4.1 Chemistry
and Metabolism

Chemical and physical properties of diace-
tyl and 2,3-pentanedione are presented in
section 1.4. As mentioned there, diacetyl is
an a-dicarbonyl. Endogenous a-dicarbonyl
compounds are among the reactive car-
bonyl species implicated in the formation of
advanced glycation end products [Nakagawa
et al. 2002a; Wondrak et al. 2002]. Like other
a-dicarbonyl compounds, diacetyl is reactive,
with a tendency to cause protein cross-links
[Miller and Gerrard 2005]. The reactivity of
the a-dicarbonyl compounds is enhanced by
electron attracting groups and decreased by
electron donors [Roberts et al. 1999]. Thus,
diacetyl is a reactive compound, but its alkyl
components are electron donors that may
somewhat decrease the reactivity of the adja-
cent carbonyl groups [Roberts et al. 1999].

Diacetyl and related a-dicarbonyl compounds
can inactivate proteins, principally through
reactions with the amino acid, arginine [Epperly
and Dekker 1989; Mathews et al. 2010; Saraiva
et al. 2006]. The related a-dicarbonyl flavor-
ing, 2,3-pentanedione, has been reported to be
even more reactive with arginine groups than
diacetyl [Epperly and Dekker 1989]. Recently,
in vitro studies indicate that diacetyl can cause
B-amyloid aggregates and covalently modify
p-amyloid at 5th arginine (Arg®), although the
in vivo relevance of this finding remains to be
investigated [More et al. 2012b]. Thus, existing
studies indicate that diacetyl is a reactive com-
pound that can modify proteins and suggest

Toxicology of Diacetyl and
2,3-Pentanedione

that diacetyl-associated protein modification
may occur in vivo.

4.1.1 Diacetyl and 2,3-Pentanedione
in Food

Diacetyl and 2,3-pentanedione have a long
history as components of food, suggesting
that exposures can occur in diverse work-
places. They occur as natural products in
many foods [Jiang et al. 2013; Majcher and
Jelen 2005; Majcher et al. 2013; Rincon-
Delgadillo et al. 2012; Santos et al. 2013].
Diacetyl imparts the flavor and aroma of
butter to many common foods and drinks
including butter, cheese, yogurt, beer, and
wine [Jang et al. 2013; Rincon-Delgadillo et
al. 2012]. Diacetyl in food plays an important
role in food preference [Liggett et al. 2008].
While less extensively studied in foods than
diacetyl, 2,3-pentanedione is a common fla-
voring in margarine and vegetable spreads
[Rincon-Delgadillo et al. 2012]. Roasted coffee
also contains appreciable amounts of diacetyl
[CDC 2013; Daglia et al. 2007a; Daglia et al.
2007b]. Because diacetyl is not a component of
green coffee beans, it appears to be a product
of the roasting process [Daglia et al. 2007a].

Bacteria and yeast produce diacetyl during
fermentation [Chuang and Collins 1968]. It
can be produced by metabolism of an acetal-
dehyde-thiamine pyrophosphate complex in
the presence of acetyl-coenzyme A [Speckman
and Collins 1968]. Microbes can also produce
diacetyl from pyruvate in the presence of ace-
tyl-coenzyme A [Chuang and Collins 1968].
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Microbial culture conditions, such as pH, can
influence the relative amount of diacetyl pro-
duced during fermentation [Garcia-Quintans
et al. 2008; St-Gelais et al. 2009]. In addition,
the steam distillate of several bacterial cultures
grown on skim milk is known as “starter distil-
late” and is also considered a flavoring [FASEB
1980; FDA 1983]. Major components of some
starter distillate samples include diacetyl and
acetic acid [FASEB 1980; Rincon-Delgadillo
et al. 2012]. A recent study demonstrated
that diacetyl remains a frequent component
of commercial starter distillate samples, and
diacetyl concentrations exceeded 20 mg/g in
one sample [Rincon-Delgadillo et al. 2012].
Starter distillate can also contain 2,3-pentane-
dione as well as butyric acid, which inhibits
the metabolism of diacetyl and 2,3-pentane-
dione [Morris and Hubbs 2009; Nakagawa
et al. 2002a; Rincon-Delgadillo et al. 2012].
Thus, diacetyl and 2,3-penanedione can occur
naturally in food, may be added to food as fla-
vorings, may be produced during the roasting
process, and can be anticipated components
when starter distillate is added as a flavoring.

