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CELL INJURY, REPAIR, AGING, AND APOPTOSIS
Accumulation of Ubiquitin and Sequestosome-1
Implicate Protein Damage in Diacetyl-Induced
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Inhaled diacetyl vapors are associated with flavorings-related lung disease, a potentially fatal airway
disease. The reactive a-dicarbonyl group in diacetyl causes protein damage in vitro. Dicarbonyl/
L-xylulose reductase (DCXR) metabolizes diacetyl into acetoin, which lacks this a-dicarbonyl group. To
investigate the hypothesis that flavorings-related lung disease is caused by in vivo protein damage, we
correlated diacetyl-induced airway damage in mice with immunofluorescence for markers of protein
turnover and autophagy. Western immunoblots identified shifts in ubiquitin pools. Diacetyl inhalation
caused dose-dependent increases in bronchial epithelial cells with puncta of both total ubiquitin and
K63-ubiquitin, central mediators of protein turnover. This response was greater in Dcxr-knockout mice
than in wild-type controls inhaling 200 ppm diacetyl, further implicating the a-dicarbonyl group in
protein damage. Western immunoblots demonstrated decreased free ubiquitin in airway-enriched
fractions. Transmission electron microscopy and colocalization of ubiquitin-positive puncta with
lysosomal-associated membrane proteins 1 and 2 and with the multifunctional scaffolding protein
sequestosome-1 (SQSTM1/p62) confirmed autophagy. Surprisingly, immunoreactive SQSTM1 also
accumulated in the olfactory bulb of the brain. Olfactory bulb SQSTM1 often congregated in activated
microglial cells that also contained olfactory marker protein, indicating neuronophagia within the ol-
factory bulb. This suggests the possibility that SQSTM1 or damaged proteins may be transported from
the nose to the brain. Together, these findings strongly implicate widespread protein damage in the
etiology of flavorings-related lung disease. (Am J Pathol 2016, 186: 2887e2908; http://dx.doi.org/
10.1016/j.ajpath.2016.07.018)
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In 2000, a group of eight workers at a microwave popcorn
manufacturing plant were diagnosed with clinical bron-
chiolitis obliterans, with severe fixed airways obstruction.1

Workers at the plant were found subsequently to have
increased rates of lung disease and airways obstruction
relative to the general population. The altered lung function
of those workers correlated with exposure to diacetyl (2,3-
butanedione), a flavoring present in natural butter and a
common component of butter flavoring.1 Studies in rats and
mice demonstrated remarkable airway epithelial cytotoxicity
after diacetyl inhalation.2e4 In workers, high-resolution
computed tomography scans demonstrated bronchial wall
thickening in eight popcorn manufacturing workers, and
two workers had biopsy findings consistent with constrictive
bronchiolitis.5 Additional cases of fixed airways obstruction
were subsequently identified in workers exposed to diacetyl
vapors in other workplaces; those workplaces involved
microwave popcorn, coffee, chemical, and flavorings
production.6e9 Recently, workers in flavoring production
were found to have an increased prevalence of restrictive
lung disease, suggesting that the full spectrum of pulmonary
function abnormalities associated with inhaling flavoring
vapors may include restrictive as well as obstructive lung
disease.10 The occupational disease in workers is known as
popcorn workers’ lung or flavorings-related lung disease.
Additional high-concentration diacetyl inhalation exposures
occur in traditional cigarette smokers and e-cigarette
vapers.11,12

Diacetyl is a four-carbon compound with adjacent
carbonyl carbons, putting it into a class of compounds
known as a-dicarbonyl compounds. The adjacent carbonyl
groups tend to increase the chemical reactivity of a-dicar-
bonyl compounds.13,14 The importance of these adjacent
carbonyl groups was recently underlined by the discovery
that another a-dicarbonyl butter flavoring, 2,3-pentanedione,
caused airway epithelial injury and airway fibrosis in rats,
which was similar to diacetyl-induced airway injury.15,16

Protein damage, particularly at arginine residues, can be
caused by chemical interactions between proteins and
diacetyl or the structurally related 3-carbon a-dicarbonyl
compound, methylglyoxal.17,18 Although most studies of a-
dicarbonyl compounds are conducted in vitro, a recent study
demonstrated arginine adducts in hemoglobin and albumin
of rats and mice after intratracheal instillation or oropha-
ryngeal aspiration of [14C]diacetyl in vivo.19 This suggests
that protein damage occurs in vivo and could play a major
role in the development of flavorings-related lung disease.
However, neither protein damage nor biological responses to
excessive protein damage have been identified in the airway
epithelium after diacetyl inhalation.

Damaged proteins can fail to form the desired three-
dimensional shape, resulting in unfolded or misfolded
proteins. Unfolded and misfolded proteins are often cyto-
toxic.20,21 Misfolded proteins tend to form aggregates.
Aggregated proteins are extraordinarily toxic to cells,
generally inaccessible to the proteasome, and sometimes
2888
form recognizable ubiquitin-containing inclusions or puncta
within cells.22 Biological adaptation to misfolded proteins
commonly involves the ubiquitin system.20 Ubiquitin is a
76eamino acid protein that conjugates with misfolded
proteins, enabling their degradation into small peptides
within the proteasome.20,23e25 Ubiquitin conjugation most
frequently occurs at one of the seven lysine residues present
in ubiquitin. These seven sites are K6, K11, K27, K29, K33,
K48, and K63. Conjugation at the different lysine residues
of ubiquitin can have different consequences for proteins, a
situation that is best described for K48- and K63-linked
ubiquitination. Ubiquitin-mediated protein degradation in
the proteasome principally involves K48-linked poly-
ubiquitin chains and is generally regarded as a process that
protects the cell from damaged proteins and preserves amino
acids. By contrast, proteins linked by K63 ubiqutination
generally do not undergo proteasomal degradation; in fact,
K63-linked ubiquitination is enhanced by inhibition of the
proteasome.26 K63-linked ubiquitination can affect cellular
signaling, DNA repair, endosomal trafficking, and clearance
of aggregated proteins through autophagy.27e29 Ubiquitin-
mediated autophagy in the lysosome is particularly useful
in eliminating aggregated proteins.21,30 However, excessive
autophagy of proteins can lead to cell death and potentially
causes ubiquitin and amino acid depletion. This is important
because ubiquitin plays an essential role in both protein
quality control and regulating proteins important in
signaling cascades.20,23e25,31,32 In addition, several impor-
tant human diseases involve intracellular accumulations of
ubiquitin and protein aggregates.33e35 Thus, it is clear that
the appearance of increased numbers of ubiquitin-positive
puncta in conjunction with autophagy is a well-described
response to altered protein homeostasis. However, it is not
known if diacetyl inhalation alters these processes in vivo in
the intrapulmonary airway epithelial cells, which are the
target tissue in flavorings-related lung disease.
Diacetyl can be metabolized by the enzyme, dicarbonyl/

L-xylulose reductase (DCXR).36 The product of DCXR-
mediated diacetyl metabolism is acetoin, which contains
an a-hydroxyketone in place of the reactive a-dicarbonyl
group. In an acute inhalation toxicity mixed exposure study
using ratios similar to those seen in workplaces, acetoin did
not significantly alter diacetyl-induced changes in airway
reactivity.37 This provides additional support for the role of
the reactive a-dicarbonyl group in diacetyl-induced toxicity
and suggests the possibility that DCXR may provide a de-
gree of protection from diacetyl-induced airway injury by
removing the a-dicarbonyl group implicated in causing
protein damage.
In this study, we investigated the hypothesis that

flavorings-related lung disease is caused by in vivo protein
damage. Using immunofluorescence microscopy, morphom-
etry, confocal microscopy, and transmission electron micro-
scopy, we provide strong evidence that diacetyl disrupts
protein homeostasis in the lung, and this is localized to the
airway epithelium, the target tissue in flavorings-related lung
ajp.amjpathol.org - The American Journal of Pathology
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Protein Damage and Diacetyl Cytotoxicity
disease. Using Dcxr knockout mice, we found limited evi-
dence that DCXR provides a degree of protection from
diacetyl-induced changes in protein homeostasis, suggesting
that the reactive a-dicarbonyl group plays a role in diacetyl-
induced protein damage. Surprisingly, we also found evi-
dence that puncta of the autophagy-associated multifunctional
scaffolding protein, sequestosome-1 (SQSTM1; p62) reach
the olfactory bulb of the brain and can accumulate in micro-
glia. Together, these data are consistent with protein damage
as the fundamental mechanism for flavorings-related lung
disease and suggest that SQSTM1, a mediator of ubiquiti-
nated protein aggregation, may be transported from the
diacetyl-exposed nose to the brain.

Materials and Methods

Animals

Dcxr knockout mice were produced to evaluate the role of
DCXR-mediated diacetyl metabolism in protecting airways
from diacetyl-induced damage. These mice were generated as
part of the trans-NIH Knock-Out Mouse Project (KOMP,
Davis, CA).38 Embryonic stem cells from the Dcxr knockout
cell line 10365B-E12 (University of California, Davis,
KOMP Repository, Davis, CA) were used to generate
chimeric Dcxr knockout mice at the University of California,
Davis. The embryonic stem cells were generated as a result of
NIH grants to Velocigene (U01HG004085) at Regeneron
Inc. (Tarrytown, NY) and the CSD Consortium
(U01HG004080). C57BL6-Dcxr tm1 (KOMP)Vlcg/N knockout
mice (Dcxr ko1 mice) were generated from the chimeras at
the National Institute for Occupational Safety and Health
(NIOSH) by crossing the chimeras with C57BL6/N mice
(Taconic, Hudson, NY) and were then bred to homozygosity
and maintained by brother-sister matings. Because the se-
lection cassettes used to generate knockout mice have been
reported to alter gene expression in nearby genes,39 the
cassettes were removed in C57BL6-Dcxrtm1.1 (KOMP)Vlcg/N
knockout mice (Dcxr ko2 mice) produced at the NIOSH.
Dcxr ko2 mice were generated by crossing the Dcxr ko1
mice with germline Cre recombinase expressing C57BL/
6N-Hprttm1(CMV-cre)Wtsi/Mmucd mice (Mutant Mouse
Resource Center, Davis, CA) and then using PCR to identify
the offspring in which the selection cassette had been deleted.
The resulting mice were then crossed with C57BL6/N mice,
and offspring without either Dcxr or Cre were selected for
further breeding. The resulting Dcxr knockout mice without
selection cassettes were bred to homozygosity and main-
tained by brother-sister matings at the NIOSH.

