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Flavorings-related lung disease is a potentially dis-
abling disease of food industry workers associated
with exposure to the a-diketone butter flavoring, di-
acetyl (2,3-butanedione). To investigate the hypothe-
sis that another a-diketone flavoring, 2,3-pentanedi-
one, would cause airway damage, rats that inhaled air,
2,3-pentanedione (112, 241, 318, or 354 ppm), or di-
acetyl (240 ppm) for 6 hours were sacrificed the fol-
lowing day. Rats inhaling 2,3-pentanedione devel-
oped necrotizing rhinitis, tracheitis, and bronchitis
comparable to diacetyl-induced injury. To investigate
delayed toxicity, additional rats inhaled 318 (range,
317.9—318.9) ppm 2,3-pentanedione for 6 hours and
were sacrificed 0 to 2, 12 to 14, or 18 to 20 hours after
exposure. Respiratory epithelial injury in the upper
nose involved both apoptosis and necrosis, which
progressed through 12 to 14 hours after exposure.
Olfactory neuroepithelial injury included loss of ol-
factory neurons that showed reduced expression of
the 2,3-pentanedione-metabolizing enzyme, dicar-
bonyl/L-xylulose reductase, relative to sustentacular
cells. Caspase 3 activation occasionally involved olfac-
tory nerve bundles that synapse in the olfactory bulb
(OB). An additional group of rats inhaling 270 ppm
2,3-pentanedione for 6 hours 41 minutes showed in-
creased expression of IL-6 and nitric oxide synthase-2
and decreased expression of vascular endothelial
growth factor A in the OB, striatum, hippocampus, and

cerebellum using real-time PCR. Claudin-1 expression
increased in the OB and striatum. We conclude that
2,3-pentanedione is a respiratory hazard that can also
alter gene expression in the brain. (4m J Pathol 2012,
181:829-844; butp://dx.doi.org/10.1016/j.ajpath.2012.05.021)

In May 2000, an occupational medicine physician re-
ported the clinical diagnosis of severe bronchiolitis oblit-
erans in eight workers at a Missouri microwave popcorn
plant.”® An investigation at the plant revealed that em-
ployees had an increased rate of airway obstruction and
that the prevalence of obstruction increased with in-
creased exposure to diacetyl (2,3-butanedione), a dicar-
bonyl compound.? Although several other hazardous
chemicals were known causes of bronchiolitis obliter-
ans,” ™ they were notably absent in the air of that work-
place.? However, a potential etiological role for diacetyl
was suggested by its chemical structure. In diacetyl, the
carbonyl groups are adjacent to each other, placing di-
acetyl into the class of compounds known as a-dicar-
bonyl compounds, compounds that are often chemically
reactive.'®~'® Diacetyl was used in microwave popcorn
production because it imparts the flavor and aroma of
butter to foods. It can be a natural component of foods,
including butter, but may also be present as a compo-
nent of natural and artificial flavorings. The new work-
place disease became known as popcorn workers’ lung,
popcorn lung, or flavorings-related lung disease.'® '8
Toxicologic pathology studies provided insight into the
etiological characteristics of flavorings-related lung dis-
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ease. Inhalation of butter flavoring vapors or the vapors of
diacetyl alone caused necrosis of airway epithelial cells
in exposed rats and mice.'®?" Damage to airway epi-
thelium was a critical finding because damage to airway
epithelium is believed to be the cause of bronchiolitis
obliterans, the disease seen in the first sentinel cases of
flavorings-related lung disease.'®??2* Investigation of
the inhalation dosimetry of diacetyl led to the develop-
ment of a hybrid computational fluid dynamic—physiologi-
cally based pharmacokinetic model that described diac-
etyl uptake during short-term exposures in the rat and
human respiratory tract.?®?® The dosimetry study pro-
vided an explanation for the observation that diacetyl
caused predominantly upper airway damage in rodents,
whereas flavorings-related lung disease in workers pre-
dominantly affected the deep lung: during short-term ex-
posures, diacetyl damaged airway epithelium when crit-
ical concentrations were achieved in the target cells.?® In
a mouth-breathing, lightly exercising worker, the diacety!
tissue concentration in the bronchioles is estimated to be
>40-fold greater than the concentration in the bronchi-
oles of a nose-breathing rat in an inhalation chamber.?®

In the past 5 years, additional human studies have
provided further converging evidence implicating diace-
tyl in causing flavorings-related lung disease. Additional
cases of flavorings-related lung disease have been found
in microwave popcorn workers and in workers manufac-
turing diacetyl itself.!7:25:27

For many occupational exposures, a useful control
strategy is the substitution of a safer agent to replace one
that is hazardous (National Institute for Occupational
Safety and Health, http.//www.cdc.gov/niosh/topics/
flavorings, last accessed April 14, 2012). However, the
number of potential flavorings is limited by taste receptors
and by the need for flavorings to either be approved food
additives or generally recognized as safe when present as
intended in food.?®2° An additional concern is that biolog-
ical receptors that control aroma and taste are incompletely
described and may tightly constrain the chemical structures
that are perceived as producing a specific flavor and smell,
such as butter.%°~3% The Flavor and Extract Manufacturers
Association of the United States conducts surveys of users
and manufacturers of flavorings that record the category of
use (eg, as a flavoring or an antimicrobial) and the weight used
for specific compounds.®* Such surveys occur at intervals of
several years and will not necessarily reflect a recent shift in
use caused by substitution for another flavoring agent. In ad-
dition, the formulations used to impart flavor are generally pro-
prietary. Thus, it is not known how often specific substitutes for
diacetyl are used in flavoring formulations.

Recently, dicarbonyl flavoring compounds of unknown
respiratory toxicity have been identified in workplace
air.®® These include three compounds that impart the
flavor of butter to foods: 2,3-pentanedione (PD), 2,3-
hexanedione, and 2,3-heptanedione. Each of these fla-
vorings is an a-dicarbonyl compound, raising the con-
cern that these close structural relatives of diacetyl may
taste like diacetyl and may have comparable toxicity. PD
is particularly structurally similar to diacetyl in that it is
simply one methylene group longer. As with diacetyl, PD
is a volatile a-dicarbonyl compound that can occur nat-

urally in foods.®®4° It can also be added to food as a
synthetic flavoring.?®2°4" Historically, PD has received
less use as a flavoring than diacetyl, and it is estimated
that 4590 pounds of PD was used for flavoring in 2005.%* In
addition to the structural similarity to diacetyl, PD is struc-
turally similar to the B-diketone, 2,4-pentanedione, in which
the carbonyl groups are two carbons away from each other.
2,4-Pentanedione is a compound that is neurotoxic.?>*3

During final preparation of this article, 2-week PD ex-
posures were reported to cause bronchiolitis obliterans—
like lesions in rats, which were characterized by bronchial
and bronchiolar fibrosis.** Therefore, in this study, we
investigated the hypothesis that inhaled PD is a respira-
tory hazard with comparable short-term toxicity to diace-
tyl. We further investigated the hypothesis that 2,3-pen-
tanedione, as with 2,4-pentanedione, is neurotoxic. In this
study, we found that short-term PD inhalation has respi-
ratory toxicity that is comparable to diacetyl. However, it
also causes necrosis and apoptosis in the olfactory neu-
roepithelium, activation of caspase 3 in axons in olfactory
nerve bundles, and, consistent with neurotoxicity, up-
regulation of brain IL-6, inducible nitric oxide synthase
(Nos)-2, and claudin-1 (Cldn1) transcripts. Finally, by
using immunofluorescence, we found that the greatest
toxicity in the olfactory neuroepithelium involved olfactory
neurons that had reduced expression of the major PD-
metabolizing system, dicarbonyl/L-xylulose reductase
(DCXR),* whereas the sustentacular cells that had ele-
vated DCXR expression were relatively spared. However,
the PD-exposed sustentacular cells were disorganized
and immunoreactive DCXR was sometimes aggregated
within cytoplasmic vacuoles, suggesting loss of the pro-
tective apical DCXR seen in control rats.

Materials and Methods

Animals

Research was conducted with approval and guidance
from the Institutional Animal Care and Use Committee in
a barrier animal facility fully accredited by the Association
for Assessment and Accreditation of Laboratory Animal
Care International. Male Hla(SD)CVF rats (Hilltop Lab
Animals, Scottdale, PA), weighing 325 to 390 g (at expo-
sure), were housed two per cage in individually ventilated
microisolator units supplied with high-efficiency particu-
late airfiltered laminar flow air (Thoren Caging Systems,
Hazleton, PA). Rats were provided with irradiated Harlan
Teklad Global 18% protein rodent diet (Harlan Teklad,
Madison, WI) and tap water ad libitum in shoe box cages
with autoclaved «-Dri virgin cellulose chips (Shepherd
Specialty Papers, Watertown, TN) and hardwood B-chips
(NEPCO, Warrensburg, NY) for bedding. Rats were ac-
climatized for at least 7 days before exposure.