4.1.2 Metabolism in Mammalian Cells

In the rat and hamster liver, diacetyl is metab-
olized principally by reduction to acetoin in an
enzymatic reaction catalyzed by dicarbonyl/L-
xylulose reductase (DCXR), the enzyme is
also known as diacetyl reductase, with either
nicotinamide adenine dinucleotide (NADH)
or nicotinamide adenine dinucleotide phos-
phate (NADPH) as coenzymes [Nakagawa
et al. 2002a; Otsuka et al. 1996; Sawada et
al. 1985]. Acetoin can be further reduced
to 2,3-butanediol in an NADH-dependent
manner [Otsuka et al. 1996]. This diacetyl
reductase activity is higher in the liver than
in the kidney, and kidney activity is higher
than in the brain. However, after oral admin-
istration of diacetyl, the levels of acetoin are
much higher in the brain than in the kidney
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or liver. 2,3-Butanediol accumulates in liver,
kidney, and brain after the administration
of diacetyl, acetoin, or 2,3-butanediol. Oral
administration of acetoin and, to a lesser
extent, 2,3-butanediol, in rats also causes
diacetyl accumulation in the liver and brain
[Otsuka et al. 1996]. However, liver homog-
enates do not produce significant diacetyl
from acetoin or 2,3-butanediol [Otsuka et
al. 1996]. Thus, the metabolic interconver-
sion of the 4-carbon compounds, acetoin,
diacetyl, and 2,3-butanediol occurs in mam-
malian systems in vivo and in vitro but the
full spectrum of metabolic pathways remains
incompletely investigated.

As mentioned above, in mammalian cells, the
predominant metabolic pathway for diacetyl is
catalyzed by DCXR, a tetrameric protein that
is comprised of four subunits, each 244 amino
acids long [El-Kabbani et al. 2005; Ishikura et
al. 2001; Nakagawa et al. 2002a; Sawada et al.
1985]. In addition to the reductive metabolism
of diacetyl, DCXR catalyzes the metabolism of
several other dicarbonyl compounds, including
2,3-pentanedione, 2,3-hexanedione, 2,3-hep-
tanedione, and 3,4-hexanedione [Nakagawa
et al. 2002a]. In addition, DCXR catalyzes the
reductive metabolism of a number of mono-
saccharides, including L-xylulose, and plays
a role in the glucuronic acid/uronate cycle of
glucose metabolism as well as the metabo-
lism of carbonyl compounds [Carbone et al.
2005; El-Kabbani et al. 2005; Nakagawa et al.
2002a]. Inhibitors of DCXR are well described
and include n-butyric acid, 2-furoic acid,
benzoic acid, and nicotinic acid [Carbone et
al. 2005; Nakagawa et al. 2002a]. At least one
of these DCXR inhibitors, n-butyric acid, is
well absorbed in the nose, and its presence in
vapor mixtures causes small but significant
decreases in diacetyl absorption in the nasal
mucosa and, thereby, leaves more diacetyl
in the vapor stream of the nasal airways for
delivery to the lung [Morris and Hubbs 2009].
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In the rat kidney, DCXR is localized in
the distal tubules and collecting ducts and
colocalizes with carboxylmethyllysine, an
advanced glycation end product [Nakagawa
et al. 2002a]. In the mouse kidney, DCXR is
localized to the brush border of the proximal
renal tubules [Nakagawa et al. 2002a]. In the
human prostate epithelial cells and in normal
human skin, DCXR is associated with the cell
membrane [Cho-Vega et al. 2007a, b; Cho-
Vega et al. 2007b]. In human skin, DCXR is
located near the adhesion molecules, e-cad-
herin and B-catenin [Cho-Vega et al. 2007b].
Similarly, in the vascular endothelium in
the dermis, DCXR localizes near intercel-
lular junctions, suggesting a potential role
for DCXR in cell adhesion [Cho-Vega et al.
2007b]. In addition, DCXR activity is present
in the respiratory mucosa of the rat, with the
highest activity in the olfactory epithelium
[Morris and Hubbs 2009]. DCXR knockout
mice are not well characterized phenotypically
but are reported to be fertile [Nakagawa et al.
2002b]. People without DCXR excrete pentose
in their urine but are otherwise believed to be
healthy, indicating that DCXR and the major
diacetyl metabolic pathway are not essential
for life [Flynn 1955; Lane and Jenkins 1985].
Importantly, the metabolism of diacetyl is not
exclusively by DCXR. For example, aldo-keto
reductase 1C15 is a newly-described aldo-
keto reductase expressed in rat lung that can
metabolize a-diketones [Endo et al. 2007].
Recently, a low affinity, high capacity and a
high affinity, low capacity pathway for diacetyl
metabolism have been described in the respi-
ratory tract of the rat [Gloede et al. 2011]. The
high affinity pathway was inhibited by sodium
benzoate indicating that it is DCXR. The low
affinity pathway is not believed to play a major
role at diacetyl concentrations associated with
most occupational exposures.