The housing of the mice was in the specific pathogen-free
NIOSH barrier animal facility, which is fully accredited by
the Association for Assessment and Accreditation of
Laboratory Animal Care International. The mice lived in
polycarbonate individually ventilated cages on autoclaved
a-Dri virgin cellulose chips and hardwood b-chips with
enrichment until exposure. The mice received a commercial
The American Journal of Pathology - ajp.amjpathol.org
irradiated mouse diet (Harlan Teklad diet 7913; Harlan
Teklad, Indianapolis, IN) and water ad libitum. The mice
were monitored and found free of viral pathogens, internal
and external parasites,Mycoplasma, Helicobacter, and cilia-
associated respiratory bacillus. To comply with the princi-
ples of replacement, reduction, and refinement of animal
use, the number of mice used in each experiment was the
minimum number needed for statistical significance.40 The
NIOSH Institutional Animal Care and Use Committee
reviewed, approved, and provided oversight for the study
and all animal procedures.

The flavoring dose-response experiment in wild-type and
Dcxr ko1 mice used young adult mice between 9 and 12
weeks of age. Mice were randomly assigned to exposure
groups. The average age range was comparable in the groups
(an average of 62.2 to 68.3 days of age in each group).

A follow-up experiment was designed to identify the
molecular pathology of diacetyl-induced airway epithelial
changes in wild-type, Dcxr ko1, and Dcxr ko2 mice. This
experiment used young adult mice between 7 and 12 weeks
of age for fluorescence microscopy, confocal microscopy,
real-time PCR, and Western blots. Mice for transmission
electron microscopy were between 15.5 and 17 weeks.
These mice were also randomly assigned to exposure
groups. The average age range was comparable in the
groups compared statistically.

Experimental Design

The flavoring dose-response experiment was designed to
identify the effect of DCXR on the acute toxicity of inhaled
diacetyl at three exposure concentrations. All exposures
were for 6 hours, and mice were sacrificed at 18 to 22 hours
after exposure. The number of animals was six in each sex/
genotype/exposure group. The experimental design for this
experiment is detailed in Table 1.

The molecular pathogenesis experiment was designed to
further evaluate molecular changes identified in the dose-
response study and to ensure that changes associated with
the Dcxr knockout status were not because of the insertion
of the selection cassette into the mouse genome.39 This
experiment used wild-type, Dcxr ko1, and Dcxr ko2 mice
exposed to either air or target concentrations of 200 ppm
diacetyl for 6 hours. Mice were euthanized by an overdose
of pentobarbital (Sleepaway; Fort Dodge Animal Health,
Fort Dodge, IA) at 18 to 22 hours after exposure. Details of
the experimental design are in Table 2.

Inhalation Exposures

For the flavorings dose-response experiment, the inhalation
exposures were divided into two separate exposure blocks.
Target diacetyl concentrations for the dose-response
experiment were 100, 200, and 300 ppm (Figure 1A).
Three additional exposure blocks were used for the follow-
up molecular pathology experiment, and for each of those
2889
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Table 1 Experimental Design for the Dose-Response Experiment

Exposure
Target
concentration (ppm) Genotype End point*

Air NA Wild type and Dcxr ko1y Lung and nose histopathology; olfactory bulb immunofluorescence
Diacetyl 100 Wild type and Dcxr ko1y Lung and nose histopathology
Diacetyl 200 Wild type and Dcxr ko1y Lung and nose histopathology; olfactory bulb immunofluorescence
Diacetyl 300 Wild type and Dcxr ko1y Lung and nose histopathology

*Separate mice were used for histopathology and mRNA end points. For histopathology exposure groups, both males and females were included. Six animals
were in each sex/genotype/exposure group for histopathology.

yDcxr-ko1 mice are C57BL6-Dcxr tm1 (KOMP)Vlcg/N mice, which have the Dcxr gene deleted and replaced by a selection cassette that contains an initial LoxP
site, followed by a human ubiquitin promoter driving a neomycin response element and a second LoxP site.
NA, not applicable.

Hubbs et al
blocks, the target diacetyl concentration was 200 ppm
(Figure 1B). Mice were exposed in a glass and stainless steel
whole-body inhalation exposure chamber, as previously
described for diacetyl and 2,3-pentanedione exposures in
rats but modified for exposing mice.3,16 In brief, a
computer-controlled syringe pump injected diacetyl into
stainless steel tubing, which was heated to 150�C. Diluent
air flowed through the tubing so that the air in the tubing
was at 70�C when the diacetyl was vaporized and then
flowed into the inhalation chamber, where the concentration
was monitored using a volatile organic compound meter
(PGM-760; RAE Systems, San Jose, CA). The temperature
in the chamber was maintained between 27.0�C and 28.0�C.
Each mouse was housed individually in a wire cage during
the exposures. Each exposure lasted 6 hours after the initial
increase in diacetyl concentration (Figure 1), and mice were
removed from the exposure chamber when all diacetyl was
exhausted from the chamber. Exposure data were acquired
during both the dose-response (Figure 1A) and the
molecular pathogenesis (Figure 1B) experiments. In the
dose-response study exposures, measured diacetyl concen-
trations (means � SEM) were 101.0 � 0.0 and 98.0 � 0.1
ppm for the two 100-ppm exposures; 200.3 � 0.2 and
205.4 � 0.0 ppm for the two 200-ppm exposures; and
300.3 � 0.2 and 298.7 � 0.19 ppm for the two 300-ppm
exposures. The follow-up 200-ppm exposures for
Table 2 Experimental Design for the Molecular Pathogenesis Experime

Exposure
Target
concentration (ppm) Genotype

Air NA Wild type, Dcxr ko1,y Dcxr ko2z

Diacetyl 200 ppm Wild type, Dcxr ko1,y Dcxr ko2z

Wild-type mice and two different Dcxr-knockout mice were exposed to air or 2
*The left lung lobe was used for histopathology, and the right lung lobes were u

animal use, immunofluorescence of olfactory bulb used tissues from wild type a
immunoblot and electron microscopy samples were from air or 200 ppm diacetyl-

yDcxr-ko1 mice are C57BL6-Dcxr tm1 (KOMP)Vlcg/N mice, which have the Dcxr gene
site, followed by a human ubiquitin promoter driving a neomycin response eleme

zDcxr-ko2 mice are C57BL6-Dcxr tm1.1 (KOMP)Vlcg/N that have both the Dcxr gene
NA, not applicable.

2890
molecular pathogenesis study had measured diacetyl con-
centrations (means � SEM) of 207.2 � 1.1, 211.1 � 0.9,
and 188.9 � 0.9 ppm during the 6-hour exposure period.
For simplicity, the target concentrations are used to identify
dose groups. Control mice were exposed to filtered room air
that did not contain diacetyl in wire cages within a separate
inhalation exposure chamber.

Airway Nomenclature

In humans, bronchi are distinguished from bronchioles by
the presence of cartilage in the walls of bronchi. However,
in the mouse, cartilage is usually only present in the prox-
imal portion of the mainstem bronchus and is absent from
other intrapulmonary airways. For the purposes of this
study, because of size comparability with the smallest
bronchi of humans, the two largest intrapulmonary airways
in the sagittal section of the mouse left lung lobe were
designated as bronchi.41 Terminal bronchioles were identi-
fied by the adjacent alveolar ducts.

Histopathology

Lungs were inflation fixed by airway perfusion with 10%
neutral-buffered formalin and were processed within 24
hours of necropsy and embedded in paraffin. In the dose-
response study, the entire brain was removed from the
nt

End point*

Lung and nose histopathology; lung and olfactory
bulb mRNA; lung airway enriched fraction Western
immunoblot; bronchial transmission electron microscopy

Lung and nose histopathology; lung and olfactory bulb mRNA;
lung airway enriched fraction Western immunoblot; bronchial
transmission electron microscopy

00 ppm diacetyl.
sed for mRNA end points. The olfactory bulb was used for mRNA. To reduce
nd Dcxr ko1 in the 200 ppm group from the dose-response study. Western
exposed Dcxr-ko2 mice.
deleted and replaced by a selection cassette that contains an initial LoxP
nt and a second LoxP site.
and the selection cassette deleted from the mouse genome.
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Figure 1 Exposure concentrations as monitored by the volatile organic
compound meter. A: Inhalation exposure concentrations for diacetyl during
the dose-response study were designed to produce an average chamber
concentration of 100 ppm (green), 200 ppm (blue), or 300 ppm (red) of
diacetyl. B: Inhalation exposure concentrations for diacetyl during the
molecular pathogenesis experiments.

Protein Damage and Diacetyl Cytotoxicity
calvarium. The brain and the nose were immersion fixed in
10% neutral-buffered formalin. The nose was decalcified in
13% formic acid. Nose sections T1, T2, and T3 were taken
at three different levels, as previously described.42 The ol-
factory bulb of the brain was embedded en bloc. Lung,
Table 3 Primary Antibodies Used for Immunofluorescence Assays

Antigen Host/clone Co

Catenin b-1 (CTNNB1) Rabbit/E247 Ab
Keratin, type II cytoskeletal 8 (KRT8)* Rabbit/EP1628Y Ab
Cadherin-1 (CDH1) Mouse/36 BD
Olfactory marker protein (OMP) Goat (polyclonal) Wa
Ubiquitin, conjugated and
unconjugated

Mouse/Ubi-1 Mi

Ubiquitin (linkage-specific, K63) Rabbit/EPR8590-448 Ab
Allograft inflammatory factor 1 (AIF1) Chicken (polyclonal) Ab
Mouse lysosomal membrane
glycoprotein 1 (LAMP1)

Rat/monoclonaly De

Mouse lysosomal membrane
glycoprotein 2 (LAMP2)

Rat/monoclonaly De

SQSTM 1/p62 Rabbit (polyclonal) Li

*This antibody also recognizes keratin, type I cytoskeletal 18 (KRT18). Both K
yThe monoclonal antibody developed by J. Thomas August was obtained from

Institute of Child Health and Human Development of the NIH, and maintained a

The American Journal of Pathology - ajp.amjpathol.org
olfactory bulb, and nose sections were stained with hema-
toxylin and eosin. Slides were evaluated by a board-certified
veterinary pathologist (A.F.H.), according to best practices
guidelines for histopathology evaluation in toxicologic pa-
thology studies.43 Histopathological changes in lung and
nose sections were assigned semiquantitative pathology
scores, as previously described.3 The pathology score is the
sum of the severity and distribution (extent) scores.