Experimental Design

The dose-response experiment was conducted as per the
experimental design, as outlined in Table 1. The design
included four groups of rats exposed to PD, one group of
rats exposed to 240-ppm diacetyl, and two air control
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Table 1. 2 3-Pentanedione 6-Hour Dose-Response Experimental

Design

Target Actual
concentration concentration

Compound (ppm) (opm)*

Air NA NA

Diacetyl 240 240.3 + 0.26
2,3-Pentanedione 120 111.7 £0.12
2,3-Pentanedione 240 241.2 £ 0.15
2,3-Pentanedione 320 318.4 £ 0.17
2,3-Pentanedione 360 354.2 = 0.20

*Expressed as mean * SE.
NA, not applicable.

groups. All exposures were for 6 hours. Rats were individ-
ually housed in wire cages during the exposures, and six
rats were simultaneously exposed at each exposure con-
centration. Half of the rats from one of the air-exposed
groups were randomly assigned to the neurotoxicology
study (described later), and half were assigned to the re-
spiratory tract dose-response study. This resulted in an n of
6 for the diacetyl group and each of the PD exposed
groups. The air control group had an n of 9. The 240-ppm
concentration of diacetyl was chosen to minimize potential
stress to the rats because nasal, but not intrapulmonary,
changes occur at that dose.'® Clinical observations of the
rats were made as the rats were removed from the exposure
chamber, at intervals during the next 18 to 20 hours, and
were last made immediately before sacrifice.

For the neurotoxicity experiment, rats inhaled control
air for 6 hours or PD (mean concentration, 270 ppm) for 6
hours 41 minutes.

For the time course experiment, the target concentration
of 320 ppm was used for 6-hour PD inhalation exposures,
the lowest concentration of PD that produced clinical signs
by 18 hours after exposure in the dose-response experi-
ment. PD-exposed rats were sacrificed immediately (0 to 2),
12 to 14, and 18 to 20 hours after exposure (Table 2).

Exposures

To avoid rodent stress associated with nose-only expo-
sures,”® all exposures were whole-body inhalation expo-
sures. The rats were exposed to PD or diacetyl vapors in
a glass and stainless steel whole-body inhalation cham-
ber that was modified and developed for butter-flavoring
exposures.?® During exposures, the rats were housed in
7 X 5 x 3-in® individual cages within the chamber. The
PD (product 241962-100G; Sigma-Aldrich, St. Louis, MO)
and diacetyl (product B85307-100ML; Sigma-Aldrich)
were administered by injecting the liquid from a comput-
er-controlled syringe pump (210 kDa; Scientific Inc., Hol-
liston, MA) through a septum and into a heated cross
section of stainless steel tubing with a diluent airstream
(20 L/minute). The external surface of the tubing was
heated to 150°C, which resulted in an air temperature of
70°C at the point in the cross section where the liquid PD
or diacetyl was injected and vaporized. The air-vapor mix
then passed into the exposure chamber, and the flavor-
ing concentration was measured with a volatile organic
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compound (VOC) meter (PGM-7600; RAE Systems, San
Jose, CA). As organic vapors passed by an UV high-
energy photon source lamp within the VOC meter, they
were photoionized, and the ejected electrons were mea-
sured as a current. VOC readings were used in a feed-
back loop that adjusted the flow of the syringe pump to
maintain the concentration levels at a constant, user-de-
fined value. The temperature within the inhalation chamber
was regulated between 27.0°C and 27.8°C to replicate the
generation of butter-flavoring vapors in the workplace.'”
Relative humidity was controlled between 30% and 40% for
animal comfort. Data acquisition and control software was
developed to display exposure information, save pertinent
data, and control system parameters.

To confirm a uniform concentration distribution through-
out the exposure chamber, test runs were conducted with
three VOC meters. One VOC meter was connected to the
sampling port where concentration measurements were
usually conducted during exposures. The other two VOC
meters were placed in the animal cages within the animal’s
breathing zones. These VOC meters were rotated to differ-
ent cages after each test run to check for biases. Results
indicated negligible concentration differences at various lo-
cations in the chamber.

The VOC meters were calibrated weekly, with either
diacetyl or PD, using a custom system that delivered
user-defined air temperatures, relative humidity, and fla-
voring concentrations. The absolute humidity during cal-
ibration was matched to that during exposures to account
for humidity effects on VOC measurements. Gravimetric
filter measurements, a scanning mobility particle sizer
(SMPS; TSI, St Paul, MN), and an aerodynamic particle
sizer (TSI) were used to determine whether any of the
vapor was in an aerosol form. All measurements indi-
cated a negligible aerosol concentration.

RNA Isolation, cDNA Synthesis, and
Real-Time PCR

Immediately after euthanasia, the brain was removed and
bisected into right and left hemispheres. Brain regions
[olfactory bulb (OB), striatum (STR), hippocampus (HIP),
and cerebellum (CER)] from the right hemisphere of each
animal were dissected (within 3 to 5 minutes of euthana-
sia), stabilized in RNALater (Applied Biosystems, Foster
City, CA), and frozen at —75°C until RNA isolation. The
left hemisphere was preserved in 10% buffered formalin

Table 2. Target and Actual Concentrations of 2,3-Pentanedione
as a Time-Weighted Average in the Time Course

Experiment
Postexposure Target Actual
time point concentration concentration
(hours) Compound (ppm) (ppm)*
0 2,3-Pentanedione 320 318.9 = 0.21
12 2,3-Pentanedione 320 318.7 = 0.21
18 2,3-Pentanedione 320 317.9 = 0.19
18 Air NA NA

*Expressed as mean * SE.
NA, not applicable.
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for neuropathological analysis to be performed in future
follow-up studies. The brain tissues (OB, STR, HIP, or
CER) were homogenized in Tri Reagent (Molecular Re-
search Center, Inc., Cincinnati, OH), and the aqueous
phase was separated with MaXtract High Density gel
(Qiagen, Valencia, CA). Total RNA from the aqueous
phase was then isolated using RNeasy minispin columns
(Qiagen), and concentrations were determined with a
NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). First-strand cDNA synthe-
sis was performed using total RNA (1 ng), random hexam-
ers, and MultiScribe Reverse Transcriptase (High Capacity
cDNA Reverse Transcription Kit; Applied Biosystems) in a
20-uL reaction. Real-time PCR amplification was per-
formed using the 7500 Real-Time PCR System (Applied
Biosystems) in combination with TagMan chemistry. Spe-
cific primers and FAM dye-labeled TagMan MGB probe
sets [TagMan Gene Expression Assays for rat IL-6, Nos2,
Cldn1, occludin, intercellular adhesion molecule-1 (ICAM-
1), and vascular cell adhesion molecule-1 (VCAM-1)] were
procured from Applied Biosystems and used according to
the manufacturer’s recommendation. All PCR amplifications
(40 cycles) were performed in a total volume of 25 pulL,
containing 1-uL cDNA, 1.25 ulL of the specific TagMan
Gene Expression Assay, and 12.5 ulL of TagMan Universal
master mix (Applied Biosystems, Foster City, CA). Se-
quence detection software (version 1.7; Applied Biosys-
tems) results were exported as tab-delimited text files and
imported into Microsoft Excel (Microsoft Corporation, Red-
mond, WA) for further analysis. After normalization to g-actin,
relative quantification of gene expression was performed using
the C; method, as described by the manufacturer (Applied
Biosystems; User Bulletin 2). The values are expressed as fold
change over air-exposed controls.

Histopathological Data

Rats were euthanized by an overdose of pentobarbital
(Sleepaway; Fort Dodge Animal Health, Fort Dodge, |A). In
the dose-response experiment, lungs were fixed by airway
perfusion with 10% neutral-buffered formalin. Tissues in the
time course experiment were fixed by intravascular perfu-
sion with 4% paraformaldehyde—0.1% cacodylate buffer to
provide adequate fixation of brains for neuropathological
findings while also fixing the lungs. After fixation, tissues
were collected and stored in 10% neutral-buffered formalin.
Lung and trachea were processed the day of necropsy,
whereas brain and nasal tissues remained in 10% neutral-
buffered formalin for at least a week. Nasal tissues were
decalcified in 13% formic acid. Lung, trachea, and nasal
sections were embedded in paraffin and stained with H&E.