4.2 In Vivo and in Vitro
Toxicology Studies

Diacetyl and 2,3-pentanedione may be con-
sumed in food, the vapors may be inhaled, and
direct skin contact is possible. In vivo studies
have modeled these routes of human exposure.

Table 4-1 summarizes key respiratory toxicol-
ogy findings for diacetyl and 2,3-pentanedione
through 2013. Studies of acute oral toxicity
have used gavage exposures in rats. Based upon
gavage administration of a 20% diacetyl solu-
tion in water, the LDs, for a single oral dose of
diacetyl is estimated to be 3 g/kg in female rats
and 3.4 g/kg in male rats [Colley et al. 1969].

4.2.1 In Vivo Toxicology of Orally
Administered Diacetyl

Subchronic (90-day) gavage administration
of 540 mg diacetyl/kg/day caused multiple
changes in exposed rats, including decreased
body weight, increased water consumption,
increased adrenal weight, increased relative
kidney and liver weights (in females absolute
kidney and liver weights were also increased),
decreased blood hemoglobin concentration
and gastric ulceration [Colley et al. 1969]. No
adverse effects were noted at the next highest
dose level, which was 90 mg/kg/day. On a mg/
kg basis, the 90 mg/kg/level was estimated to
be roughly 500-fold greater than the estimated
human maximum daily intake of diacetyl from
foods consumed at that time, with 50 ppm
diacetyl being the highest estimated concentra-
tion in any food [Colley et al. 1969].

4.2.2 Effects of Topically Applied
Diacetyl and 2,3-Pentanedione
in Vivo
Sensitization following topical application of
diacetyl is predicted on the basis of results of a

murine local lymph node assay [Anderson et al.
2013; Anderson et al. 2007; Roberts et al. 1999].
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On the basis of the results of the local lymph
node assay and immune cell phenotyping, it
is suggested that diacetyl and 2,3-pentane-
dione function as T-cell mediated chemical
sensitizers [Anderson et al. 2013]. Cutaneous
sensitization by diacetyl and 2,3-pentanedi-
one may be initiated through haptenation with
proteins containing the amino acids lysine and
arginine [Roberts et al. 1999]. Diacetyl is cor-
rosive to the cornea of the eye using the Draise
test [Sugai et al. 1990].

4.2.3 Toxicology of Inhaled Diacetyl
in Vivo

In rats, acute exposures to diacetyl or diacetyl-
containing butter flavoring vapors cause necrosis
in the epithelial lining of nasal and pulmonary
airways. Rats inhaling vapors of butter flavor-
ing that contained diacetyl developed multifocal
necrotizing bronchitis one day after a 6-hour
exposure. The mainstem bronchus was the most
affected intrapulmonary airway. However, nasal
airways were more affected than intrapulmonary
airways. Necrosuppurative rhinitis was seen in
rats inhaling butter flavoring vapors at concen-
trations of butter flavoring that did not cause
damage in intrapulmonary airways [Hubbs
et al. 2002]. As a single agent acute exposure
in rats, a 6-hour diacetyl inhalation exposure
caused epithelial necrosis and inflammation in
bronchi at concentrations of > 294.6 ppm and
caused epithelial necrosis and inflammation in
the trachea and larynx at concentrations of >224
ppm [Hubbs et al. 2008]. The airway epithelial
damage in rats inhaling 356 ppm was remark-
able, with an average pathology score of 9.5 on
a 10-point scale in the nasopharyngeal duct and
larynx, while damage in the tracheal epithelium
averaged 8.7 on a 10-point scale. In a pattern
reminiscent of airway damage from butter fla-
voring vapors, diacetyl causes greater damage to
nasal airways than to intrapulmonary airways
[Hubbs et al. 2008]. The data from the National
Toxicology Program 90-day inhalation study are
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available online and was used for the NIOSH
animal-based risk assessment (see Chapter 6).
Airway damage in mice one day after diacetyl
inhalation was found to correlate with markers
of increased protein turnover, implicating
protein damage in the etiology of diacetyl-
induced airway damage [Hubbs et al. 2016].