Fluorescence Assays

Immunohistochemical detection of ubiquitinated protein ag-
gregates is used to identify protein misfolding, which exceeds
the proteostasis capacity of cells.44 Immunohistochemical
detection of ubiquitinated protein puncta, SQSTM1, and
lysosomal markers lysosomal-associated membrane protein
(LAMP) 1 and LAMP2 was used as established method to
identify in vivo autophagy. By using immunofluorescence
(fluorescent immunohistochemistry), we were able to
colocalize ubiquitinated proteins to SQSTM1, the autophagy-
associated scaffolding/adaptor protein that sequesters ubiq-
uitinated proteins in the cell. By using lysosomal markers, we
were able to further localize the ubiquitinated proteins to the
lysosomes. An additional antibody was used to identify
cytokeratins, which are cytoskeletal components of airway
epithelial cells, to visualize the cytoskeleton and localize
ubiquitin within the cytoskeleton.45

Primary antibodies (Table 345) were commercially avail-
able and tested/approved for immunohistochemistry by the
manufacturer. Three different antibodies were used to detect
antigens important in autophagy of misfolded proteins. The
antibody used for morphometric quantification of total
ubiquitin (mouse monoclonal antibody Ubi-1) had supplier-
listed specificity for conjugated and unconjugated ubiquitin
(76 amino acids, 8.5 kDa). Testis and sections of lung or nose
previously identified to have ubiquitin-positive puncta were
positive control tissues for ubiquitin immunostaining.
mpany Catalog no. Dilution

cam (Cambridge, MA) ab32572 1:100
cam (Cambridge, MA) ab53280 1:200
Biosciences (San Jose, CA) 610181 1:50
ko (Richmond, VA) 544-10001 1:100
llipore (Billerica, MA) MAB1510 1:400

cam (Cambridge, MA) ab179434 1:100
cam (Cambridge, MA) Ab139590 1:200
velopmental Studies Hybridoma Bank
(Iowa City, IA)

1D4B 1:50

velopmental Studies Hybridoma Bank
(Iowa City, IA)

ABL-93 1:50

fespan Biosciences, Inc. (Seattle, WA) LS-B4617 1:200

RT8 and KRT18 are cytoskeletal components of airway epithelial cells.45

the Developmental Studies Hybridoma Bank, generated by the National
t the Department of Biology, The University of Iowa (Iowa City).

2891
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Hubbs et al
The antibody used for morphometric quantification of K63-
ubiquitin (rabbit monoclonal antibody EPR5890-448) was
stated by the supplier to be specific for K63-ubiquitin and to
have been tested for specificity by Western blot. The anti-
body used for quantification of SQSTM1 (immunoaffinity
purified rabbit polyclonal antibody LS-B4617) had been
identified by the supplier as specific for SQSTM1. Product
details are listed in Table 3.45 Remaining antibodies were
used to localize total ubiquitin, K63-ubiquitin, and SQSTM1
to specific cellular and subcellular sites. In addition, we
correlated their presence with diacetyl-induced morpholog-
ical changes or changes in RNA expression in the lung, nose,
and brain. This design provided converging lines of evidence
to ensure validity and reproducibility.

Fluorochrome-conjugated secondary antibodies and anti-
body fragments were used at dilutions of 1:200 and obtained
from Jackson ImmunoResearch (West Grove, PA). These
products were as follows: i) Alexa Fluor 594 AffiniPure
F(ab’)2 fragment donkey anti-mouse IgG (H þ L), ii) Alexa
Fluor 594 AffiniPure F(ab’)2 fragment donkey anti-rabbit
IgG, iii) Alexa Fluor 647 AffiniPure F(ab’)2 fragment
donkey anti-chicken IgY (IgG) (H þ L), iv) Alexa Fluor
488 AffiniPure F(ab’)2 donkey anti-rat IgG (H þ L), v)
Alexa Fluor 488 AffiniPure donkey anti-rabbit IgG (H þ L),
vi) Alexa Fluor 488 AffiniPure donkey anti-mouse IgG
(H þ L), and vii) Alexa Fluor 488 AffiniPure donkey anti-
mouse IgG (H þ L).

Paraffin-embedded tissue sections of lung and nose were
prepared for fluorescence assays by deparaffinizing in xylene
and alcohols. For the immunofluorescence assays, antige-
nicity was retrieved with 1 mmol/L EDTA, as previously
described.16 Slides were then rinsed in distilled water and
blocked for 2 hours at room temperature using 10% donkey
serum (Jackson ImmunoResearch). Primary antibodies were
applied using capillary action with pairs of ProbeOn Plus
slides (Fisher Scientific, Pittsburgh, PA), which were incu-
bated overnight at 4�C. Nonimmune serum or immuno-
globulin was used in place of the primary antibodies in the
negative control slides. Negative control and positive control
slides were included in each staining run. The following day,
slides were rinsed and washed three times in 1� phosphate-
buffered saline (Sigma-Aldrich, St. Louis, MO) and then
blocked in 10% donkey serum, followed by a 2-hour incu-
bation in the dark with the secondary antibodies (Jackson
ImmunoResearch). Slides were then rinsed three times in 1�
phosphate-buffered saline, and nuclei were stained using
DAPI FlouroPure (Molecular Probes, Eugene, OR) at a
concentration of 300 nmol/L in phosphate-buffered saline.
After three additional phosphate-buffered saline rinses, the
slides were coverslipped using ProLong Gold Antifade Re-
agent (Molecular Probes) and stored at 4�C until imaged.
Apoptosis was quantified using a terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling assay kit
(Promega, Madison, WI), followed by morphometry.

Immunofluorescence staining in paraffin-embedded,
formalin-fixed olfactory bulb from wild-type and Dcxr
2892
ko1 mice in the 200-ppm group of the dose-response study
was performed as described above with an additional
blocking step. Before the 10% donkey serum was added, a
1-hour block with 200 mmol/L glycine in Tris buffer at 4�C
was performed. This step was beneficial in reducing the
amount of red background staining.

Morphometry

Immunofluorescence was visualized using an Olympus
AX70 fluorescent photomicroscope (Olympus, Center Val-
ley, PA) and quantified by morphometry using ImageJ
software version 1.47 (NIH, Bethesda, MD; https://imagej.
nih.gov).46 Photomicrographs for morphometry were taken
with a SPOT Slider model 17.4 4 Mp camera (SPOT Im-
aging Solutions, Sterling Heights, MI). Morphometry pro-
vided quantitative data on molecular changes in protein
quality control systems. The terminal bronchioles, intra-
pulmonary bronchi, and olfactory bulb were selected for
morphometric evaluation because we had no evidence of
significant necrosis in these tissues.

Confocal Microscopy

Confocal microscopy was used as an established procedure
for obtaining spatial localization of autophagic processes.47

The three-dimensional localization of immunofluorescence
within airway epithelial cells was evaluated using an LSM
510 laser scanning confocal microscope (Zeiss, Thornwood,
NY). The three-dimensional localization of immunofluo-
rescence within olfactory neurons and microglia was
evaluated using an LSM 780 laser scanning confocal mi-
croscope (Zeiss).

Transmission Electron Microscopy

At 18 to 22 hours after exposure,Dcxr ko2mice exposed to air
or 200-ppm diacetyl for 6 hours were perfused with hepa-
rinized sterile USP normal saline and then perfused with 2%
glutaraldehyde in 0.84 mol/L sodium cacodylate buffer (pH
7.4) via the right ventricle of the heart. The left and right
mainstem bronchus and the pulmonary parenchyma adjacent
to the left mainstem bronchus were trimmed the following
day. The airways were post-fixed with osmium tetroxide and
subsequently mordanted in tannic acid, stained with uranyl
acetate, alcohol dehydrated, embedded in Epon, and then
stained with uranyl acetate and lead citrate. Ultrastructural
changes were evaluated using a JEOL JEM-1400Plus trans-
mission electron microscope (JEOL, Peabody, MA).

Western Immunoblots

Lung airway-enriched fraction (LAEF) was dissected free
hand by a veterinary pathologist (A.F.H.) from the main-
stem bronchus, its bifurcation, and immediately adjacent
hilar region of the lung from eight air and eight
ajp.amjpathol.org - The American Journal of Pathology
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Protein Damage and Diacetyl Cytotoxicity
diacetyl-exposed animals. LAEFs from two animals each
were pooled to obtain sufficient tissue for preparation of
protein homogenates, giving a total n of 4 per experimental
group.

LAEF tissues were homogenized in tissue protein extrac-
tion reagent (Pierce Biotechnologies, Inc., Rockford, IL)
containing protease inhibitors. The homogenates were
centrifuged, and the supernatant was carefully collected
(soluble protein fraction). The pellet was rehomogenized in
2% SDS solution and centrifuged, and the supernatant was
collected (insoluble protein fraction). Total protein was
determined according to the micro-bicinchoninic acid method
(Pierce Biotechnologies, Inc.) using bovine serum albumin as
a standard. Protein extracts were stored at �75�C until use.

Aliquots of the soluble protein homogenates (10 mg total
protein) were diluted in Laemmli sample buffer, boiled, and
loaded onto 10% SDS-polyacrylamide gels. Proteins then
were electrophoretically resolved and transferred to 0.45-mm
Immobilon-FL PVDFMembrane (Millipore, Billerica, MA).
After transfer, immunoblot analysis was performed as previ-
ously described.48 The primary antibodies used were as fol-
lows: i) anti-ubiquitin antibody (rabbit polyclonal, Millipore,
catalog 07-375, lot 2682376; used at a concentration of 2.5
mg/mL), ii) anti-ubiquitin antibody (mouse monoclonal,
Millipore, catalogMAB1510, clone Ubi-1, lot 2681282; used
at a concentration of 17.5 mg/mL), iii) anti-ubiquitin linkage-
specific K63 antibody (Ub-K63, rabbit monoclonal, Abcam,
catalog Ab179434, clone EPR8590-448; used at a concen-
tration of 5.4 mg/mL), or iv) b-actin (mouse monoclonal,
Santa Cruz Biotechnology, Inc., catalog sc47778, clone C4,
lot J2313; used at a concentration of 130 ng/mL). Similarly,
the insoluble protein homogenates were blotted with anti-
ubiquitin or b-actin antibodies. After primary antibody in-
cubations, the membranes were incubated with appropriate
IRDye 680 or 800 Secondary Antibodies (LI-COR Bio-
sciences, Lincoln, NE), and near-infrared fluorescence
detection was performed on the Odyssey Imaging System
(LI-COR Biosciences). The fluorescent signal intensities
(k counts) of the individual bands were determined and
normalized to the endogenous control, b-actin.

