were first treated topically (50-75%) and then subsequently challenged (2%; four doses)
with furfuryl alcohol statistically significant enhancements of AHR were detected in
comparison with the vehicle control mice as well as in comparison with mice that received
only pulmonary exposure to 2% furfuryl alcohol (Fig. 4A; Table 2). The average PenH
values following MCH challenge (25 mg/ml) were 13.1 + 3.2 (50% dermal + 2% pulmonary
challenge) and 14.3 + 3.7 (75% dermal + 2% pulmonary challenge). These values were
more than double the average PenH value that was measured in mice receiving only
pulmonary exposure (5.5 + 1.7). Due to the strong airway responses induced by challenge
with 25 mg/ml MCH in mice exposed to furfuryl alcohol, the 50 mg/ml MCH challenge was
not conducted for any of the groups. Mice that were exposed to furfuryl alcohol (75%) by
dermal route only showed no alterations in AHR and had PenH values similar to those
measured in vehicle controls (data not shown). In addition to heightened airway reactivity,
eosinophilic infiltration in BAL fluid was also increased in mice that received furfuryl
alcohol via dermal and pulmonary routes compared with the vehicle control or those that
received only pulmonary exposures (Fig. 4B). The largest increase in eosinophilic
infiltration (109,309 + 31,884) was observed in mice topically exposed to 75% furfuryl
alcohol and then challenged with 2% compared with the BAL collected from mice only
exposed to 2% furfuryl alcohol (6291 + 1873). Consistent with these findings, serum IgE
levels were statistically elevated in the mice exposed via dermal and pulmonary routes (Fig.
4B) compared with vehicle control and 2% furfuryl alcohol exposure groups. Mice that were
exposed to furfuryl alcohol by dermal (75%) route only also had a statistically significant
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increase (530 + 81 pg/ml) in total IgE compared with the vehicle control (246 + 37 pg/ml).
Although not statistically significant, prior dermal exposure to furfuryl alcohol increased the
number of neutrophils in the BAL fluid as compared with both vehicle control mice and
mice exposed to 2% furfuryl alcohol via the airways alone (Fig. 4D). Mice that were
exposed to furfuryl alcohol by dermal (75%) route alone showed no alterations in total
eosinophils or neutrophils (data not shown). No changes in organ or body weights were
observed in these animals (data not shown).

Histopathology—Aspiration with furfuryl alcohol (2%; four doses) produced consistent
changes within the lung that were centered at the bronchioloalveolar junction (Table 3).
These changes include multifocal histiocytic to histiocytic and eosinophilic to eosinophilic
and neutrophilic bronchointerstitial pneumonia with bronchiolar and alveolar epithelial
hypertrophy and hyperplasia (Fig. 5A). In addition, bronchiolar epithelial disorganization
and mucous metaplasia were consistently associated with furfuryl alcohol aspiration (Fig.
5B). Mice aspirating PBS did not have bronchointerstitial pneumonia or airway epithelial
changes (Fig. 5C). Dermal sensitization was necessary for the development of furfuryl
alcohol-induced eosinophilic pneumonia except in one mouse exposed to furfuryl without
dermal sensitization, which developed a multifocal, mild, histiocytic bronchointerstitial
pneumonia without a major eosinophilic component. Furfuryl alcohol-induced airway
epithelial changes (airway mucous metaplasia) occurred irrespective of dermal sensitization
(Table 3).

DISCUSSION

During the past several decades, a remarkable increase in the prevalence of asthma has been
noted in the United States and other industrialized nations (Moorman et al., 2007). It is now
estimated that one in eight individuals suffer from the disease (Busse and Lemanske, 2001).
In addition to improved hygiene and reduced exposure to pathogens, individuals living in
industrial societies are also exposed to an increasing number and amounts of chemicals
(Busse and Lemanske, 2001; Umetsu et al., 2002). Exposure to chemicals has been shown to
enhance the development of respiratory illness, especially in the occupational setting where
exposure can be high. Work-related asthma is currently the most frequently diagnosed
occupational respiratory illness, costing an estimated $400 million dollars per year, and is
responsible for approximately 10-25% of asthma occurring in adults (Petsonk, 2002). Of the
250 substances suspected of causing occupationally induced asthma, approximately 90 are
low-molecular-weight chemical compounds.