Eighteen hours after a 6-hour exposure to
inhaled diacetyl (100, 200, 300, or 360 ppm), in
anesthetized rats 360 ppm elevated slightly lung
resistance and dynamic compliance [Zaccone et
al. 2013]. Subsequent inhalation of methacholine
aerosol (0.3-10 mg/mL) revealed that airway
reactivity was decreased after exposure to diace-
tyl at 360 ppm. It had been predicted, based on
extensive epithelial damage noted after diacetyl
inhalation, that reactivity to inhaled methacho-
line would be increased. Eighteen hours after a
6-hour exposure to inhaled 2,3-pentanedione
(120, 240, 300, or 360 ppm), in anesthetized
rats basal lung resistance (R;) and dynamic lung
compliance (Cqy,) were not affected.

Following inhalation of 346 ppm diacetyl by
rats, foci in the trachea that demonstrate epi-
thelial denudation also appear to have loss
of sensory nerves, as reflected in a decreased
density of PGP9.5-immunoreactive nerve fibers.
However, in the epithelium adjacent to denuded
foci, increased numbers of nerve fibers contain
immunoreactive substance P, a neuropeptide
important in neurogenic airway inflammation.
In addition, the number of substance P immu-
noreactive neurons increase in the ganglia
supplying the trachea in a dose-dependent
manner in exposed rats. These findings suggest
that diacetyl-induced airway epithelial damage
may be accompanied by changes in the sensory
nerves [Goravanahally et al. 2014]. In mice,
inhaling diacetyl at concentrations of 200 or
400 ppm for 6 hours/day for up to 5 days causes
respiratory tract changes similar to those seen in
rats inhaling diacetyl or butter flavoring vapors
[Morgan et al. 2008]. At both 200 and 400 ppm,
diacetyl caused necrotizing rhinitis in mice that



was most prominent in the front portion of the
nose. At 400, but not at 200 ppm, the olfactory
epithelium demonstrated vacuolar degenera-
tion and apoptosis. Necrotizing laryngitis was
consistently observed in all mice inhaling 400
ppm diacetyl, while only one mouse inhaling
200 ppm diacetyl had comparable necrotizing
laryngitis, but erosive laryngitis was present in 9
of 10 mice inhaling the 200 ppm concentration.

Exposing mice to diacetyl for only 1 hour/day at
100, 200, or 400 ppm diacetyl, 5 days per week,
for 2 to 4 weeks rather than 6 hours/day for
the same number of days eliminated epithelial
necrosis in mice inhaling 200 ppm diacetyl and
decreased the severity of epithelial necrosis in
mice inhaling 400 ppm diacetyl. Lymphocytic
inflammation was seen around the bronchi in
some mice inhaling 100 ppm and in all mice
inhaling 200 or 400 ppm diacetyl [Morgan et al.
2008]. Exposing mice to diacetyl for 15 minutes
per day at 1,200 ppm diacetyl, 5 days/week for
2 weeks also caused lymphocytic infiltrates
around bronchi, and lymphocytic infiltrates
extended deeper into the lung, reaching the
level of the preterminal bronchioles [Morgan et
al. 2008].

Subchronic, 12-week, diacetyl inhalation for 6
hours/day, 5 days/week caused significant histo-
pathologic changes in mice at all concentrations
studied. Peribronchial lymphocytic infiltrates
were seen at terminal sacrifice at 12 weeks in all
subchronically-exposed mice inhaling 100 ppm
diacetyl and in some mice inhaling 25 or 50 ppm
diacetyl. In mice inhaling 100 ppm diacetyl,
bronchial epithelial changes included denuda-
tion, attenuation, and hyperplasia [Morgan et al.
2008]. Chronic active nasal inflammation was
seen in all mice inhaling 50 or 100 ppm and in
four of five mice inhaling 25 ppm diacetyl for 12
weeks, an exposure that also caused minimal to
mild lymphocytic bronchitis in two of five mice.
This suggests that the no observable adverse
effect level in mice for subchronic inhalation
may be less than 25 ppm diacetyl.