RNA Isolation, cDNA Synthesis, and Real-Time PCR

Lung and brain regions selected for real-time PCR were
immediately stabilized in RNALater (Applied Biosystems,
Foster City, CA), and stored at �75�C until RNA isolation.
DNase-free RNA was isolated, cDNA was synthesized, and
real-time PCR was performed as previously described.16

The following TaqMan gene expression assays were
used: Dcxr (Mm01246774_g1), Cbr2 (Mm00483074_g1),
Cxcl2 (Mm00436450_m1), Il1b (Mm00434228_m1), Il6
(Mm00446190_m1), Tnfa (Mm00443258_m1), Scgb1a1
(Mm00442046_m1), Ubc (Mm01201237_m1), Stam1
(Mm00488457_m1), Hgs (Mm00468635_m1), Lamp1
(Mm00495262_m1), Lamp2 (Mm00495267_m1), Sqstm1
(Mm00448091_m1), Omp (Mm00448081_s1), and the
The American Journal of Pathology - ajp.amjpathol.org
housekeeping gene Gapdh (Mm99999915_g1), which was
used for normalization.

Statistical Analysis

Recognizing the complexity of analyzing scientific
data,49e51 statistical analyses were performed by the co-
authors who are statisticians (M.L.K. and J.C.H.). Consis-
tent with recent recommendations from the American
Statistical Association,50,51 we used a spectrum of tech-
niques (immunofluorescence, morphometry, confocal mi-
croscopy, transmission electron microscopy, real-time PCR,
and Western immunoblots) to identify in vivo phenomena
associated with protein damage in the airway epithelium of
the lung and the neuroepithelium, transparently summarized
those findings graphically and by photomicroscopy, and
identified converging lines of evidence regarding in vivo
protein damage and altered proteostasis in diacetyl-induced
cytotoxicity. The a value for statistical significance was set
at 0.05. Lower P values are not more significant, as it is
inappropriate to interpret P values in this manner; however,
they have been included for completeness. Data were
evaluated for exposure effects, effects of exposure on each
genotype, and effect of genotype on exposure. P values in
figures represent comparisons between diacetyl- and air-
exposed mice of the same genotype and comparisons
between the knockout and wild type at the same exposure
concentration. Morphometry and semiquantitative histopa-
thology data were analyzed using Kruskal-Wallis nonpara-
metric tests because the assumptions of an analysis of
variance were not met. The Kruskal-Wallis test was fol-
lowed by pairwise comparisons using the Wilcoxon rank-
sum test. Real-time PCR mRNA expression data were
converted to fold-change values relative to air-exposed
genotype- and sex-matched controls and subjected to one-
way analysis of variance tests. Western immunoblot band
intensities were analyzed for decreases in free ubiquitin and
increases in ubiquitinated proteins using a one-sided
Wilcoxon two-sample test. Statistical analyses were con-
ducted using SAS/STAT software version 9.1 of the SAS
System for Windows (SAS Institute, Inc., Cary, NC).

Results

Dose-Response in Wild-Type and Dcxr ko1 Mice

Histopathology
In the transitional and respiratory epithelium of the nose, the
principal diacetyl-associated histopathological changes were
degeneration and necrosis (Figure 2, AeD, and
Supplemental Table 1), which were similar to diacetyl-
induced changes previously described in diacetyl-exposed
mice.4 The respiratory and transitional epithelia of air-
exposed mice were within normal histological limits
(Figure 2A). In contrast, necrosis (Figure 2B) was signifi-
cantly increased in the respiratory and transitional epithelia
2893
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Figure 2 Cellular degeneration and death in
the epithelium lining nasal airways and bronchi
with corresponding pathology scores. A: Max-
illoturbinate from the first nasal section (T1) of a
mouse 1 day after inhaling air in an inhalation
exposure chamber. The maxilloturbinate is lined by
normal transitional epithelium admixed with oc-
casional ciliated epithelial cells. B: Max-
illoturbinate from the first nasal section (T1) of a
mouse 1 day after inhaling 300 ppm diacetyl.
Necrotic cellular debris has replaced the normal
transitional epithelium. C: Nasoturbinate from an
air-exposed mouse. D: Degenerative changes in
respiratory epithelium lining the nasoturbinate of
a mouse exposed to 200 ppm diacetyl are charac-
terized by enlarged epithelial cells with rarified
cytoplasm and displaced nuclei. E: The pathology
score (severity þ distribution) for necrosis in the
respiratory and transitional epithelium of the nose
increased with exposure concentration and
decreased as the sections moved away from the
front of the nose (T1) sequentially toward the back
of the nose (T3). Necrosis was not seen in the air
controls (0 ppm). Necrosis was unaffected by sex.
Necrosis pathology scores in knockout mice
(closed bars) and wild-type mice (open bars) were
similar except at 300 ppm at level T1. F: The pa-
thology score (severity þ distribution) for necrosis
in the olfactory neuroepithelium of the nose
increased with diacetyl exposure concentration.
Necrosis pathology scores in knockout mice
(closed bars) and wild-type mice (open bars) were
not significantly different. G: Control bronchus
from an air-exposed Dcxr knockout mouse (mouse
P11-1126) shows no evidence of degeneration. H:
Bronchus of a Dcxr knockout mouse exposed to
diacetyl (P11-1129) with epithelial changes char-
acterized by enlargement, cytoplasmic rarefaction,
and nuclear displacement. I: Semiquantitative
pathology scores from air-exposed control mice
demonstrate no evidence of bronchial epithelial
degeneration (mean pathology score of 0),
whereas diacetyl-exposed mice had bronchial
epithelial degeneration, which increased with
increasing exposure concentration. Diacetyl
significantly increased vacuolar degeneration at all
exposure concentrations irrespective of genotype.
There was no effect of sex on the diacetyl-induced
vacuolar degeneration, and the sexes were com-
bined for analysis of the diacetyl-induced changes.
The pathology score for vacuolar degeneration was
significantly greater in knockout mice (closed
bars) compared to wild-type mice (open bars) at
the 200 ppm exposure concentration. J: The
number of apoptotic cells detected by the terminal
deoxynucleotidyl transferase-mediated dUTP nick-
end labeling assay in the epithelium of bronchi
was increased in all diacetyl-exposed groups.
Apoptosis was not significantly different in
knockout (closed bars) compared with wild-type
(open bars) mice. *P < 0.05, **P < 0.01, and
***P < 0.001 versus air-exposed controls;
yP < 0.05 versus wild type. Scale bar Z 20 mm
(AeD and GeH).
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Protein Damage and Diacetyl Cytotoxicity
in section T1 in all diacetyl-exposed groups (Figure 2E and
Supplemental Table 1). The pathology score for necrosis is
the sum of the severity and distribution of necrosis, and the
mean pathology score increased with increasing diacetyl
exposure concentration (Figure 2E and Supplemental
Table 1). The mean pathology score decreased as the dis-
tance from the nares increased (Figure 3 and Supplemental
Table 1). This is consistent with absorption of some of the
diacetyl from the airstream along the course of the nasal
passageways.52,53 Sex had no effect on diacetyl-induced
Figure 3 Ubiquitin is increased by diacetyl exposure and localized
within intracytoplasmic accumulations in the neuroepithelium of the nose
and in intrapulmonary bronchi. A: The olfactory neuroepithelium of a male
wild-type mouse exposed to 300 ppm diacetyl, stained by immunofluores-
cence double labeling for total ubiquitin (red) and OMP (green), demon-
strates large ubiquitin (conjugated and unconjugated) accumulations in the
neuroepithelium. B: Lung stained by immunofluorescence double label for
total ubiquitin (red) and catenin-b1 (green) demonstrates ubiquitin in the
airway epithelium of a female wild-type mouse exposed to 300 ppm diacetyl;
ubiquitin (conjugated and unconjugated) forms large puncta. C: In the
bronchi, diacetyl increased the number of airway epithelial cells containing
ubiquitin. The number of cells with ubiquitin puncta was significantly
greater in knockout (closed bars) mice compared with wild-type (open bars)
mice at the 200 ppm exposure concentration. **P < 0.01, ***P < 0.001
compared with air controls of the same genotype; yyyP < 0.001 compared
with wild-type mice. Scale bar Z 50 mm (A and B).
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necrosis pathology scores (Supplemental Table 1). The pa-
thology score for knockout mice was significantly greater
than for wild-type mice (P Z 0.0224) at level T1 after the
300-ppm exposure (Figure 2E).

Vacuolar degeneration of the respiratory and transitional
epithelia was often seen in conjunction with necrosis, as is
anticipated with irreversible cell injury that is a precursor to
cell death. However, the diacetyl-induced degeneration was
somewhat unusual in being characterized by cell enlarge-
ment, with distortion of the apical cell membrane, cyto-
plasmic rarefaction, and frequent apical displacement of the
nucleus (Figure 2D). This type of cell degeneration was
most frequently seen in section T2 and was more prominent
in mice inhaling 100 or 200 ppm than in mice inhaling 300
ppm diacetyl.

In the olfactory neuroepithelium, the principal diacetyl-
associated histopathological change was necrosis. The
pattern of olfactory neuroepithelial necrosis was character-
ized by regular foci of more severe necrosis, a pattern that
has been previously described after acute 2,3-pentanedione
exposures in the rat.16 The mean pathology score for
necrosis in olfactory neuroepithelium increased with
increasing diacetyl exposure concentration, but was unaf-
fected by distance from the nares or genotype (Figure 2F
and Supplemental Table 2).

In the lung, degeneration of airway epithelial cells was the
principal histopathological change. Epithelial degeneration
was associated with diacetyl inhalation but was not seen in air
controls (Figure 2, GeI). Similar to the epithelial degenera-
tion seen in the respiratory epithelium of the nose, the
degeneration of bronchiolar epithelium was often character-
ized by cytoplasmic rarefaction, distortion of the apical cell
membrane, and apical displacement of the nucleus. This
vacuolar degeneration was not seen in terminal bronchioles,
but was frequently observed in bronchi (Figure 2H and
Supplemental Table 3). Diacetyl-induced vacuolar degener-
ation in the airway epithelium of bronchi was seen in both
males and females and in both wild-type and knockout mice.
Sex had no significant effect on diacetyl-induced vacuolar
degeneration or necrosis, and the sexes were pooled for the
statistical analysis of the diacetyl and genotype effects. At 200
ppm, the mean pathology score for degeneration was signif-
icantly greater in Dcxr knockout than in wild-type mice
(Figure 2I).