These studies evaluated the allergic potential of the low-molecular-weight chemical, furfuryl
alcohol, following dermal and pulmonary exposure. It is important to note that these acute
exposure studies were conducted for the purpose of hazard identification. The exposure
regimes employed in these investigations delivered relatively high doses of furfuryl alcohol
to the skin (25-75%) and lungs (0.5-2%) of a mouse. However, although the general public
would not likely encounter concentrations, this high occupational exposure to furfuryl
alcohol can often be to the neat chemical. Furfuryl alcohol was identified as an irritant and
sensitizing chemical following dermal exposure, due to its capacity to induce ear swelling
and significant DLN cell proliferation. The calculated EC3 value for furfuryl alcohol, based
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on LLNA results, was 25.6% classifying it as a mild sensitizer (Loveless et al., 2010).
Supporting a role for respiratory sensitization, significant increases in both local (IgE
+B220+ cells) and total serum IgE were observed. Manetz and Meade (1999) have
previously shown that select chemicals capable of inducing IgE-mediated allergic responses
have comparable peak increases in the percent IgE+B220+ and B220+ populations, which
tend to become significantly elevated at equivalent chemical concentrations. A similar trend
was observed after treatment with 75% furfuryl alcohol (IgE+B220+ population increased to
24.2 + 5.3% and B220+ population increased to 35.1 + 1.9% of total lymphocytes). Since
the elevation in IgE+B220+ cell populations relates to the local binding of soluble IgE to the
CD23 receptor on B cells in the DLNS, it would be expected to occur before IgE elevations
in the serum and possibly be detected following exposure to lower concentrations (Cheng et
al., 2010). This is consistent with the observed results. The furfuryl alcohol concentration
that induced significant increases in the IgE+B220+ cell population (25%) was lower than
the concentration significantly elevating total serum IgE (75%). In addition, while
significant increases in total IgE (493 + 98 mg/ml) were detected, the values were low. It is
possible that due to the mild sensitization potential of furfuryl alcohol, a longer exposure
protocol (> 4 days) may be required to induce higher levels of total IgE in the serum
(Fukuyama et al., 2009). Consistent with this hypothesis, repeated pulmonary exposure
(eight doses) to 2% furfuryl alcohol over a 3-week period, resulted in higher total serum IgE
levels (1625 + 530 pg/ml; Fig. 2B) than those documented for the mice exposed to just four
pulmonary exposures (425 + 84 pg/ml; Fig. 4B).

Since case report studies and the results from dermal exposure studies suggested a potential
link between furfuryl alcohol and IgE-mediated sensitization, additional studies were
conducted to determine if pulmonary exposure to furfuryl alcohol could enhance airway
hyperresponsiveness and the recruitment of immune cells to the lungs. Consistent with the
onset of IgE-mediated allergic asthma, repeat pulmonary exposure (eight doses) to furfuryl
alcohol resulted in increases in AHR, eosinophils, type 1V hypersensitivity-mediating
cytokines, and IgE. Cytokines induced by CD4+ T cells have been shown to be essential
mediators of IgE-mediated allergic diseases, such as asthma. Upon activation, T-helper (Th)
cells undergo differentiation into functionally distinct effector subsets. Although Th1 cells
typically produce IFN-y and IL-12 and regulate cellular immunity, Th2 cells are associated
with orchestrating the inflammatory response associated with IgE-mediated allergy through
the production of IL-4, IL-5, and I1L-13. Although expression levels of both IL-4 and IL-5
were enhanced following repeated pulmonary exposure to furfuryl alcohol, so was the
production of the Th1l cytokine IFN-y. Although similar mixed Th2-Th1 cytokine profiles
have been observed following exposure to respiratory sensitizers, such as TDI (Johnson et
al., 2007), the specific role that IFN-y plays in respiratory sensitizer-induced airway
hyperreactivity remains to be defined.