Butyric acid caused a small but significant
reduction in nasal uptake of diacetyl in the rat
nose, and, thereby, increased the diacetyl expo-
sure to the lung due to a reduced “scrubbing”
effect [Morris and Hubbs 2009].

Oropharyngeal aspiration permits exposures
that bypass the rodent nose and, hence, scrub-
bing at that site [Foster et al. 2001; Rao et al.
2003]. A single aspiration exposure to 400
mg/kg diacetyl produced a fibrohistiocytic
response at the bronchioloalveolar junction of
mice after 4 days. While oropharyngeal aspi-
ration of diacetyl delivers a high bolus dose of
diacetyl, the unusual fibrohistiocytic response
could suggest that the smallest airways may be
particularly susceptible to diacetyl-induced epi-
thelial injury and fibrosis [Morgan et al. 2008].
A subsequent study demonstrates development
of obliterative bronchiolitis in rats after intra-
tracheal instillation of diacetyl [Palmer et al.
2011]. In this model, diacetyl-induced oblitera-
tive bronchiolitis was associated with abnormal
repair of the injured bronchiolar epithelium.
The reports of the induction of obliterative
bronchiolitis and obliterative bronchiolitis-like
changes in the deep lung of laboratory animals
following aspiration of diacetyl are important
because no prior animal model of obliterative
bronchiolitis existed, and it is a technique that
bypasses the rodent nose, which CFD-PBK
models have demonstrated to absorb more
diacetyl than will be absorbed in the upper
airways of employees (section 4.2.6). However,
as noted in the study, the very large single dose
used in these studies may have limitations for
the use of single exposure intratracheal instil-
lations for risk assessment purposes [Palmer
et al. 2011]. A study demonstrated bronchial
fibrosis in rats inhaling 150 or 200 ppm diacetyl
for 2 weeks [Morgan et al. 2016].

Pulmonary function changes have been investi-
gated in mice after acute or subchronic diacetyl
exposure. In mice, acute 2-hour diacetyl inha-
lation at concentrations from 191 to 1154 ppm
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caused a decrease in respiratory rate and an
increase in the “time of break” between inha-
lation and exhalation, an indicator of sensory
irritation [Larsen et al. 2009]. In addition, acute
diacetyl inhalation in mice caused decreases in
tidal volume and mid-expiratory flow rate. Mice
previously exposed to high diacetyl concentra-
tions were Jess sensitive to the sensory irritation
effects of a diacetyl challenge exposure, while
mice previously exposed to low diacetyl con-
centrations were more sensitive to a diacetyl
challenge exposure. Extrapolation of the mouse
dose-response relationship to humans suggested
no sensory irritation to warn employees during
acute diacetyl exposures at concentrations less
than 20 ppm [Larsen et al. 2009]. As mentioned
earlier, a recent study suggests that acute diacetyl
inhalation exposures can actually increase the
number of substance P-positive neurons in the
jugular ganglia and the number of nerve fibers
containing substance P in the epithelium adja-
cent to sites of epithelial damage, but decreases
the sensory innervation at the actual sites of
greatest epithelial damage [Goravanahally et
al. 2014]. As a group, these studies suggest dys-
regulation of airway sensory innervation and
responses. Additional studies support the poten-
tial for diacetyl to alter pulmonary function in
exposed rodents. Mice inhaling 100 ppm diace-
tyl for 12 weeks had concentration-dependent
decreases in respiratory rate and minute volume
after 3 and 6 weeks of exposure; mice inhaling
50 ppm diacetyl had decreased respiratory rates
after 6 weeks exposure, but pulmonary function
improved with time with continued exposure
at these concentrations [Morgan et al. 2008].
However, after 18 weeks of exposure, respira-
tory rates in mice inhaling 25 ppm diacetyl were
significantly lower than in controls [Morgan
et al. 2008].