By morphological evaluation, necrotic cell death was
uncommon and not significantly increased in bronchi
(Supplemental Table 3). Apoptosis, as detected by termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling assay, was also uncommon but was significantly
increased in the bronchi of the lung, but was unaffected by
exposure concentration, sex, or Dcxr genotype (Figure 2J).
Because the intrapulmonary airway epithelium is the pu-
tative target for flavorings-related lung disease, had no
significant necrosis, and limited apoptosis, these airways
were optimal samples for investigating mechanisms of
injury.
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Figure 4 Dual immunofluorescence for K63-ubiquitin and CDH1. K63-
ubiquitin is localized as intraepithelial accumulations in the airway epithe-
lium. The accumulations are associated with diacetyl exposure and are more
frequently identified in bronchi than terminal bronchioles. A: Photomicro-
graph of immunofluorescence double label for K63-ubiquitin (red) and CDH1
(green) in the airway epithelium of the lung of a male Dcxr knockout mouse
exposed to 200 ppm diacetyl. K63-ubiquitin forms large puncta similar to
those identified by staining for total ubiquitin. B: Morphometric quantifica-
tion of K63-ubiquitin positive cells in the epithelium of terminal bronchioles
of wild-type (open bars) and knockout (closed bars) mice. K63 ubiquitin ac-
cumulations were only significantly increased in terminal bronchioles of wild-
type mice inhaling 100 ppm. C:Morphometric quantification of K63-ubiquitin
positive cells in the epithelium of bronchi. K63-ubiquitin puncta were rare
except in diacetyl-exposed mice, and cells containing puncta were signifi-
cantly increased relative to controls at all exposure concentrations. Knockout
mice (closed bars) were significantly more susceptible than wild-type mice
(open bars) at 200 ppm when the sexes were pooled for the statistical anal-
ysis. *P < 0.05, ***P < 0.001 compared with air controls of the same ge-
notype; yP < 0.05 compared with wild-type mice. Scale barZ 20 mm (A).
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Ubiquitin-Positive Puncta in Nasal and Intrapulmonary
Airways of Diacetyl-Exposed Mice
Because diacetyl causes protein damage and damaged pro-
teins often form ubiquitin conjugates, we examined ubiquitin
in the nose and the lung using dual-label immunofluores-
cence microscopy for total ubiquitin. In the nose, sections
were stained for total ubiquitin and olfactory marker protein
(OMP). Staining for both ubiquitin and OMP allowed ubiq-
uitin accumulation to be identified within the olfactory neu-
roepithelium. The complex arrangement of cell types in the
olfactory neuroepithelium and the presence of necrosis in
diacetyl-exposed mice prevented an accurate count of the
number of affected cells in the olfactory neuroepithelium.
Nevertheless, large ubiquitin-positive foci were not observed
in controls and were frequently observed in the neuro-
epithelium of mice inhaling diacetyl (Figure 3A).

In the lung, sections were stained for total ubiquitin and
catenin-b1 (CTNNB1). The CTNNB1 staining allowed the
identification of intercellular junctions of airway epithelial
cells to identify the intrapulmonary sites of damage within
the lung. This allowed accurate counts of the number of
airway epithelial cells with ubiquitin-positive puncta and the
area of immunoreactive ubiquitin/mm basement membrane
(Figure 3, B and C).

After diacetyl exposure, the number of cells containing
ubiquitin puncta was not significantly increased in the
terminal bronchioles of diacetyl-exposed mice (data not
shown). However, prominent intraepithelial ubiquitin
puncta were observed in the bronchi of diacetyl-exposed
mice (Figure 3B). In these larger airways, the number of
cells containing ubiquitin puncta was significantly
increased by diacetyl exposure in both wild-type and
knockout mice (Figure 3C). In addition, knockout mice
had significantly more airway epithelial ubiquitin puncta
compared with wild-type mice at 200 ppm (Figure 3C).
Male mice had significantly more cells with ubiquitin
puncta than female mice after inhaling 200 ppm diacetyl
(P Z 0.0014) or 300 ppm diacetyl (P Z 0.027). The three-
way analysis of variance further indicated an interaction
between genotype and diacetyl exposure (P Z 0.0096) as
well as an interaction between sex and diacetyl exposure
(P Z 0.038).

K63-Ubiquitin Puncta in the Airway Epithelium of Diacetyl-
Exposed Mice
K63-ubiquitination is ubiquitination at lysine 63 of ubiquitin
and is generally associated with nonproteasomal functions,
including involvement in autophagy and modulation of
signaling cascades.27 K63-ubiquitination was rarely
observed in air-exposed mice. In diacetyl-exposed mice,
K63-ubiquitination was localized to the airway epithelium
(Figure 4A). Rare K63-ubiquitinepositive puncta were seen
in the terminal bronchioles of diacetyl-exposed mice and,
when the sexes were pooled for analysis, the number of
airway epithelial cells/mm basement membrane containing
K63-ubiquitin puncta was significantly increased in the
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terminal bronchioles of wild-type mice inhaling 100 ppm
diacetyl (Figure 4B). The number of cells with K63-
ubiquitin puncta was increased in bronchi at all exposure
concentrations (Figure 4C). In the 200-ppm diacetyl
exposure group, knockout mice had significantly more
K63-ubiquitin puncta in bronchi than did the wild-type mice
(Figure 4C).

Identification of the Molecular Pathology of Diacetyl-
Induced Airway Epithelial Changes in Wild-Type, Dcxr
ko1, and Dcxr ko2 Mice

Additional groups of male wild-type and Dcxr knockout
mice were exposed to 200 ppm diacetyl for 6 hours and
necropsied 18 to 20 hours after exposure i) to confirm the
significantly greater susceptibility of Dcxr knockout mice to
diacetyl-induced ubiquitin puncta, ii) to localize ubiquitin
accumulation and investigate changes in associated proteins,
iii) to identify corresponding changes in mRNA expression
in the lung and olfactory bulb, and iv) to ensure that changes
associated with the Dcxr knockout status were not because
of the presence of the selection cassette in the Dcxr ko1
mice.

Susceptibility of Dcxr Knockout Mice to Ubiquitin
Accumulation
Inhaling 200 ppm diacetyl significantly increased the area of
immunoreactive total ubiquitin in terminal bronchiolar
airway epithelial cells in both wild-type (P Z 0.003) and
Dcxr knockout mice (P Z 0.004 for Dcxr ko1 and Dcxr
Table 4 Morphometric Analysis of Ubiquitin Area and Colocalization
Epithelium of Air and Diacetyl-Exposed Mice

Exposure
(ppm) Genotype

Area (mm2) of
ubiquitin
colocalized with
KRT8 or KRT18/mm
basement
membrane*

Area of ubiquitin
colocalized with
LAMP1/mm
basement
membrane*

Are
col
LA
ba
me

0 Wild type 0.48 � 0.48 0 � 0
0 Dcxr ko1 0 � 0 0.22 � 0.22 0.7
0 Dcxr ko2 0 � 0 0.02 � 0.02 7
0 All genotypes

(pooled data)
0.16 � 0.16 0.078 � 0.07 2

200 Wild type 38 � 27x 150 � 88x 3
200 Dcxr ko1 11 � 2.8x 200 � 85x 7
200 Dcxr ko2 25 � 19x 230 � 98x 6
200 All geno-types

(pooled data)
25 � 9.3x 190 � 50x 5

*Area is expressed as the area in mm2/mm basement membrane of two bronch
yThis is the area of ubiquitin/mm basement membrane measured in dual-label im

described in the dose-response study.
zThe mean ubiquitin area/mm basement membrane is the mean of the area

different second labels (CTNNB1, KRT8 and KRT 18, LAMP1, LAMP2, and SQSTM1)
xSignificantly different from air-exposed mice (P � 0.05).
{Significantly different from wild-type mice (P � 0.05).
CTNNB1, catenin-b1; KRT, keratin; LAMP, lysosomal-associated membrane prot
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ko2). However, the area of immunoreactive ubiquitin was
low in the terminal bronchioles of diacetyl-exposed mice
(mean of 12 � 2.9 mm2 for all diacetyl-exposed mice
combined) compared with bronchi. In the bronchi, diacetyl
inhalation significantly increased both the area of immu-
noreactive ubiquitin and the number of airway epithelial
cells expressing ubiquitin. The area of immunoreactive
ubiquitin in bronchial airway epithelial cells of diacetyl-
exposed Dcxr ko1 (716 � 82 mm2; mean � SEM) was
similar to the area of immunoreactive ubiquitin in Dcxr ko2
mice (679 � 195 mm2; mean � SEM). The area of immu-
noreactive ubiquitin in bronchial airway epithelial cells of
wild-type mice (334 � 96 mm2; mean � SEM) was
significantly less than in Dcxr ko1 mice (PZ 0.016) but not
Dcxr ko2 mice (Table 4).

Subcellular Localization of Ubiquitin Accumulation
To identify the subcellular compartment(s) containing the
ubiquitin puncta, lungs were stained by dual-label indirect
immunofluorescence for the following: i) ubiquitin and
LAMP1 (a marker of endosomes/lysosomes/exosomes), ii)
ubiquitin and LAMP2, and iii) ubiquitin and cytoskeletal
proteins of airway epithelium, keratins 8 and 18 (KRT8 and
KRT18). Because damaged proteins are often sequestered
within vesicles that also contain ubiquitin and SQSTM1,27

lungs were also stained by dual-label indirect immunofluo-
rescence for ubiquitin and SQSTM1. The highest area of
colocalization was between ubiquitin and SQSTM1, with a
mean of 332.90 � 278.60 mm2 of colocalized ubiquitin and
SQSTM1/mm basement membrane in the epithelium lining
with Cytoplasmic Markers in the Intrapulmonary Bronchial Airway

a of ubiquitin
ocalized with
MP2/mm
sement
mbrane*

Area of ubiquitin
colocalized with
SQSTM1/mm
basement
membrane*

Area of
ubiquitin/mm
basement
membrane
with CTNNB1
double labely

Mean ubiquitin
area/mm
basement
membranez

0 � 0 0 � 0 0.02 � 0.02 4.04 � 3.13
1 � 0.71 0 � 0 0.25 � 0.18 3.40 � 3.12
.3 � 6.9 0 � 0 0.32 � 0.21 4.1 � 2.7
.7 � 2.3 0 � 0 0.20 � 0.09 3.8 � 1.6

2 � 8.3x 180 � 90x 330 � 96x 360 � 140x

3 � 17x 370 � 110x 720 � 82x{ 650 � 97x

7 � 33x 440 � 130x 680 � 200x 580 � 130x

7 � 13x 330 � 280x 580 � 110x 530 � 72x

i in each of six mice per exposure and genotype group.
munofluorescence for total ubiquitin and CTNNB1, which was performed as

of ubiquitin measured in dual-label immunofluorescence assays with five
standardized per mm airway basement membrane.