Histopathologic analysis of lungs isolated from select mice in this study provided further
support for respiratory sensitization. Airway mucous (goblet) cell metaplasia was identified
in all mice following respiratory tract exposure to 2% furfuryl alcohol, irrespective of prior
dermal sensitization (Fig. 5). These findings are consistent with a previous 14-week furfuryl
alcohol rat inhalation study demonstrating increased numbers of mucous cells in the
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respiratory epithelium of the nose (NTP, 1999). In humans, hyperplasia of airway mucous
cells located specifically in the bronchiolar respiratory epithelium is a hallmark of asthma
pathogenesis. Abnormalities in the number of mucous cells within this region, as well as
changes in the amount of both their stored and secreted mucin, is believed to contribute to
the clinical manifestations associated with the disease, such as sputum production, airway
narrowing, and accelerated loss of lung function (Lai and Rogers; Warner and Knight,
2008). Computational fluid dynamic and physiologically based pharmacokinetic modeling
would help determine how much furfuryl alcohol would reach the bronchiolar epithelium of
man, adding to the risk assessment for this chemical (Frederick et al., 2002).

It is not known if excessive dermal exposure to furfuryl alcohol may enhance respiratory
responses contributing to occupational asthma by modulating responses in the respiratory
tract. Therefore, the effects of prior dermal furfuryl alcohol exposure on furfuryl alcohol-
induced airway responses were evaluated. Dermal exposure to sensitizing chemicals, such as
TDI and trimellitic anhydride, has previously been shown to induce sensitization of the
respiratory tract and enhance respiratory responses upon pulmonary challenge (Howell et
al., 2002; Zhang et al., 2004). Consistent with these reports, the studies described here found
that prior dermal exposure to furfuryl alcohol could further enhance airway
hyperresponsiveness, IgE production, and immune cell infiltrates in the lung compared with
those mice that had only pulmonary exposures. In addition, although the number of mice
examined for each exposure group was low, eosinophilic pneumonia was demonstrated by
histopathology if, and only if, the mice received a pulmonary challenge with furfuryl alcohol
after dermal sensitization, irrespective of the dose used for dermal sensitization.

Although the data described here support a role for furfuryl alcohol in allergic airway
disease, it cannot definitively be stated that the pulmonary responses identified were not due
to an irritant effect because the effect of a single pulmonary exposure to furfuryl alcohol was
not investigated. Pulmonary responses caused by irritation typically cause increases in the
number of neutrophils, as they play a significant role in injury-induced inflammation and
repair. However, this was not the case for the pulmonary exposures conducted in these
studies. It is also important to note that the enhanced pause (PenH) value generated from the
pulmonary airway hyperreactivity studies is an indirect measurement of flows and volumes
based on software algorithms, which calculate a physiological value from a measured value.
Although it is important to mention this limitation associated with PenH, whole-body
plethysmography provides the benefits of end-point analysis on unrestrained conscious
animals.

In summary, furfuryl alcohol was identified as a low-molecular-weight chemical sensitizer,
potentially capable of inducing IgE-mediated allergic responses and thus contributing to the
rising incidence of occupational respiratory disease. Exposure to furfuryl alcohol-induced
sensitization following both dermal and pulmonary exposures when tested in a murine
model. Consistent with case report studies describing a high incidence of respiratory disease
in workers exposed to furfuryl alcohol, repeated respiratory exposure to furfuryl alcohol
enhanced airway hyperreactivity, IgE, lung eosinophilic infiltration, and enhanced cytokine
production. Prior dermal exposure to furfuryl alcohol was shown to further enhance these
responses. Together, these results suggest that furfuryl alcohol may play a role in allergic
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airway disease and encourage additional investigation into immunotoxic effects associated
with furfuryl alcohol exposure.
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FIG. 1.
Irritancy and sensitization following dermal furfuryl alcohol exposure. Analysis of irritation