TUNEL Assays

The TUNEL assay on nasal section T1 was conducted as
previously described.*”

Fluorescence Assays

Tissue sections were placed on ProbeOn Plus slides
(Fisher Scientific, Pittsburgh, PA) and deparaffinized in

xylene and alcohols, and antigenicity was retrieved by
microwave heating in 1 mmol/L EDTA at a pH of 8 for lung
and brain and a pH of 7 for nose (nose sections fall off the
slides at a pH of 8). After rinsing in distilled water, non-
specific staining for all slides was blocked by incubation for
2 hours in 10% donkey serum (Jackson ImmunoResearch
Corp, West Grove, PA). For DCXR immunofluorescent
stains, the slides were pretreated with 5% IgG-free bovine
serum albumin before the serum blocking step.

For all immunofluorescent stains, at least one negative
control slide was run with each immunofluorescent staining
run with the primary antibodies replaced by non-immune
IgG from the same species. Normal mouse IgG (SC-2025;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was the
negative control for mouse monoclonal antibodies. Normal/
pre-immune rabbit IgG was the negative control for rabbit
polyclonal antibodies (Alpha Diagnostic, San Antonio, TX).
Normal/pre-immune goat IgG was the negative control for
goat polyclonal antibodies (Alpha Diagnostic).

E-cadherin and activated caspase 3 double-label immu-
nofluorescence was performed by incubating at 4°C over-
night with a 1:100 dilution of mouse anti-E-cadherin (BD
Biosciences, San Jose, CA) and a 1:200 dilution of rabbit
anti-activated caspase 3 (antibody AF835; R&D Systems,
Minneapolis, MN). Secondary antibodies were donkey anti-
mouse Alexa Fluor 488 and donkey anti-rabbit Alexa Fluor
594 (Molecular Probes/Invitrogen, Eugene, OR).

Glucose transporter 1 and activated caspase 3 double-
label immunofluorescence was performed by incubating
overnight at 4°C with a 1:200 dilution of mouse anti-glucose
transport 1 (Abcam, Cambridge, MA) and a 1:200 dilution of
rabbit activated caspase 3 antibody (AF835; R&D Sys-
tems). Secondary antibodies were donkey anti-mouse Al-
exa Fluor 488 and donkey anti-rabbit Alexa Fluor 594 (Mo-
lecular Probes/Invitrogen).

Olfactory marker protein (OMP) and activated caspase 3
double-label immunofluorescence was performed as per a
previously published enzymatic immunohistochemical
(IHC) assay for activated caspase 3 and OMP,*® which was
adapted for immunofluorescence. Slides were incubated
overnight at 4°C with a 1:100 dilution of goat anti-olfactory
marker protein (Wako, Richmond, VA) and a 1:150 dilution
of rabbit activated caspase 3 antibody (AF835; R&D Sys-
tems). Secondary antibodies were donkey anti-rabbit Alexa
Fluor 488 and donkey anti-goat Alexa Fluor 594. This assay
was run a second time for slides in the time course exper-
iment to ensure reproducibility, and a negative control slide
was run for each slide in the repeat assay.

DCXR/E-cadherin and DCXR/OMP double-label immu-
nofluorescence was performed using a polyclonal rabbit
anti-DCXR antibody that was well characterized by the
manufacturer for IHC detection of DCXR in formalin-fixed
human tissue (Prestige Antibodies Powered by Atlas An-
tibodies, affinity-isolated antibody, HPA023371; Sigma-
Aldrich, St. Louis, MO); this antibody was selected based
on its ability to differentiate DCXR expression in wild-type
and DCXR knockout mice in preliminary work (data not
shown). Slides from rats inhaling PD at concentrations
overtly cytotoxic to olfactory neuroepithelium (318 and
354 ppm) or air in the time course experiment were eval-
uated for DCXR expression in olfactory neuroepithelium.



Rabbit anti-DCXR antibody was diluted 1:6.25 with fil-
ter-sterilized 1.5 times calcium and magnesium-free PBS
containing 1% IgG-free bovine serum albumin and then
mixed with an equal volume of either goat anti-OMP or
mouse anti-E-cadherin and incubated overnight at 4°C.
The secondary antibodies for demonstrating DCXR,
E-cadherin, and OMP were donkey anti-rabbit Alexa
Fluor 594, donkey anti-mouse Alexa Fluor 488, and don-
key anti-goat Alexa Fluor 488, respectively.

The DCXR/OMP double label allowed red DCXR ex-
pression to be distinguished between cells that did not
stain with OMP and green cells (neurons) that did stain
with OMP. The DCXR/E-cadherin double label demon-
strated all epithelial intercellular junctions and the vascu-
lature in green because of the presence of E-cadherin
recognized by the primary antibody or endogenous rat
immunoglobulins recognized by the secondary antibody.
The DCXR-E-cadherin double label, therefore, provided
general context for DCXR and specifically allowed dem-
onstration of the excretory ducts of the Bowman'’s glands.

FluoroJade B staining was used to identify degenerat-
ing neurons. Deparaffinized sections of brain and nose
were treated with potassium permanganate for 20 min-
utes and then stained with a 1:25 dilution of FluoroJade B
(Millipore, Billerica, MA) in 0.1% acetic acid for an addi-
tional 20 minutes, following the manufacturer’s protocol.

Statistics

The statistical analyses for this study were conducted
using SAS/STAT software, version 9.1 of the SAS System
for Windows (SAS Institute, Inc., Cary, NC). Histopatho-
logical data were analyzed using Kruskal-Wallis nonpara-
metric tests, followed by pairwise comparisons using the
Wilcoxon rank-sum test. In the dose-response experi-
ment, semiquantitative histopathological scores for each
region were analyzed for the effect of exposure dose on
the pathological score. In the time course experiment,
semiquantitative histopathological scores for each region
were analyzed for the effect of time after exposure on the
pathological score. Real-time PCR data from each brain
region were converted to fold-change values and ana-
lyzed using analysis of variance. Data were log-trans-
formed to meet the assumptions of the statistical test.
Data are presented as fold-change values. All differ-
ences were considered significant at P = 0.05.

Results

Dose-Response Experiment
Clinical Evaluations

To monitor potential distress, rats were observed visu-
ally for any adverse respiratory or other clinical signs.
Rats in obvious distress were euthanized as soon as
practical. In rats inhaling 318-ppm PD, clinical signs were
not present immediately after exposure. Clinical signs
were present in four of six rats at 17 to 20 hours after
exposure, but were generally subtle. However, at 18 to 20
hours after exposure, one rat had episodic mouth breath-
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ing; and on auscultation, inspiratory sounds were harsh,
consistent with upper airway changes. Auscultation de-
tected faint inspiratory harshness in two additional rats.
One rat had normal lung sounds but appeared to have
increased respiratory frequency at rest in his cage.

In rats inhaling 354-ppm PD, clinical signs were not
present immediately or 4 hours after exposure. Consis-
tent with delayed toxicity, clinical signs were present in
four of six rats at 15 hours 50 minutes after exposure and
in five of six rats by 18 hours after exposure. Clinical signs
were variable, but included periods of mouth breathing
(three rats), slightly harsh inspiratory sounds on auscul-
tation (three rats), increased swallowing (one rat), and
decreased lung sounds (one rat). In one rat, subtle mouth
breathing was noted at 15 hours 50 minutes and with time
became more apparent. To minimize potential distress,
this rat was euthanized. Although euthanized as soon as
clinically indicated, the time point for this rat was 15
minutes before the scheduled sacrifice time.

No clinical signs were observed in rats exposed to PD
at <3818 ppm, in rats exposed to 240-ppm diacetyl, or in
the air-exposed rats.