ein; SQSTM, sequestosome.
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the bronchial airways (Table 4). This demonstrated that
most (64%) of the ubiquitin in bronchial airways of
diacetyl-exposed mice was colocalized with SQSTM1
(Table 4). Consistent with a location in cytoplasmic vesi-
cles, the ubiquitin puncta of diacetyl-exposed mice were
also frequently colocalized with the endosomal/lysosomal
markers LAMP1 and LAMP2 (Table 4). Of the cytoplasmic
markers investigated, the smallest area of colocalization of
airway ubiquitin was with cytoskeletal components (KRT8
and KRT18) (Table 4). However, the area of ubiquitin that
was colocalized with each of the markers as well as total
ubiquitin were significantly increased by diacetyl exposure.
Neither genotype nor sex had a significant effect on ubiq-
uitin colocalized with SQSTM1, LAMP1, LAMP2, or
cytokeratins. Total ubiquitin measured as part of the
dual-label immunofluorescence assays with five different
second labels (CTNNB1, KRT8 and KRT18, LAMP1,
LAMP2, and SQSTM1) was significantly increased by
exposure, but was not significantly affected by genotype
(Table 4). In addition, diacetyl exposure significantly
increased airway epithelial SQSTM1/mm basement mem-
brane in wild-type mice (P Z 0.004), Dcxr ko1 mice
(P Z 0.004), and Dcxr ko2 mice (P Z 0.004). Specifically,
SQSTM1 increased from 0.03 � 0.03 (means � SEM)
mm2/mm in control wild-type mice to 102.97 � 120.94
mm2/mm in diacetyl-exposed wild-type mice; from
0.22 � 0.20 mm2/mm in control Dcxr ko1 mice to
537.98 � 129.18 mm2/mm in diacetyl-exposed Dcxr ko1;
and from 0.11 � 0.09 mm2/mm in control Dcxr ko2 mice to
627.86 � 170.44 mm2/mm in diacetyl-exposed wild-type
mice. Diacetyl-induced SQSTM1 was not significantly
affected by genotype.

To further evaluate the intracytoplasmic location of ubiq-
uitin accumulation in the airway epithelium of diacetyl-
exposed mice, the dual-label immunofluorescence sections
of intrapulmonary bronchi were evaluated by confocal
microscopy. Ubiquitin puncta in diacetyl-exposed mice were
often within spaces between cytokeratin intermediate fila-
ments (Figure 5, AeC) and were located within intra-
cytoplasmic vesicles, which also expressed LAMP1 (Figure 5,
DeF) and LAMP2 (Figure 5, GeI), although LAMP2 stain-
ing of the cytoplasmic vesicles was not as intense as LAMP1
staining of the vesicles. Intraepithelial ubiquitin was usually
associated with SQSTM1 (Figure 5, JeL). Together, these
findings localized large quantities of ubiquitin to the endo-
somal/lysosomal compartment in conjunction with SQSTM1
and identified increased SQSTM1 in diacetyl exposed air-
ways, indicating extensive autophagy.

Transmission Electron Microscopy
Ultrastructural changes in the diacetyl-exposed airway
epithelium confirmed the presence of diacetyl-induced
autophagy. Air-exposed control mice had morphologically
normal airway epithelium in ultrastructural sections
(Figure 6A). Diacetyl-exposed airway epithelial cells some-
times showed degenerative changes, including dilation of
2898
endoplasmic reticulum, swelling of mitochondria, vacuola-
tion, and autophagy. Autophagosomes were most frequently
seen in the cytoplasm of club cells (Figure 6, B and C) but
were observed in a few ciliated cells. Occasional diacetyl-
exposed airway epithelial cells contained cytoplasmic ag-
gregation of variably osmiophilic punctate structures, which
were not surrounded by a membrane and which were
morphologically consistent with aggresomes (Figure 6D).

Western Immunoblotting
Neither ubiquitin nor b-actin bands were detected in the
insoluble fraction of the protein homogenates, suggesting
that there were no insoluble aggregated proteins in the
diacetyl-exposed LAEF tissue samples. Subsequent
immunoblot analyses were performed with the soluble
protein fraction samples using two anti-ubiquitin anti-
bodies. The anti-ubiquitin rabbit polyclonal antibody (07-
375) detected various ubiquitinated protein bands (28 to
250 kDa), as well as the free ubiquitin band (approximately
9 kDa). The anti-ubiquitin mouse monoclonal antibody
(MAB1510) did not detect free ubiquitin or high-
molecular-weight (>150 kDa) ubiquitinated proteins, but
detected ubiquitinated proteins in the range of 25 to 70
kDa. Inhalation of diacetyl (200 ppm) caused a significant
reduction (59% decrease; P � 0.05; nonparametric Wil-
coxon two-sample test) in free ubiquitin levels in the
LAEF, with concurrent increases in ubiquitinated proteins,
particularly in the 50 kDa (approximately 53% increase;
not statistically significant) and 70 kDa (approximately
87% increase; not statistically significant) range (Figure 7).
The increases in the 50- and 70-kDa ubiquitinated bands
were not statistically significant, which was expected
because the decrease in free ubiquitin pools limited the
amount of free ubiquitin available for ubiquitination of
proteins at all molecular weights.54,55 Fluorescence mi-
croscopy demonstrated that diacetyl-induced ubiquitin
puncta were localized to the epithelium while the airway-
enriched fraction contains the unaffected cells, such as
the airway lamina propria, wall, and adjacent parenchyma.
Immunoblot analysis with the anti-ubiquitin linkage-spe-
cific K63-ubiquitin antibody did not reveal any significant
changes in K63 ubiquitination, a finding that is also
consistent with localization of K63-ubiquitin puncta to the
epithelial layer (data not shown).

mRNA Expression Changes in the Lungs of Diacetyl-Exposed
Mice
Real-time PCR analysis of Dcxr mRNA expression in the
lung was performed to confirm the deficiency of this gene in
the knockout (Dcxr ko1 and Dcxr ko2) mice (Figure 8A).
Exposure to 200 ppm diacetyl did not elicit robust inflam-
mation in the lungs of either wild-type or Dcxr knockout
mice (Figure 8A). Among the inflammatory mediators
examined, only Il1b mRNA expression was induced
(1.9-fold increase; P < 0.01) (Figure 8A) in the lungs of
Dcxr ko2 mice, at 1 day after diacetyl exposure. The lung
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Ubiquitin puncta were localized to endosomal/lysosomal/exosomal vesicles and SQSTM1 puncta using confocal microscopy of immunofluores-
cence staining for ubiquitin (red), cytoskeletal components KRT8 and KRT18 (green, AeC), endosomal/lysosomal/exosomal marker LAMP1 (green, DeF),
endosomal/lysosomal/exosomal marker LAMP2 (green, GeI), and the multifunctional scaffolding protein SQSTM1 (green, JeL) in the airway epithelium of
diacetyl-exposed mice. A: In this merged image, ubiquitin appears red because it is in spaces between the cytoskeletal filaments (green). B: Ubiquitin in the
section shown in A. C: The cytoskeletal intermediate filaments containing cytoskeletal components KRT8 or KRT18 (green) in A are distinct from the sites
where ubiquitin is observed in B. D: In this merged image, the yellow demonstrates colocalization of ubiquitin (red) with the endosomal/lysosomal/exosomal
marker LAMP1 (green). E: Ubiquitin (red) in the section shown in D. F: LAMP1 (green) in the section shown in D is present in the sites where uibiquitin is
observed in E. G: In this merged image, the orange demonstrates colocalization of ubiquitin (red) with the endosomal/lysosomal/exosomal marker LAMP2
(green, GeI). H: Ubiquitin (red) in the section shown in G. I: LAMP2 (green) in the section shown in G is present in most areas where ubiquitin is present. J: In
this merged image, ubiquitin (red) is associated with SQSTM1 (green, JeL), resulting in yellow within the sites containing the green puncta of the scaffolding
protein, SQSTM1. K: Ubiquitin (red) in the section shown in J. L: SQSTM1 (green) in the section shown in J is present in the sites of cellular ubiquitin
accumulation. Scale bar Z 5 mm (AeL).

Protein Damage and Diacetyl Cytotoxicity
expression levels of other inflammatory mediators,
including Il6 and Tnfa, were unaffected by either genotype
or treatment (Figure 8A). In Dcxr ko2 mice, concurrent with
the increase in Il1b expression, diacetyl exposure also
caused a small decrease in the lung expression of Scgb1a1
The American Journal of Pathology - ajp.amjpathol.org
(Ccsp; 30% decrease; P < 0.01) (Figure 8B), the gene
coding for a club cellespecific 10-kD protein, which is
thought to be associated with bronchiolitis obliterans.
Diacetyl exposure did not alter the mRNA expression of the
lysosomal markers, Lamp1 and Lamp2, or of markers
2899
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Figure 6 Ultrastructural confirmation of
diacetyl-induced autophagy in airway epithelium.
A: Normal ciliated respiratory epithelial cell (left)
and club cell (right) in an air control mouse. B:
Autophagy (arrows) in a club cell from a Dcxr ko2
mouse. The cytoplasm of the ciliated epithelial cell
to the left of the club cell is vacuolated. C: A
higher magnification of autophagy (arrows) in a
club cell from a Dcxr ko2 mouse. The cytoplasm is
vacuolated in the ciliated epithelial cell to the
right. D: Aggregated electron-dense material is
located within the cytoplasm without a surround-
ing membrane (arrow) and is morphologically
consistent with an aggresome-like structure. Scale
bar Z 1 mm (AeD).

Hubbs et al
associated with endosomal/lysosomal sorting and traf-
ficking, like Stam1 and Hgs, components of the multi-ligand
Escrt0 complex (Figure 8B).

mRNA Expression Changes in the Olfactory Bulb of Diacetyl-
Exposed Mice
Similar to the observation in the lung, Dcxr mRNA
expression was absent in the olfactory bulb of the knockout
mice (Figure 8C). An interesting observation was the down-
regulation/suppression of the mRNA for carbonyl reductase
(Cbr2) that is also involved in metabolism of carbonyl
compounds. Inflammation extended from the respiratory
tract into the olfactory bulb, in mice inhaling 200 ppm
diacetyl. The mRNA expression levels of inflammatory
mediators, Il6 and tumor necrosis factor-a (Tnfa), were
significantly elevated 1 day after diacetyl exposure.
Although Il6 mRNA increased by 1.5- to 2.0-fold
(P � 0.001 for all genotypes combined) (Figure 8C), defi-
ciency of Dcxr did not significantly influence or alter the
expression of the Il6 mRNA. On the other hand, a signifi-
cantly higher expression of Tnfa (approximately 12-fold;
P � 0.001 compared to air controls) (Figure 8C) was seen in
the olfactory bulb of Dcxr-deficient mice when compared to
the expression (fivefold; P � 0.01 for each knockout)
(Figure 8C) in wild-type mice, suggesting exacerbated
inflammation. Diacetyl also caused a small reduction in the
mRNA levels of the olfactory marker protein (Omp; 20% to
30% decrease; P � 0.01), indicative of olfactory sensory
neuron injury or loss (Figure 8C).