(A) and sensitization (B) following a 4-day dermal exposure to furfuryl alcohol. Bars
represent the mean + SE of five mice per group. Numbers above bars represent Sl. Levels of
statistical significance are designated as *p < 0.05 and **p < 0.01 as compared with acetone
control.
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FIG. 2.
Effect of pulmonary furfuryl alcohol exposure. Airway hyperreactivity (A), total IgE (B),

eosinophil infiltrates (C), and neutrophil infiltrates (D) were evaluated in mice following
pulmonary exposure to furfuryl alcohol. Mice were exposed to furfuryl alcohol every fourth
day for 3 weeks for a total of eight doses. Bars represent mean values + SE of five mice per
group with the exception of the 2% exposure group, which had only four mice. Levels of
statistical significance are designated as **p < 0.01 as compared with the vehicle control.
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FIG. 3.
Cytokine production by lung-associated draining lymphoid cells following pulmonary

exposure to furfuryl alcohol. Analysis of (A) IFN-v, (B) IL-4, and (C) IL-5 production by
LALN following pulmonary exposure to furfuryl alcohol. Mice were exposed to furfuryl
alcohol every fourth day for 3 weeks for a total of eight doses. Bars represent mean + SE for
each group of five mice, with the exception of the 2% exposure group, which had only four.
Levels of statistical significance are denoted as *p < 0.05 and **p < 0.01 as compared with
vehicle controls.
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Effect of prior dermal exposure on airway responses induced by pulmonary exposure to
furfuryl alcohol. Airway hyperreactivity (A), IgE (B), eosinophils (C), and neutrophils (D)
were evaluated in mice dermally sensitized to furfuryl alcohol (25-75%) and challenged
with furfuryl alcohol (2%; four doses) via the airways. Mice were sensitized with furfuryl
alcohol (25, 50, or 75%) on days 1-4 of the experiment and then challenged with 2%
furfuryl alcohol via pharyngeal aspiration on days 5, 9, 13, and 17. Error bars represent
mean + SE of seven mice per group. Statistical significance is designated as Tp < 0.01 as
compared with the 2% furfuryl alcohol pulmonary exposure control (four doses) or *p <

0.01 as compared with the vehicle control.
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FIG. 5.
Histopathologic changes after aspiration of furfuryl alcohol in mice sensitized by prior

dermal sensitization. In hematoxylin and eosin (H&E)-stained sections of furfuryl alcohol-
exposed (pulmonary and dermal) mice (A), the bronchiolar epithelium is hypertrophied,
hyperplastic, and mildly disorganized (arrows), and the peribronchiolar interstitium is
infiltrated by histiocytes and eosinophils (*). In AB/PAS-stained sections from furfuryl
alcohol-exposed mice (B), mucous metaplasia (arrows) is demonstrated by magenta to
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purple staining of hypertrophied bronchiolar epithelial cells. VVehicle control mice were
within normal histologic limits (C; H&E stained section). Bar is 20 um.

Toxicol Sci. Author manuscript; available in PMC 2016 January 04.



Page 21

Franko et al.

Author Manuscript

'TO'0 S dxx PUB GO'0 S dy Se pajeubisap SI 8ouedlIUBIS [21ISIEIS

'|0J1U0D B[OIY3A BUOIBIR wEwme%mm

'dnouf Jad sjewiue a1y woly IS F ueaw ay) Juasaidal sanjeA 810N

86 F €67 LOSGFEEE | BTFTGE
Ly 799 JEFVEL  8TFBOC
8S ¥ 16 LVFSYe | 87FG6C
S9 ¥ 08T TTFTOT TCTFEOT

WELTANT WESTTE o
0EF6ET #3CF00T 05
72516 LTFLS oz
T1¥8%¢ TTFO0V 0

(JwyBu) 361 jexor. (0T x) +0zZzd 1101 (9%) +022d

(,0T x) +0zzg+361 1210 (9%) +02za+361 (%) (Joyoore |Aanyany) dnoub ssoq

T31avi

Author Manuscript

Author Manuscript

siIsAjeuy 36] wnias [e10] pue aidAousyd

Author Manuscript

Toxicol Sci. Author manuscript; available in PMC 2016 January 04.