Necrotizing Rhinitis, Tracheitis, and Bronchitis in Rats
Inhaling PD

In the nose, histopathological findings in control rats
were within normal limits, with changes limited to a few
foci of neutrophilic to neutrophilic and eosinophilic rhinitis
in two rats (Figure 1A). Rats inhaling PD developed his-
topathological lesions in the nose that were characterized
by apoptosis and necrosis of respiratory, transitional, and
olfactory epithelium (Table 3). At the lowest exposure
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Figure 1. Histopathological changes in nasal epithelium after PD exposure.
A: Normal transition epithelium of the maxilloturbinate in an air control rat.
B: Necrotizing rhinitis of the maxilloturbinate in a PD-exposed rat is charac-
terized by necrosis of the epithelium, with few infiltrating neutrophils. C:
Normal neuroepithelium of an air-exposed control rat. D: The neuroepithe-
lium of a rat after inhaling 318-ppm PD shows loss of cells, cells with
pyknotic nuclei, and foci of invagination. Scale bar = 20 um.
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Table 3. Necrotizing Rhinitis, Tracheitis, and Bronchitis in Rats Inhaling 2,3-Pentanedione and Diacetyl

Nose score*

Trachea Bronchus
Exposure Concentration T T2 T3 T4 score® score®

Air NA 0+ 0(0/9)f 0+ 0(0/9)f 0+ 0(0/9) 0+ 0(0/9) 0+ 0(0/9)f 0.22 +0.22 (1/9)
Diacety! 240.3+0.26 7.33+0.21(6/6)" 4.00+ 0.86(5/6)F 0.33+0.33(1/6) 1.33+0.84(0/6) 3.00+0.73(5/6)F 0.67 = 0.67 (1/6)
23-Pentandione 1117 £ 0.12 4.17 = 0.17 (6/6) 1.33 + 0.84 (2/6)" 0+ 0(0/6) 0+ 0(0/6) 0.80 + 0.80(1/5) 0.33 + 0.33(1/6)
2,3-Pentandione 2412 +0.15 7.83 +0.17 (6/6)* 5.33 =0.21(6/6)% 1.33+0.84(2/6) 05+05(1/6) 2.00=* 1.15(2/4)% 0.80 + 0.80 (1/5)
23-Pentandione  318.4 + 0.17 8.33 = 0.21(6/6) 7.33 + 0.42 (6/6)F 5.5+ 0.22 (6/6)"F 4.33 + 0.67 (6/6) 7.50 + 0.43 (6/6)'F 2.67 + 0.84 (4/6)F
2.3-Pentandione  354.2+0.20 8.33*0.21(6/6)"* 7.17 +0.31(6/6)"* 6.0+ 0.36(6/6)F 65=05(6/6)F 867 +021(6/6)F 4.0=0(6/6)H

Histopathologic changes were diagnosed as necrotizing if cell death was a major component of the histopathologic change. Tissues evaluated were
lined by respiratory or transitional epithelium. The olfactory epithelium was scored separately (see Table 4).

*Data are expressed as mean = SE of the pathology scores, followed parenthetically by the number of affected rats/number of rats exposed. The
specific nasal sections are designated sequentially (T1, T2, T3, and T4), starting with the most anterior section.

TSignificantly different from the group inhaling 240-ppm diacetyl (2,3-butanedione; P =< 0.05).

*Significantly different from the air control group (P = 0.05).
NA, not applicable.

concentration, significant changes were restricted to the
first nasal section (T1), where the morphological changes
were principally characterized by cell detachment, py-
knosis, karyorrhexis, and karyolysis. At higher-exposure
concentrations, nasal epithelial necrosis was the pre-
dominant and characteristic response to PD exposure in
the respiratory and transitional epithelium (Figure 1B). A
predominantly neutrophilic inflammatory response con-
sistently accompanied the nasal epithelial necrosis at
higher-exposure concentrations, with many neutrophils
within exudates, but variable infiltration of the necrotic
epithelium. The olfactory neuroepithelium of air-exposed
rats consistently displayed normal morphological char-
acteristics (Figure 1C). In the olfactory neuroepithelium of
the PD-exposed rats, the histopathological changes were
principally characterized by apoptosis and multifocal in-
vagination (Figure 1D). In PD-exposed rats, changes in
the olfactory neuroepithelium were most frequently seen
in nasal section T2, but were seen in level T3 in four of six
rats exposed to the highest PD concentration (Table 4).
Morphologically, similar changes were seen in the olfac-
tory neuroepithelium of diacetyl-exposed rats. However,
with diacetyl exposure, the number of affected rats and
the severity of histopathological changes were compara-
ble in levels T2 and T3 (Table 4). Histopathological

changes in the respiratory epithelium of rats inhaling 240-
ppm diacetyl were comparable to those seen in rats
inhaling 241.2-ppm PD (Table 3).

In the trachea and lung of control rats, tissues were within
normal histological limits. Exposure-related changes in the
lung of PD-exposed rats were restricted to the mainstem
bronchus, were subtle, and were characterized by minimal
individual cell apoptosis, which was statistically significant
in the two highest-dose groups (Table 3 and Figure 2).

Time Course of PD-Induced Epithelial and
Neuronal Injury

Because clinical evaluation in the dose-response exper-
iment suggested delayed toxicity, rats exposed to 319-
ppm PD were sacrificed at three different times after
exposure: 0to 2, 12to 14, and 18 to 20 hours. As with the
dose-response study, histopathological changes in PD-
exposed rats were characterized by necrotizing rhinitis,
tracheitis, and bronchitis (Table 5). Respiratory epithelial
necrosis was most severe in the first two sections of the
nose. Consistent with the delayed toxicity noted clinically,
the pathological score in these first two nasal sections

Table 4. Necrotizing Rhinitis in the Olfactory Epithelium of Rats Inhaling 2,3-Pentanedione and 2,3-Butanedione

Nose score*

Exposure Concentration T2 T3 T4
Air NA 0+ 0(0/9)" 0+ 0(0/9)" 0+ 0(0/9)
Diacety! 240.3 + 0.26 2.33 = 1.05 (3/6)* 2.67 = 1.20 (3/6)* 0= 0(0/6)
2,3-Pentanedione 111.7 = 0.12 0 = 0(0/6) 0 = 0(0/6) 0 = 0(0/6)
2 3-Pentanedione 2412 +0.15 4.00 = 0.86 (5/6)* 0+ 0(0/5)8 0= 0(0/6)
2,3-Pentanedione 318.4 + 0.17 6.17 + 0.48 (6/6)™* 1.60 = 1.60 (1/5)8 0.83 + 0.83 (1/6)
2 3-Pentanedione 354.2 + 0.20 5.50 = 0.43 (6/6)1* 417 = 1.40 (4/6)F 0= 0(0/6)

Histopathologic changes were diagnosed as necrotizing if cell death was a major component of the histopathologic change.
*Data are expressed as mean = SE of the pathology scores, followed parenthetically by the number of affected rats/number of rats exposed. The
specific nasal sections are designated sequentially (T1, T2, T3, and T4), starting with the most anterior section. Olfactory epithelium is not present in section

T1, and it is, therefore, not included in this table.

TSignificantly different from the group inhaling 240-ppm diacetyl (P < 0.05).

*Significantly different from the air control group (P = 0.05).

SInadequate fixation of the dorsal portions of the nose by immersion in 10% neutral-buffered formalin prevented assessment of olfactory epithelial

damage in one animal.
NA, not applicable.
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Figure 2. Histopathological changes in the mainstem bronchus in a rat
after inhaling 354 ppm. Changes are subtle and limited to a few cells with
pyknosis or karyorrhexis (arrow) within the respiratory epithelium. Scale
bar = 20 pwm.

significantly increased during the first 12 to 14 hours after
exposure (Table 5).

No changes were seen in H&E-stained sections or
Luxol fast blue/PAS-stained sections of olfactory neuro-
epithelium from air control rats or in the olfactory neuro-
epithelium of rats sacrificed immediately after 6 hours’
inhalation of 319-ppm PD (Table 6 and Figure 3A). How-
ever, apoptosis and foci of invagination were seen in the
olfactory neuroepithelium at 12 hours (four of six rats) and
18 hours (two of six rats) after PD inhalation. Luxol fast
blue/PAS staining demonstrated a consistent reduction in
the amount of PAS-positive material in Bowman'’s glands
in section T2 at 12 and 18 hours after exposure, and the
sites of invagination within the olfactory neuroepithelium
could often be localized near the excretory ducts of the
Bowman'’s glands (Figure 3B).

No neuropathologic alterations were seen in the brains
of PD-exposed rats in H&E-stained sections or in sections
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stained by dual immunofluorescence for glucose trans-
porter-1 and activated caspase-3.

Time Course of Apoptosis in PD-Induced Death
of Respiratory Epithelium

PD-induced apoptotic cell death of respiratory epithelial
cells was confirmed by both TUNEL assay and immuno-
fluorescent staining for activated caspase 3 and E-cad-
herin in the maxilloturbinate from section T1. PD-induced
apoptosis in respiratory epithelium was quantified via cell
counts in the maxilloturbinate in section T1 in a TUNEL
assay and was confirmed by morphometry for caspase 3
activation in the maxilloturbinate. Apoptosis was signifi-
cantly increased at all time points, as assessed by
caspase 3 activation or TUNEL. With the activated
caspase 3 assay, but not with the TUNEL assay, apop-
tosis was significantly greater at 12 and 18 hours, as
opposed to immediately after exposure (Table 7).