Diacetyl-Induced SQSTM1 Accumulation in the Olfactory
Bulb
Neurons are able to transport nanoscale particulates.56,57 We
observed that mRNA levels for cytokines, particularly Tnfa,
2900
were increased in the olfactory bulb of the brain. Together,
these observations suggested that diacetyl-induced misfolded
proteins or SQSTM1 puncta could potentially be transported
into the olfactory bulb and, thereby, activate signaling cas-
cades. Consistent with this hypothesis, immunoreactive
SQSTM1 was identified by immunofluorescence in the ol-
factory bulb of diacetyl-exposed mice. In the olfactory bulb,
immunoreactive SQSTM1 had two patterns: punctate, scat-
tered, nanoscale immunoreactivity and clustered accumula-
tions of immunoreactive SQSTM1 (Figure 9). Quantitative
morphometric analysis demonstrated statistically significant
diacetyl-induced increases in the number (P � 0.0001) and
area (P � 0.0001) of immunoreactive SQSTM1 (Figure 10).
Neither sex nor genotype affected SQSTM1 accumulation in
the olfactory bulb.

Diacetyl-Induced Microglial Activation in the Olfactory Bulb
Triple-label immunofluorescence confocal microscopy
for allograft inflammatory factor 1 (AIF1/IBA1), OMP,
and SQSTM1 demonstrated AIF1-immunoreactive micro-
glial cells within the glomerular region of the olfactory
bulb of diacetyl-exposed mice. These AIF1-positive cells
had an ameboid shape consistent with activated microglial
cells (Figure 11A), were localized near OMP-positive
axons (Figure 11B), and frequently contained intra-
cytoplasmic SQSTM1 (Figure 11C) and OMP
(Figure 11D), consistent with phagocytosis of olfactory
neurons and SQSTM1.

Diacetyl-Induced SQSTM1 Accumulation in the
Neuroepithelium of the Nose
To identify whether SQSTM1 was potentially present in the
olfactory neuroepithelium and could have been transported
from there into the brain, we next stained nasal section T2
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Free ubiquitin is depleted by diacetyl inhalation. A:
Western immunoblot of ubiquitin and b-actin in protein from the
airway-enriched fraction of air and diacetyl-exposed Dcxr ko2 mice. B:
Bar graph of the band intensities in the Western immunoblot. *P < 0.05
when compared with air-exposed controls of the same genotype. MW,
molecular weight.

Figure 8 Real-time PCR analysis of mRNA expression after diacetyl
inhalation. Wild-type and Dcxr knockout mice were exposed to filtered air
or diacetyl (200 ppm; 6 hours/day). A: At 1 day after exposure, the mRNA

Protein Damage and Diacetyl Cytotoxicity
for immunoreactive SQSTM1 in mice inhaling 200 ppm
diacetyl or air in the dose-response study. In both wild-type
and Dcxr ko1 mice, SQSTM1 was abundant in the neuro-
epithelium of the diacetyl-exposed mouse, where it was
principally located between OMP-positive olfactory neu-
rons (Figure 12). However, in a few cells, SQSTM1 colo-
calized with OMP. This indicated that SQSTM1 was
primarily, but not exclusively, in sustentacular cells.
SQSTM1 was rare in the neuroepithelium of air-exposed
mice (data not shown).
expression of dicarbonyl reductases and inflammatory mediators were
analyzed in the lung. B: At 1 day after exposure, the mRNA expression
levels of markers for lung club cells, as well as markers of lysosomal and
endosomal protein trafficking, were analyzed in the lung. Normalized mRNA
values are expressed as fold change. C: Real-time PCR analysis of mRNA
expression in olfactory bulb of diacetyl-exposed mice. Wild-type and Dcxr
knockout mice were exposed to filtered air or diacetyl (200 ppm; 6 hours/
day). At 1 day after exposure, the mRNA expression levels of dicarbonyl
reductases, inflammatory mediators, and marker of olfactory sensory neu-
rons were analyzed in the olfactory bulb. Normalized mRNA values are
expressed as fold change. **P < 0.01, ***P < 0.001 versus air-exposed
controls; yP < 0.05, yyP < 0.01 versus wild type. N, not detected.
Discussion

In this study, we identified puncta of total ubiquitin, K63-
ubiquitin, and SQSTM1 as a consistent finding in the
damaged airway epithelium of mice after inhaling diacetyl.
We were, furthermore, able to localize significant ubiquitin
accumulation to the lysosome. This indicated that ubiquiti-
nated cytoplasmic cargo reached the lysosome, a classic
The American Journal of Pathology - ajp.amjpathol.org 2901
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Figure 9 Low-magnification immunofluorescence localizing sites of
SQSTM1 immunoreactivity within the olfactory bulb of the diacetyl-
exposed mouse. A: Photomicrograph of immunofluorescence staining of
SQSTM1 in red within the glomerular region of the mouse olfactory bulb,
showing scattered submicrometer-sized immunoreactive SQSTM1 and
larger accumulations (arrows) in specific foci. B: Photomicrograph of the
same region shown in A, showing SQSTM1 in red, OMP in green, and DAPI
in blue. The scattered SQSTM1 immunoreactivity localizes within or near
OMP-positive axons. The clusters of SQSTM1-positive particles (arrows)
appear to be within cells near the OMP-positive axons. Scale bar Z 50 mm
(A and B).

Figure 10 Quantitative morphometric analysis of immunoreactive
SQSTM1 demonstrates diacetyl-induced increases within the olfactory bulb
of the diacetyl-exposed mouse. A: The number of SQSTM1-positive puncta
was increased in the glomerular region at all exposure concentrations but
unaffected by genotype. B: The area of SQSTM1-positive expression in the
glomerular region was increased by diacetyl inhalation at all exposure
concentrations but unaffected by genotype. **P < 0.01, ***P < 0.001
compared with air controls of the same genotype.

Hubbs et al
hallmark of autophagy.58 In addition, the airway epithelium
had elevations in SQSTM1, a multifunction scaffolding
protein that functions as an autophagy cargo receptor and
accumulates in tissues during in vivo autophagy.59

Morphometric evaluation provided quantitative evidence
that ubiquitin frequently colocalized with SQSTM1,
LAMP1, and LAMP2 to confirm autophagy. We were,
furthermore, able to use confocal microscopy to provide
three-dimensional spatial confirmation of these autophagy-
associated interactions. Consistent with the findings from
immunofluorescence, morphometry, and confocal micro-
scopy, transmission electron microscopy demonstrated
autophagosomes within the in vivo diacetyl-exposed airway
epithelium, the target for flavorings-related lung disease.
2902
Sequestration and selective autophagy are biological re-
sponses using SQSTM1 and ubiquitin, which are involved
in the cellular response to cytotoxic protein aggre-
gates.21,22,60,61 K63-ubiquitination is particularly associated
with the autophagic clearance of protein aggregates.27 These
findings provide converging lines of evidence that are
consistent with a striking up-regulation of protein seques-
tration and autophagy as an in vivo response of the respi-
ratory epithelium to inhaled diacetyl vapors.21,30,62

Diacetyl is highly reactive and has a well-established
ability to damage proteins.18 Diacetyl is particularly reactive
with the amino acid arginine.18,63 Diacetyl and related
reactive a-dicarbonyl compounds directly damage proteins
by interacting with the guanidinium group of arginine.18,64

Recently, the relative in vitro chemical reactivity of three
a-dicarbonyl flavorings (diacetyl, 2,3-pentanedione, and
2,3-hexanedione) was found to be similar to the pattern of
relative toxicity reflected in bronchial fibrosis and pulmo-
nary function changes after a 2-week inhalation exposure.63

In our study, the highly significant increases in ubiquitin and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 11 Representative immunofluores-
cence confocal photomicrographs demonstrating
gliosis and localizing sites of SQSTM1 immunore-
activity within the glomerular region of the ol-
factory bulb in diacetyl-exposed mouse. A: SQSTM1
(red) puncta are within the cytoplasm of allograft
inflammatory factor 1 (AIF1)epositive (white)
reactive microglial cells (arrows) in a mouse
inhaling 200 ppm diacetyl. B: In the merged image
of OMP and AIF1 immunostaining, the AIF1-
positive (white) microglial cells accumulating the
SQSTM1 (red) and the scattered SQSTM1 particles
are near neurons expressing OMP (green) in a
mouse inhaling 200 ppm diacetyl. C: High-
magnification image of an AIF1-positive (white)
reactive microglial cell containing intra-
cytoplasmic SQSTM1 (red) puncta in a mouse
inhaling 200 ppm diacetyl. D: In the high-
magnification merged image of OMP and AIF1
immunostaining, OMP (green) puncta are also
present in AIF1-positive cells of the diacetyl-
exposed mouse. Scale bars: 10 mm (A and B);
5 mm (C and D).