Page 22

Franko et al.

(%0 + %g) 1013u09 ainsodxa Areuownd |0yod|e |AINJINE %62 BYI YIM
pasedwod se 10’0 S dJ 40 |0A3U0D BJ21YSA aY) Y1im pasedwiod se TO'0 S dx Se pareubisap si aouealyubls feansnels ‘(juw/Bw og pue ‘gz ‘0T ‘0) abusjieyds HOW Buimoljos IS F Huad ueaw ay) Juasaldal sanfep

‘(v '614) /T

pue ‘eT ‘6 ‘G sAep uo uonesidse jeabulieyd eiA [oyodJe ANy 9z Yyim pabusjieyd usayl pue Juswiiadxa ayl 4o #—T sAep uo (9S/ 10 ‘0G ‘GZ) 10yodfe [AIngny yim paziisuas alam (dnotb Jad uanas) adiN

a

"(wz "614) sasop 1ybia J0 [e10) B J0) SY9aM € 10} Aep Uy1noy AJaAa Joyodfe [Ainginy 03 pasodxe alam (dnolb sad anly) 8__>_m.

$9CFIET 1 0CF89  gegrer %SL + %32
1RVEFCL Jp0FTS v00FCT %05 + %2 SECFTL BLOFCE gr0FgT %Z
827 80T 0TF9€ 600FGT %SZ+%e «CLO0FBS  peoFTE  020F8T E00FTT %T
L'T¥GS 6€0+9C 600+€T %0 + %< 98'0F SV 60FG¢C TT0O+.LT ¥0O0+TT %S0
67’0+ 0°€ 700+9T GOO0+TT %0 EE0FEE 80'0F0¢C €T0FV¥'T ¢00+60 %0
Jw/Bw 6z Jw/Bw QT Jw/Bw 0 joyodre |Aungan4 Jw/Bw 05 Jw/Bw Gz Jw/Bbw QT Jw/Bw 0 Joyodfe |Aungan4
Q\CmcoE_:Q + lewag gMeuownd

Author Manuscript

ainsodx3 |oyod|y |Ainun4 Buimojjoy AlianoealsadAH Aeminy JO JUSUSSASSY

¢ 31avl

Author Manuscript

Author Manuscript

Author Manuscript

Toxicol Sci. Author manuscript; available in PMC 2016 January 04.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Franko et al. Page 23

TABLE 3

Pulmonary Histopathology Findings in Mice Aspirating Furfuryl Alcohol with and without Prior Sensitization

Pulmonary challenge®

PBS 2% furfuryl alcohol

Dermal sensitization  Acetone Eosinophilic pneumonia 0/2 (0)°  Eosinophilic pneumonia 0/2 (3)P:
Airway mucous metaplasia 0/2 (0)  Airway mucous metaplasia 2/2 (5)
25% furfuryl alcohol  Not done Eosinophilic pneumonia 2/2 (6.5)b
Airway mucous metaplasia 2/2 (6)
50% furfuryl alcohol ~ Not done Eosinophilic pneumonia 2/2 (6)°
Airway mucous metaplasia 2/2 (6)
75% furfuryl alcohol  gosinophilic pneumonia 0/2 (0)°  Eosinophilic pneumonia 2/2 (6.5)°

Airway mucous metaplasia 0/2 (0)  Airway mucous metaplasia 2/2 (6)

a . .
Data are presented as the number affected/number evaluated followed by the mean pathology score of all animals in that exposure.

Eosinophilic pneumonia includes pneumonias classified as eosinophilic and neutrophilic, pneumonias classified as histiocytic and eosinophilic,
and pneumonias classified as eosinophilic and histiocytic. All pneumonia involve both bronchioles and the nearby interstitium (bronchointerstitial).

One mouse in this group developed multifocal mild histiocytic bronchointerstitial pneumonia with a small number of neutrophils, lymphocytes,
and eosinophils as lesser contributors to the inflammation.
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