Dose-Response Study
Olfactory Neurotoxicity

To identify whether PD caused neurotoxicity in olfac-
tory neurons, nasal section T2 was stained using dual-
label immunofluorescence for OMP, a specific marker for
olfactory neurons; and activated caspase 3, a marker for
apoptosis. Activated caspase 3 could be demonstrated
within the olfactory neuroepithelium. Caspase 3 activa-
tion was rare in the neuroepithelium of air-exposed rats
(Figure 4A). Caspase 3 activation varied from rare to
occasional in rats inhaling 320- to 360-ppm PD.

The OMP staining in these sections demonstrated the
olfactory neurons and allowed clear visualization of PD-
associated morphological changes within the neuroepi-
thelium and the olfactory nerve bundles. In rats inhaling
240-ppm diacetyl or =240-ppm PD, OMP immunofluo-
rescence demonstrated irregular spacing of olfactory
neurons, small olfactory neurons, loss of sustentacular
cells, and swelling and shortening of dendrites of ol-
factory neurons. Foci of disorganized neurons were

Table 5. Time Dependency of Necrotizing Rhinitis, Tracheitis, and Bronchitis in Rats Inhaling 318-ppm 2,3-Pentanedione

Nose score*

Time after Mainstem
exposure (hours) T T2 T4 Trachea score* bronchus score*
Air (18-20) 0= 0(0/6)™ 0= 0(0/6)™ 0= 0(0/6)™ 0= 0(0/6)™ 0= 0(0/6)™ 0=0(0/5)™

2,3-Pentanedione  4.33 + 0.21 (0/6)*S 3.33 = 0.80 (5/6)* 4.17 + 0.16 (6/6)%

(0-2)

2,3-Pentanedione  8.00 + 0.00 (6/6)'S 5.83 = 0.17 (6/6)'S 4.17 + 0.16 (6/6)%

(12-14)

2,3-Pentanedione  7.67 = 0.21 (6/6)' 5.00 = 0.26 (6/6)*S 1.03 + 0.42 (4/6)!*S 1.33 + 0.84 (2/6)

(18-20)

2.67 = 0.84 (4/6)8 5.0 =0(6/6)* 4.5+ 0.29 (4/4)8

250 + 0.88 (4/6)S 4.0 + 0(6/6)'S 4.0 +0(5/5)%

3.5+0.72(5/6)'S 2.0+ 1.16 (2/4)

The exposure concentration was 318 ppm at each time point (range, 317.9—318.9 ppm). Morphologic changes were diagnosed as necrotizing if cell
death was a major component of the histopathologic change. Tissues evaluated were lined by respiratory or transitional epithelium. The olfactory epithelium

was scored separately (see Table 6).

*Data are expressed as mean =+ SE of the pathology scores, followed parenthetically by the number of affected rats/number of exposed rats examined.
In all exposures, six rats were exposed. However, the mainstem bronchus was missing from a few sections. The specific nasal sections are designated

sequentially (T1, T2, T3, and T4), starting with the most anterior section.
TSignificantly different from 0 to 2 hours after exposure (P =< 0.05).
*Significantly different from 12 to 14 hours after exposure (P < 0.05).
SSignificantly different from the air control group (P =< 0.05).
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Table 6. Time Dependency of Necrotizing Rhinitis in the Olfactory Epithelium of Rats Inhaling 318-ppm 2,3-Pentanedione

Nose score*

Time after exposure

(hours) T2 T3 T4
Air (18-20) 0=+ 0(0/6)t 0+ 0(0/6) 0+ 0(0/6)
2,3-Pentanedione (0-2) 0+0(0/6) 0+ 0(0/6) 0+ 0(0/6)
2,3-Pentanedione (12-14) 3.33 = 1.12 (4/6)*S 1.83 = 1.17 (2/6) 0+ 0(0/6)
2,3-Pentanedione (18-20) 2.00 + 1.26 (2/6) 0+ 0(0/6) 0+ 0(0/6)

The exposure concentration was 318 ppm at each time point (range, 317.9—318.9 ppm). Histopathologic changes were diagnosed as necrotizing if

cell death was a major component of the histopathologic change.

*Data are expressed as mean = SE of the pathology scores, followed parenthetically by the number of affected rats/number of rats exposed. The
specific nasal sections are designated sequentially (T1, T2, T3, and T4), starting with the most anterior section. Olfactory epithelium is not present in section

T1, and it is, therefore, not included in this table.
TSignificantly different from 12 to 14 hours after exposure (P =< 0.05).
*Significantly different from the air control group (P = 0.05).
SSignificantly different from 0 to 2 hours after exposure (P =< 0.05).

most prominent near foci of invagination of the olfac-
tory neuroepithelium. In the most severely affected rat,
activation of caspase 3 in multiple axons was demon-
strated within specific olfactory nerve bundles, with the
most severely affected nerve bundle associated with a
macrophage expressing activated caspase 3 (Figure
4, B and C).

Relationship between Olfactory Neurotoxicity and
DCXR Expression

The olfactory neuroepithelium contained immunoreac-
tive DCXR, which was distinguishable from negative con-
trols and from expression in the respiratory epithelium,
which has lower levels of DCXR expression.?® Within the
olfactory neuroepithelium, DCXR was expressed in cells
in an exposure-dependent manner.

In the olfactory neuroepithelium of air-exposed rats,
DCXR was in the cytoplasm of sustentacular cells and, to
a lesser extent, basal cells. By using OMP as the second
label for dual-label immunofluorescence, DCXR expres-
sion in olfactory neurons and in the lamina propria was
indistinguishable from that in negative controls (Figure 5,
A-F). After inhalation of 320- or 360-ppm PD, the olfactory

Figure 3. Luxol fast blue/PAS staining of the olfactory neuroepithelium. Az
In an air-exposed control rat, the Bowman’s glands contain PAS-positive
secretory granules (dashed arrows), and their excretory ducts (solid ar-
rows) traverse the basement membrane. In the lumen, small amounts of
PAS-positive material are seen. B: In a PD-exposed rat from the 12-hour
postexposure group, the lamina propria in this focus is devoid of PAS-
positive Bowman’s glands. A focus of invagination (asterisk) is associated
with the greatest loss of cellularity in the olfactory neuroepithelium and lies
above the excretory duct of the Bowman’s gland, which traverses the base-
ment membrane (solid arrow). In the nasal airway lumen, the amount of
PAS-positive material is increased and is aggregated. Scale bar = 20 pum.

neurons and sustentacular cells were markedly disorga-
nized relative to controls, leading to a loss of the apical
barrier of DCXR, which characterized the control neuro-
epithelium (Figure 6A). In the most extensively damaged
neuroepithelium, neurons and sustentacular cells de-
tached (Figure 6B). In some less affected foci, DCXR
immunoreactivity changed and was sequestered as an
intensely immunofluorescent lining of apical cytoplasmic
vacuoles in sustentacular cells (Figure 6C). By using
E-cadherin as a second label for dual-label immunofluo-
rescence, the ducts of the Bowman's glands did not
contain DCXR detectable by immunofluorescence in
either air-exposed (Figure 7A) or PD-exposed (Figure
7B) rats.

Time Course Experiment with Confirmation of
Olfactory Neuronal Injury

In the time course experiment, as in the dose-response
study, dual-label immunofluorescence for activated
caspase 3 and OMP in nasal section T2 demonstrated
rare apoptosis in air-exposed rats, with increased
amounts of apoptosis in the neuroepithelium of PD-ex-
posed rats (Figure 8A). Caspase 3 activation varied
among the PD-exposed animals but clearly played a role
in cell death of the olfactory neuroepithelium in some rats
(Figure 8A). The OMP staining demonstrated morpholog-
ical changes within the cell bodies and dendrites of ol-
factory neurons (Figure 8B). The morphological changes
in olfactory nerve cell bodies and dendrites were equiv-
ocal to subtle immediately after exposure, but variations
in the size and shape of olfactory nerves, clustering of
olfactory nerves, and shortening and swelling of den-
drites were clearly visualized by OMP staining at the
12- and 18-hour postexposure time points. Within the
olfactory neuroepithelium, caspase 3 activation was most
frequently seen in cells without OMP, suggesting that
these were the sustentacular cells. In the olfactory nerve
bundles that contained the axons of the olfactory nerves,
caspase 3 activation was absent in air-exposed rats, was
equivocal in a few axons in one of six rats immediately
after exposure, was clearly demonstrated in all six rats at
12 hours after exposure, and was clearly demonstrated in
three of six rats at 18 hours after exposure. Caspase 3
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Table 7. Apoptosis in the Lining Epithelium of the Maxilloturbinate in Section T1, Quantified by Two Different Methods at Three
Different Time Periods after Inhaling 318-ppm PD (7 = 6 in Each Group)

Time after 2,3-pentanedione (hours)

Variable Air
TUNEL apoptotic cell count 0.00 = 0.00
Activated caspase-3 morphometry 0.10 £ 0.10

0 12 18
16.33 = 6.873* 34.50 = 13.62* 26.17 = 7.78*
0.33 £ 0.21* 2.87 +0.98*T 2.47 = 1.19*T

Data are given as affected cell number (mean = SE cell count/mm basement membrane) and as the area of caspase-3 expression (um?) in the airway
epithelium above each um of basement membrane. The exposure concentration was 318 ppm at each time point (range, 317.9—318.9 ppm).