Protein Damage and Diacetyl Cytotoxicity
SQSTM1 puncta in airway epithelium indicate that inhaled
diacetyl damages proteins in vivo in this target tissue for
bronchiolitis obliterans.65

Normal protein homeostasis (alias proteostasis) is essential
for cell survival.66 Because normal protein function is
dependent on the correct three-dimensional structure, mis-
folded proteins generally lose their normal function. The lung
is particularly dependent on normal proteostasis.66 In our
study, the depletion of free ubiquitin in Western immunoblots
provides further evidence of diacetyl-induced proteostasis
imbalance in airways. Because ubiquitin is critical to many
cellular functions and free ubiquitin is in limited supply,
ubiquitin depletion is cytotoxic.54,67e69 Thus, the diacetyl-
induced depletion demonstrated in our study is biologically
important. Similar to our findings, methylglyoxal, a three-
carbon a-dicarbonyl compound, depletes free ubiquitin
while increasing ubiquitin conjugates.70 Although poly-
ubiquitination has long been known to efficiently target
proteins for autophagy, mono-ubiquitination has recently
been demonstrated to be sufficient for SQSTM1-mediated
autophagy of proteins and organelles in mammalian cells.47

Indeed, in our study, polyubiquitin did not increase, but the
lower-molecular-weight ubiquitinated proteins may be
responsible for ubiquitin puncta, which reached the lyso-
some. None of the individual high-molecular-weight bands
were significantly increased, but that was expected given
depletion of the free ubiquitin pool, which prevented further
ubiquitination, as well as the presence of unaffected cells in
the airway wall and adjacent parenchyma in in vivo samples.
The American Journal of Pathology - ajp.amjpathol.org
Recently, proteostasis imbalance has been implicated in
obstructive lung diseases.71 Similar to our findings in the
diacetyl-exposed lung, ubiquitinated protein aggregates and
the corresponding human protein, SQSTM1, accumulate in
humans with chronic obstructive pulmonary disease.72,73

Cigarette smoke is implicated in these aggregates in
humans with chronic obstructive pulmonary disease.72

Because our study demonstrates that diacetyl alters proteo-
stasis and cigarette smoke contains diacetyl,74,75 the results
suggest that diacetyl may play a role in chronic obstructive
pulmonary disease in addition to its role in flavorings-related
lung disease.11,12 In addition, during autophagy, SQSTM1 is
phosphorylated, a process that activates the Kelch-like ECH-
associated protein 1 (Keap1)enuclear factor E2erelated
factor 2 (Nrf2) pathway.62 Thus, our finding of SQSTM1
accumulation and autophagy may explain the recently
described nuclear accumulation of NRF2 in the transitional
and respiratory epithelium of the nose of diacetyl-exposed
rats.76

More important, the autophagy of damaged proteins
protects cells from aggregated proteins, but the amino
acids, ubiquitin, and SQSTM1 are digested and potentially
depleted in the lysosome.77 In addition, autophagy can
induce apoptosis through caspase 8 activation.78 Thus, it
seems likely that the protein damage, protein aggregates,
ubiquitin depletion, and autophagy seen in our study
explain the cytotoxicity in airway epithelium that was seen
in this and in previous diacetyl inhalation studies.3,4

However, we saw increased ubiquitin, SQSTM1, and
2903

http://ajp.amjpathol.org


Figure 12 Representative immunofluorescence confocal photomicro-
graph of SQSTM1 in the neuroepithelium of the mouse nose. A: Merged
double-label immunofluorescence demonstrates that SQSTM1 (red) is
principally localized between olfactory neurons, which contain OMP
(green). Rare cells expressed both SQSTM1 and OMP and were orange
(arrow), consistent with neurons containing SQSTM1. B: Red fluorescence
demonstrates that foci of SQSTM1 immunoreactivity are abundant and
variably sized in the neuroepithelium. The neuron identified in the merged
image shows strong SQSTM1 immunoreactivity (arrow). C: Green fluores-
cence demonstrates immunofluorescence for OMP. The neuron identified in
the double-label image shows strong OMP immunoreactivity (arrow). Scale
bar Z 20 mm (AeC).

Hubbs et al
autophagy in intrapulmonary airways with low levels of
significant apoptosis and without significant necrosis,
suggesting that ubiquitination and autophagy may have
controlled the nature of the proteotoxic cell death. Indeed,
autophagy is more frequently a protective biological
response than a major contributor to a pathological
response.21,33,79

Because the reactive a-dicarbonyl group is implicated in
diacetyl-induced protein damage, we originally hypothe-
sized that DCXR would provide protection from protein
2904
damage through metabolism of diacetyl to acetoin, which
does not have the reactive a-dicarbonyl group.36 Consis-
tent with this hypothesis, we did observe a significantly
increased number of cells with ubiquitin puncta and K63-
ubiquitin puncta in airway epithelium of DCXR
knockout compared with wild-type mice in the 200 ppm
exposure group in the dose-response experiment. There
was a similar trend at this same exposure concentration in
the molecular pathology experiment, although the effect
did not consistently reach statistical significance, possibly
as a result of the lower number of animals in that experi-
ment. Although the magnitude of protection in the wild-
type mouse relative to the knockout mouse was lower
than anticipated, the findings add support to the importance
of the reactive a-dicarbonyl group in the respiratory
toxicity of diacetyl.80

At 300 ppm, ubiquitination in airway epithelium of wild-
type and Dcxr knockout mice was not significantly
different. A possible explanation for this could be the
overwhelming of metabolism at this high exposure con-
centration. In light of the apparent protein damage observed
in the diacetyl-exposed airway epithelium, another possible
explanation could be damage to the DCXR protein itself, for
which diacetyl is a substrate. This would render DCXR
ineffective in the wild-type mouse at this high exposure
concentration.
In the lung of diacetyl-exposed Dcxr knockout but not

wild-type mice, there was significant down-regulation of
mRNA for club cell secretory protein (SCGB1A1), the
major product of the bronchiolar club cell. In humans,
decreases in SCGB1A1 protein in bronchoalveolar lavage
and serum are associated with the development of bron-
chiolitis obliterans.81,82 A decrease in Scgb1a1 tran-
scripts has also been described in rats during the
development of bronchiolitis obliteranselike changes
after intratracheal instillation of diacetyl.83 We believe
that in our study, the decrease in Scgb1a1 mRNA results
from a loss of club cells (previously known as Clara
cells) in the airways of the diacetyl-exposed Dcxr ko2
mice. Consistent with that interpretation, ultrastructural
documentation of autophagy was most prominent in club
cells in our study.
Surprisingly, Tnfa mRNA was significantly up-regulated

in the olfactory bulb, but not in the lung of wild-type and
Dcxr ko mice inhaling 200 ppm diacetyl. Dcxr ko mice had
greater elevation in Tnfa mRNA relative to air-exposed
genotype controls when compared with the wild-type mice,
suggesting that DCXR is protective. The up-regulation of
olfactory bulb Tnfa was accompanied by a decrease in Omp
mRNA, which suggests a loss of olfactory neurons. Because
diacetyl is highly reactive and unlikely to diffuse into the
brain, the selective increase in Tnfa in the olfactory bulb
cannot be explained by diffusion of diacetyl. The increases
in immunoreactive SQSTM1 observed within the olfactory
bulbs of diacetyl-exposed mice suggest that one possible
explanation could be that increases in SQSTM1 resulted in
ajp.amjpathol.org - The American Journal of Pathology
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increased Tnfa mRNA expression, because it is believed to
integrate multiple signaling cascades.84e87

By confocal microscopy, we were able to localize
SQSTM1 accumulation in the olfactory bulb of diacetyl-
exposed mice to the glomerular region and immediately
adjacent neuropil. Within that region, intracytoplasmic
accumulations of SQSTM1 were localized within AIF1-
positive activated microglial cells, which sometimes con-
tained OMP-positive material. This phagocytosis of olfactory
neurons and immunoreactive SQSTM1 within the olfactory
bulb was consistent with the decreasedOmpmRNAmeasured
by real-time PCR. Together, these findings demonstrate
olfactory neurotoxicity and microglial activation after
inhaling 200 ppm diacetyl. It has recently been suggested
that tumor necrosis factor-a stimulates neuronal phagocytosis
by microglial cells.88 The concomitant observation of
increased TnfamRNA expression and neuronal phagocytosis
in the diacetyl-exposed mice is consistent with that
hypothesis.

This is the first demonstration of SQSTM1 accumulation
in the olfactory bulb of the brain after an inhalation expo-
sure. SQSTM1 is important in a spectrum of cellular pro-
cesses.62,85,86,89 In addition, SQSTM1 and autophagy are
increased in neuropathology associated with protein aggre-
gates in diseases, such as Alzheimer, Parkinson, and Hun-
tington.86,90,91 However, it is not known whether this
association contributes to the pathogenesis of these diseases,
is incidental, or is protective.91,92 Because SQSTM1 was
present in the olfactory neuroepithelium of diacetyl-exposed
mice in our study and protein aggregates are easily trans-
ported by neurons,93,94 neuronal transport of SQSTM1 or
misfolded proteins from the nose to the brain could poten-
tially explain the accumulation of SQSTM1 in the olfactory
bulb. This is a concern because seeds of protein aggregates
are believed to play a role in the spread of abnormal protein
aggregates in the brain and SQSTM1 is a scaffold on which
protein aggregates can form.85,86,94e96 Microglial activation
and phagocytosis of olfactory nerves in diacetyl-exposed
mice was also demonstrated. Changes in microglial pop-
ulations and olfactory dysfunction are well described in
neurodegenerative diseases,88,97e102 although their role in
pathogenesis of neurodegenerative diseases remains
controversial. Importantly, neurogenesis of olfactory neu-
rons continues in adult life and can sometimes restore
normal function.103 Further studies will be needed to
investigate the potential importance of diacetyl-induced
microglial activation, phagocytosis of olfactory neurons,
enhanced Tnfa mRNA expression, and transport of immu-
noreactive SQSTM1 and/or altered proteins from the nose to
the brain.

In summary, this study implicates in vivo protein damage
of airway epithelial cells as the cause of flavorings-related
lung disease. After diacetyl inhalation, we have demon-
strated extensive accumulation of total ubiquitin,
K63-ubiquitin, and SQSTM1 puncta in the respiratory
epithelium, all hallmarks of excessive protein damage. The
The American Journal of Pathology - ajp.amjpathol.org
colocalization of ubiquitin to SQSTM1 and to the lysosome
of airway epithelial cells indicates that diacetyl-induced
respiratory toxicity involves widespread autophagy,
further implicating protein damage in diacetyl-induced
cytotoxicity. Autophagosomes were confirmed by trans-
mission microscopy within club cells, the principal pro-
genitor cells of the airway epithelium. Consistent with
damage to these progenitor cells, club cellespecific
Scgb1a1 was also down-regulated. The demonstration of
free ubiquitin depletion is also consistent with the deduc-
tion that diacetyl-induced protein damage was excessive,
because free ubiquitin pools are tightly regulated and
depletion of free ubiquitin can mediate cytotoxicity.54,55

The hypothesis that flavorings-related lung diseases is
because of protein damage at sites of diacetyl absorption is
further supported by the known ability of diacetyl and
related a-dicarbonyl compounds to cause protein damage in
cell-free systems and the somewhat greater susceptibility of
Dcxr knockout mice to diacetyl toxicity. The conclusion
that protein damage in airway epithelium is the likely
mechanism of flavorings-related lung disease may help
identify substitute flavorings predicted to cause similar
airway injury.104 These findings also support the need for
future investigations. These include investigating the po-
tential importance of immunoreactive SQSTM1 in affecting
extrapulmonary tissues and the potential ability of ubiquitin
and SQSTM1 aggregates to serve as biomarkers of
flavorings-related lung disease.
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