*Significantly different from the air control group (P = 0.05).
TSignificantly different from 0 to 2 hours after exposure (P < 0.05).

activation was expected in axons because of apoptosis
in the olfactory neuroepithelium, which contained the cell
bodies of neurons, but frequently involved many axons
localized to a few olfactory bundles located near com-
pletely unaffected olfactory nerve bundles (Figure 8B),
which served as internal negative controls. Rare caspase
3 activation was observed in cells morphologically con-
sistent with macrophages that were within olfactory nerve
bundles. Caspase 3 activation was never observed in the
olfactory nerve bundles of air-exposed controls.

FluoroJade B staining confirmed olfactory neurotoxic-
ity in section T2 at all time points. FluoroJade B staining
was seen in the olfactory neuroepithelium in section T2 in
all but one PD-exposed rat but was absent from the
neuroepithelium of air-exposed control rats (Figure 9A).
FluoroJade B staining in the olfactory nerves of PD-ex-
posed rats was localized to the junction of the dendrite
and olfactory neuron cell body (Figure 9B).

FluoroJade B staining was demonstrated in the olfac-
tory neurons of the neuroepithelium in nasal section T4 in
four of six rats at O hours after exposure, five of six rats at
12 hours after exposure, and three of six rats at 18 hours
after exposure (Figure 9C). Olfactory neurons in nasal
section T4 of air-exposed rats were consistently Fluoro-
Jade B negative. Unlike the neurons in the olfactory neu-
roepithelium, neurons in the OB of nasal section T4 and
neurons in brain sections did not stain with FluoroJade B
in either air- or PD-exposed rats. In H&E-stained sections
of brain, no morphological alterations were detected in
air- or PD-exposed rats. Dual-label immunofluorescent
staining of brain sections for activated caspase 3 and the
brain vascular marker, glucose transporter-1, did not
demonstrate any PD-associated changes in apoptosis
and/or the vasculature of the brain (data not shown).

Central Neurotoxicity in PD-Exposed Rats

Rats inhaling PD (270 ppm, 6 hours 41 minutes) exhibited
brain region-specific changes in expression of inflamma-
tory mediators and blood-brain barrier (BBB)-related
markers by 24 hours after exposure. Specifically, PD
induced the expression of IL-6, inducible Nos2, and
Cldn1 transcripts and reduced the expression of vascular
endothelial growth factor A (Vegf-A) in discrete brain
areas (Figure 10, A-D). Small, but significant, increases
in the mRNA expression of IL-6 were seen in the OB
(twofold, P = 0.0024), STR (2.7-fold, P = 0.0017), HIP
(2.3-fold, P = 0.0003), and CER (1.7-fold, P = 0.0013)

(Figure 10A). PD also significantly enhanced the expres-
sion of inducible Nos2 in the OB (5.9-fold, P = 0.0001),
STR (17-fold, P = 0.0001), HIP (4.9-fold, P = 0.032), and
CER (5.0-fold, P = 0.0067) (Figure 10B). PD-mediated
alterations in the expression of the BBB marker, Cldn1,
were observed only in the OB (8.7-fold, P = 0.0001) and
STR (4.6-fold, P = 0.0001), but not in the HIP or CER
(Figure 10C). The expression of other BBB markers, in-
cluding occludin, ICAM-1, and VACM1, were not altered
in any of the brain areas examined (data not shown). The
expression of the angiogenesis, vascular permeability,
and neuroprotective factor Vegf-A was significantly de-
creased in the OB (to 68% of control, P = 0.0003), STR
(to 61% of control, P = 0.0041), HIP (to 53% of control,
P = 0.0005), and CER (to 57% of control, P = 0.0007)
(Figure 10D).

Discussion

Our study demonstrates that PD, as with diacetyl, dam-
ages airway epithelium and suggests that additional a-di-
carbonyl flavorings are potentially toxic to airway epithe-
lium. This finding is important because damage to the
airway epithelium of the bronchiole is believed to be the
underlying cause for bronchiolitis obliterans.?*2* Our
study also provides evidence that is consistent with the
established recommendation that substitution of flavor-
ings in foods should use agents only where there is
evidence that the substitute is less toxic than the agent it
replaces (National Institute for Occupational Safety and
Health, http://www.cdc.gov/niosh/topics/flavorings, last
accessed April 14, 2012).

The PD exposures selected for this study were similar
to the concentrations used in previous short-term inhala-
tion toxicity studies of diacetyl in the rat.'® The lowest
concentration was similar to the highest concentration
measured as a time-weighted average in a workplace.?
The highest concentration used was designed to be
threefold greater than the lowest exposure and less than
a third of the peak potential exposure concentration for
diacetyl, which was considered to be the concentration in
the headspace of mixing vats in a workplace.?

Because rats are obligate nasal breathers, inhaled PD
enters the respiratory tract through the nose. Within the
nose, airflow may travel through a ventral or a dorsal
pathway. Most airflow (approximately 88%) is in the ven-
tral pathway.?®° Respiratory epithelium lines most of the
ventral airflow pathway in the nose and also lines the
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Figure 4. Immunofluorescence for activated caspase 3 (green) demonstrates cells
in the execution stage of apoptosis. Immunofluorescence for OMP (red) demon-
strates neurons. A: Olfactory neuroepithelium of an air-exposed control rat demon-
strates numerous well-organized neuroepithelial cells (red) within the epithelium,
with rare apoptotic cells (green). Beneath the neuroepithelium, olfactory nerve
bundles also express OMP and stain red but show no evidence of apoptosis. B:
Olfactory neuroepithelium from a rat after 6-hour inhalation exposure to 354-ppm
PD. Within the neuroepithelium, the number of olfactory neurons (red) is reduced;
the olfactory neurons are disorganized; and many olfactory neurons have variations
in size and swelling of dendrites, consistent with degenerative changes. In the lamina
propria, some olfactory nerve bundles do not contain axons with activated caspase
3, whereas other olfactory nerve bundles contain many apoptotic axons (arrows).
C: A higher magnification of an olfactory nerve bundle from B showing activated
caspase 3 in axons and a cell morphologically consistent with a macrophage con-
taining apparently phagocytized cellular debris of axons with caspase 3 activation.
Scale bar = 20 pm.

bronchi and bronchioles of the intrapulmonary airways,
although the respiratory epithelium of the intrapulmonary
airways is shorter and includes many Clara cells. At these
exposure concentrations, PD caused epithelial damage
predominantly in the upper airways of rats, rather than in
the bronchioles that are the major target site in flavorings-
related lung disease in humans. This is similar to the
pattern of acute airway injury seen in rodents inhaling
vapors of diacetyl or a diacetyl-containing butter flavoring
mixture.'®~2" The anatomical location of respiratory epi-

Figure 5. Dual-label confocal immunofluorescence for DCXR and OMP in
the olfactory neuroepithelium of nasal section T2 in an air-exposed control
rat. A: DCXR expression (red) is restricted to the olfactory neuroepithelium.
B: Adding a second label for OMP (green) demonstrates that the OMP-
positive neurons are in cells without demonstrable DCXR. C: Negative con-
trol showing low levels of autofluorescence similar to what is seen in the
lamina propria and olfactory neurons in A and B. D: Higher magnification of
DCXR expression in the apical cytoplasm of sustentacular cells showing a
line of the diketone metabolizing enzyme at the air interface. E: OMP (green)
demonstrates that the dendrites and cell bodies of neurons have little or no
DCXR. F: High-magnification negative control showing low levels of auto-
fluorescence. Scale bar = 10 wm.

thelial injury appears to be explained by dose to the
respiratory epithelium, and the anatomical location of cy-
totoxic doses for the respiratory epithelium can differ
between species. For diacetyl, computational fluid dy-
namic—physiologically based pharmacokinetic models
have been developed that indicate that lightly exercising
workers have much higher concentrations of diacetyl in
bronchioles than do rats.?®°° Computational fluid dynam-
ic—physiologically based pharmacokinetic models have
not been developed for PD, but a similar pattern of inter-
species differences is likely, given its structural similarity
to diacetyl. In our study, histopathological evidence of
airway epithelial injury in H&E sections was most appar-
ent in the airway respiratory and transitional epithelium.
Thus, as with diacetyl, PD has remarkable respiratory
epithelial cytotoxicity. Comparative studies of airway re-
activity changes in rats after diacetyl and pentanedione
exposure are ongoing, and preliminary findings have
been published in abstract form.>"

Figure 6. PD-induced changes in dual-label immunofluorescence for DCXR
(red) and OMP (green) in nasal section T2. A: In the air-exposed olfactory
neuroepithelium, DCXR is abundant in the apical cytoplasm of sustentacular
cells at the air interface. B: PD-induced cytotoxicity in the olfactory neuro-
epithelium disrupts the continuity of the layer of DCXR (red) at the air
interface and increases exposure of neurons to the air interface. Sustentac-
ular cells and neurons are detaching (arrows). Inset: UV fluorescence is
added to demonstrate DAPI-stained nuclei in detaching cells. C: Repre-
sentative focus demonstrating aggregation of DCXR (red) into vacuoles in
the apical cytoplasm of sustentacular cells after inhaling 360-ppm PD.
Scale bar = 20 wm.



Figure 7. Dual-label immunofluorescence for DCXR (red) and E-cadherin
(green). A: In the air-exposed olfactory neuroepithelium, DCXR is abundant
in the apical cytoplasm of sustentacular cells, but no detectable DCXR is in
the excretory duct (arrow) of the Bowman’s glands. B: In the PD-exposed
neuroepithelium, a focus of severe cytotoxicity is localized to the excretory
duct (arrow) of the Bowman’s glands, which does not contain DCXR. Scale
bar = 20 wm.

By using TUNEL assays and activated caspase 3 im-
munofluorescence to augment the evaluation of H&E sec-
tions, we confirmed the histopathological impression that
apoptotic cell death was a component of PD-induced
airway epithelial injury. Although physiological apoptosis
can be a controlled process that avoids inflammation
associated with necrotic cell death,%%°3 apoptotic cells
that are not rapidly phagocytized contribute to inflamma-
tion and fibrosis.®**% While recognizing that modifiers
may be needed, the Society of Toxicologic Pathologists
recommends that toxicologic pathologists use the term
necrosis for the diagnosis of all forms of cell death seen
in tissue sections.®® As was recently reviewed, second-
ary necrosis is a typical outcome for apoptotic cells that
are not phagocytosed.®”

In addition to cytotoxicity in the respiratory and transi-
tional epithelium, PD caused cytotoxicity in the olfactory
neuroepithelium. In the nose, the dorsal airflow pathway
receives a small, but significant, percentage of the airflow
(approximately 12%).26%° Much of the dorsal pathway is
lined by olfactory neuroepithelium, which is histologically
and functionally distinct from respiratory epithelium.®®
The olfactory neuroepithelium is principally composed of
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olfactory neurons that have odorant receptors, the sus-
tentacular cells that have supportive and xenobiotic me-
tabolizing function, and basal cells. The surface is coated
by mucous, which is carried through the epithelium by
excretory ducts originating in the Bowman’s glands of the
lamina propria. In our study, PD caused acute injury to

Figure 8. A: Dual-label immunofluorescence for activated caspase 3 (green)
and OMP (red). Apoptosis is demonstrated by caspase 3 activation, and
olfactory neurons are demonstrated by expression of OMP. In this rat from
the 12-hour PD postexposure group, apoptosis and invagination of the
olfactory neuroepithelium are clearly demonstrated. Olfactory nerve bundles
(dashed arrows) that contain the axons of the olfactory nerves are beneath
the olfactory neuroepithelium. The respiratory epithelium (solid arrows) does
not contain olfactory neurons. Scale bar = 50 um. B: Confocal microscopic
image of dual-label immunofluorescence for activated caspase 3 (green) and
OMP (red) in the olfactory neuroepithelium in a rat from the 12-hour PD
postexposure group. Olfactory neuron dendrites are often swollen or short-
ened (solid arrows), and apoptosis of axons in an olfactory nerve bundle is
demonstrated by expression of activated caspase 3 (dashed arrow). Scale
bar = 10 pwm.



840 Hubbs et al
AJP September 2012, Vol. 181, No. 3

Jal

Figure 9. FluoroJade B staining for degenerating neurons stains olfactory
neurons of PD-exposed, but not control, rats. A: Olfactory neuroepithelium
of nasal section T2 in an air-exposed control rat. B: Olfactory neuroepithe-
lium of nasal section T2 in a PD-exposed rat. C: Olfactory neuroepithelium
of nasal section T4 in a PD-exposed rat. Scale bar = 20 pum.

the olfactory neuroepithelium, with foci of invagination
centered at the excretory ducts of the Bowman’s glands,
the loss of Bowman’s glands, and an increase in PAS-
positive material within the lumen. That pattern of dam-
age suggests that PD is selectively more toxic to the part
of the neuroepithelium containing the ducts of the Bow-
man’s glands. The epithelial cells lining these ducts se-
lectively express several enzymes important for xenobi-
otic metabolism, including aldehyde oxidase 1 and
cytochrome P450 2A5.5969 Another xenobiotic metabo-
lizing enzyme, cytochrome P450 4B1, is believed to be
secreted into the lumen of the Bowman’s glands.®' In-
deed, a recent study®® suggests that, as a group, the
xenobiotic metabolizing enzymes of the murine neuroep-
ithelium are generally expressed in the Bowman’s glands
and/or ducts and the sustentacular cells. Some of these

enzymes, including cytochrome P450 2A4, glutathione-
S-transferase mu2, and carbonyl reductase 2, are also
expressed in the respiratory epithelium.®® Furthermore,
our dual-label immunofluorescence for OMP and acti-
vated caspase 3 suggests that foci of damage centered
at ducts of Bowman'’s glands and that apoptosis of olfac-
tory neurons was less frequent than apoptosis of susten-
tacular cells. Each of these observations suggests that
the remarkable airway epithelial toxicity of PD may have a
selective component. In particular, because xenobiotic
metabolism in general is frequently localized to the ducts
of the Bowman'’s glands, the sustentacular cells, and the
respiratory epithelium,®®~62 metabolism or another pro-
cess localized to the sites of metabolism could play a role
in the toxicity of PD. Conversely, xenobiotic metabolism
may be localized to sustentacular cells and ducts of the
Bowman'’s glands to metabolize xenobiotics to less toxic
compounds before they reach the delicate olfactory neu-
rons.

Indeed, existing studies suggest that neurons should
be particularly sensitive to the cytotoxic effects of the
a-diketones. As a class, the a-dicarbonyl compounds
cause cytotoxicity through three described mechanisms:
i) modification of essential proteins® ©8; ii) interactions
with DNA, including the formation of 2-deoxyguanosine
adducts®?; and iii) cell injury by reactive oxygen spe-
cies.”®~"2 Much less is known about factors, such as
metabolism, that may influence sites of cytotoxicity in vivo.
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Figure 10. Inhalation of PD (270 ppm, 6 hours 41 minutes) alters mRNA
expression in discrete brain areas. A: The inflammatory mediator IL-6 is
induced in the OB, STR, HIP, and CER. B: The inflammatory mediator Nos2
is up-regulated in the OB, STR, HIP, and CER. C: Cldn1 is increased in the OB
and STR, but not in the HIP or CER. D: Vegf-A expression decreases in the
OB, STR, HIP, and CER. AIR denotes control group exposed to air. Asterisk
denotes significant change from air-exposed controls.



Studies of the role of metabolism in a-dicarbonyl com-
pound cytotoxicity are largely focused on metabolism of
methylglyoxal, a three-carbon «-dicarbonyl compound
with one ketone group and one aldehyde group. Methyl-
glyoxal can be metabolized by reduction and oxidation
reactions, but is principally metabolized and detoxified
by a conjugation reaction catalyzed by glyoxalase 1,
followed by a hydrolysis reaction catalyzed by glyoxalase
2.7%775 Consistent with a detoxifying role, enhanced ac-
tivity of glyoxalase 1 decreases methylglyoxal-associated
reactive oxygen species, protein modification, and cyto-
toxicity.”®”® However, a-dicarbonyl compounds, such as
PD and diacetyl, have two adjacent ketone groups.
These a-dicarbonyl compounds are known as a-dik-
etones and are principally metabolized by reduction re-
actions that are catalyzed by DCXR, with NADPH as a
cofactor.“®”” DCXR is believed to be important in detox-
ifying a-diketones.*® The relationship between DCXR and
PD toxicity is particularly important because DCXR has a
somewhat higher affinity and a greater k,,,/K,,, for PD than
for diacetyl.*® However, DCXR is not always detoxifying,
because increased DCXR expression actually enhanced
9,10-phenanthrenequinone-induced cytotoxicity in vitro.”®
What our in vivo molecular pathology study shows is that
it is possible for DCXR to be both detoxifying and to
increase cytotoxicity in cells that have DCXR activity. The
net effect for the olfactory neurons should be that they
receive little diketone exposure in the normal in vivo en-
vironment because the adjacent sustentacular cells have
abundant DCXR activity in the apical cytoplasm, which is
in contact with the air interface.

Our study demonstrates that exposures to PD at =320
ppm can alter the organized expression of PD in neuro-
epithelium so that the extensive expression of DCXR at
the air interface is disrupted. In addition, apoptosis was
demonstrated by activated caspase 3 staining in susten-
tacular cells, suggesting further disruption in PD metab-
olism through loss of sustentacular cells. In the disor-
dered PD-exposed neuroepithelium, olfactory neurons
have more cytoplasm in close proximity to the dorsal air
stream in the nose, where the cellular dose of volatile
a-diketones will correspondingly increase in subsequent
exposures. Our study demonstrates that neurons have
less DCXR and should, thus, be less capable of metab-
olizing PD than sustentacular cells. Furthermore, in vitro
data from other laboratories suggest that neurons may be
defective in antioxidant responses needed to respond to
dicarbonyl-induced cytotoxicity.”® In addition, we noted
the aggregation of DCXR in cytoplasmic vacuoles in
some sustentacular cells, suggesting degradation of
DCXR after high-dose PD exposures. Impairment of de-
toxification pathways has previously been noted in hip-
pocampal neurons after exposure to methylglyoxal.”® As
previously mentioned, the «-dicarbonyl compounds
modify proteins, and this is a mechanism for altering
enzyme activity 6368

Upper airway metabolism is also important in changing
respiratory tract dosimetry to the deep lung. The effect of
metabolism on PD dosimetry has not been estimated, but
dosimetry estimates are available for diacetyl. In the ab-
sence of metabolism, it is estimated that inhaling 1-ppm
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diacetyl would produce a bronchiolar tissue concentra-
tion of 0.002 umol/L in the presence of metabolism but a
bronchiolar tissue concentration of 1.0 wmol/L in the ab-
sence of metabolism.?® In our study, the lack of demon-
strable DCXR in the ducts of the Bowman'’s glands, where
cytotoxicity was greatest, suggests that it may have a
protective role, as originally described.*® The role of
DCXR in the toxicity of diacetyl and PD, the potential
inactivation of DCXR by its substrates, and important
consequences for airway dosimetry in long-term studies
will need additional investigation. Our study clearly dem-
onstrates the need for considering metabolism and un-
derstanding the role of metabolism in adjacent cells when
designing in vitro mechanistic studies for evaluating the
toxicity of inhaled diketones.

FluoroJade B staining clearly demonstrated wide-
spread olfactory neuronal degeneration exceeding the
neuronal injury demonstrated by H&E staining or immu-
nofluorescence for caspase 3 activation. In addition, al-
tered neuronal cytomorphological characteristics, de-
creased neuronal cells within the neuroepithelium, and
detaching neurons were demonstrated in OMP-stained
sections. With olfactory neuron damage demonstrated in
the olfactory neuroepithelium by activated caspase-3,
FluoroJade B, and OMP staining, damage to the axons of
those olfactory nerves was expected. Indeed, we se-
lected activation of caspase 3 as a method to evaluate
axon apoptosis because it is present in the cytoplasm
and, therefore, can be detected in axons by immunoflu-
orescence.”® Because the axons of olfactory nerve syn-
apse within the OB, this technique demonstrates how
apoptotic mediators can cross the cribriform plate. Sur-
prisingly, individual olfactory nerve bundles from PD-ex-
posed rats often had activation of caspase 3 in many, or
even most, of the axons. Although rare macrophages
were seen in those nerve bundles, these were insufficient
to phagocytose the apoptotic axons. Indeed, a few of
those macrophages actually expressed activated
caspase-3. Thus, many of those apoptotic neurons and
possibly the apoptotic macrophages will not be phago-
cytosed, resulting in secondary necrosis.®” The extensive
degeneration and disorganization of olfactory neurons
suggest that additional necrotic death occurred within
olfactory neurons, but necrotic neurons cannot be de-
tected by caspase 3 activation, although their axons also
cross the cribriform plate.

The transmission of a death signal across the cribri-
form plate seems the most likely explanation for the se-
lective elevation of claudin-1 in the OB and STR in the
brains of rats exposed to PD. Although claudin-1 is a
component of the BBB, other components of the BBB,
including claudin-3, claudin-5, and occludin, were not
significantly elevated, suggesting that the elevation in
claudin-1 may be something other than an effect on the
BBB. Because the OB receives the first synapse from the
olfactory neurons, the STR is in the synaptic pathway
from the OB, and claudin-1 damage was only seen in
these two regions, it seems reasonable that the damage
signal was transmitted from the olfactory nerve bundles.
In contrast, expression of the inflammatory mediators IL-6
and Nos2 was increased in all brain regions tested,
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suggesting that these changes may reflect vascular
injury. Moderate down-regulation of Vegf-A in all sam-
pled regions of PD-exposed brains is more difficult to
explain, but the proposed neuroprotective role of
Vegf-A suggests that further investigation of this effect
may be needed.®°-8°

Neuropathologic injury was not observed in histo-
pathological sections of the OB, suggesting that either
PD did not produce detectable morphological change in
the OB or the injury was so focal it did not appear on the
sections. Consistent with highly focal injury, the localiza-
tion of marked caspase 3 activation in specific olfactory
nerve bundles would be expected to produce focal
changes in the OB. This may be comparable to the trans-
mission of signals from odorant receptors, in which
roughly 1000 different odorant receptors are randomly
and widely distributed within one of the four zones of the
neuroepithelium, but these widely distributed neurons for
a specific odorant receptor synapse at between one and
a few glomeruli in each OB.2%89 Interestingly, high ex-
posures of diacetyl (2500 ppm for 45 minutes) rapidly
increase deoxyglucose uptake in two small foci in the
OB.®° Although that uptake is increased in the first hour
after exposure during a time period when caspase 3 is
not yet activated in the olfactory nerve bundles of PD-
exposed rats, it suggests the intriguing hypothesis that
the localization of injury to selected olfactory nerve bun-
dles could be related to the highly organized topography
of axons from neurons with specific odorant recep-
tors.8”88 Other possible explanations, such as injury
caused by secondary necrosis of macrophages migrat-
ing into specific olfactory nerve bundles and foci of ne-
crosis affecting specific nerve bundles, are also worthy of
investigation. More important, the structurally related
B-diketone, 2,4-pentanedione, is also neurotoxic, with the
first histopathological change, malacia, seen after the
12" exposure day to 650 ppm.*® Thus, the neurotoxicity
of PD and the absence of morphological changes using
standard histopathological techniques have some simi-
larities to what has previously been reported for 2,4-
pentanedione.

In summary, in this study, we have found respiratory
toxicity, olfactory neurotoxicity, and central neurotoxicity
for an a-diketone flavoring agent classified as generally
recognized as safe under conditions of its normal use
when consumed in food.?®?° This study, as with previous
studies with diacetyl, is a reminder that a chemical with a
long history of being eaten without any evidence of tox-
icity, can still be an agent with respiratory toxicity when
appropriate studies are conducted. Our study also sug-
gests that shared features of the short-chain diketones
may be related to their toxicity when inhaled. The direct
effect of the reactive a-diketone group and the ability of
the a-diketones to modify proteins and nucleic acids are
features consistent with the direct cytotoxicity of diacetyl
and PD.""'5 This study also provides insights into the
role of metabolism in the pathogenesis of injury to the
olfactory neuroepithelium and brain of PD-exposed rats.
Given the selective toxicity of PD to olfactory neurons in
the neuroepithelium that express little DCXR, and the
aggregation of immunoreactive DCXR in cytoplasm vac-

uoles of PD-exposed sustentacular cells, our study sug-
gests that DCXR may have a detoxifying role, but may be
a target of PD toxicity. Thus, our study suggests several
intriguing potential mechanisms for the toxicity of inhaled
volatile a-diketones, demonstrates mMRNA changes in the
brain, documents olfactory neurotoxicity, and clearly
demonstrates that the remarkable airway toxicity of diac-
etyl is shared with its close structural relative, PD.
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