The effects of diacetyl inhalation may not be
limited to the respiratory tract. Inhaling 2,500
ppm diacetyl for 45 minutes increased 2-deoxy-
glucose uptake in foci in the posterior portion of
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the rat brain olfactory bulb [Johnson et al. 2007].
While this finding has generally been inter-
preted as being related to olfaction [Johnson
et al. 2007], the potential exists for toxicity to
olfactory neurons that radiate into the olfactory
bulb. Phagocytosis of olfactory nerve material
and increases in Tnfa mRNA were recently
demonstrated in the olfactory bulb of mice one
day after a 6-hr diacetyl inhalation exposure. By
immunofluorescence, the multifunctional scaf-
folding protein sequestosome-1 accumulated
in the olfactory bulb of these mice and often
congregated in the microglial cells that con-
tained phagocytized olfactory neuronal material
[Hubbs et al. 2016].

Although powdered butter flavoring can produce
fewer vapors than liquid butter flavorings, the
powders have a major respirable component
[Boylstein et al. 2006; Rigler and Longo 2010].
If powdered butter flavorings are substituted for
liquid butter flavorings, diacetyl and 2,3-pen-
tanedione vapor concentrations may well be
below exposure limits. In particular, encapsu-
lated flavoring powders are designed to contain
diacetyl or 2,3-pentanedione vapors. However,
inhalable particulates can be deposited in the
nose, the conducting airways, and deep lung.
No peer reviewed studies have investigated the
potential for encapsulated flavorings to release
diacetyl and/or 2,3-pentanedione directly to the
target cells lining airways. However, a recent
study indicates that more than a quarter of par-
ticulates in flavoring powders are less than 10
pum in diameter. Therefore, powders have the
potential to reach the intrapulmonary airways
[Rigler and Longo 2010].

4.2.4 In Vitro Toxicology of Diacetyl
and 2,3-Pentanedione

Diacetyl is mutagenic in the Salmonella
typhimurium tester strains TA100 and TA104
[Kim et al. 1987; Marnett et al. 1985]. However,
diacetyl also reacts with mutagenic heterocy-
clic amines and suppresses the mutagenicity of



heterocyclic amines in Salmonella typhimurium
tester strain TA98. Diacetyl also enhances chro-
mosome loss by proprionitrile in Saccharomyces
cerevisiae. Recently, diacetyl in the presence
of human S9 demonstrated a high degree of
mutagenicity in a mouse lymphoma muta-
tion assay [Whittaker et al. 2008]. Consistent
with these findings, recent in vitro studies
of direct interactions between diacetyl and
single-stranded oligonucleotides under acel-
lular conditions indicate that diacetyl can form
adducts with 2-deoxyguanosine [More et al.
2012a]. Additional studies on the genotoxicity
of diacetyl have been reviewed in the back-
ground documents available online as part of
the National Toxicology Program [National
Toxicology Program 2007].

In isolated mitochondria, diacetyl closes the
mitochondrial permeability transition pore
and renders it insensitive to Ca?* [Eriksson
et al. 1998]. This effect of diacetyl occurs at
concentrations that could occur in tissues of
diacetyl-exposed individuals, with half-maxi-
mal inhibition of the mitochondrial transition
reported to be at a diacetyl concentration of
1 mM [Eriksson et al. 1998]. This concentra-
tion has been shown to have pharmacological
activity in airways and has been modeled to be
achieved in the airway wall after inhalation (see
below). The effect of diacetyl on the mitochon-
drial permeability transition pore appears to
be caused by arginine modification (see above)
[Eriksson et al. 1998]. In addition, diacetyl can
be metabolized by pig heart mitochondrial
pyruvate kinase to form acetate and acetyl-CoA
with a K,, value of 0.46 mM. Diacetyl is also a
competitive inhibitor of pyruvate metabolism
by pyruvate dehydrogenase with a K; of 0.43
mM [Sumegi et al. 1982].

The isolated, perfused trachea system employ-
ing tracheas from unexposed guinea pigs has
been used to investigate the effects of diace-
tyl in vitro [Fedan et al. 2006]. In this model,
the direct, potentially toxic effects of the agent

on epithelium may be examined. Agents such
as diacetyl may be applied to the epithelium
(mucosal surface) or separately to the smooth
muscle (serosal surface) of the trachea while
measuring contractile or relaxant responses of
the airway smooth muscle. An advantage of this
model is that the effects of the diketone do not
involve an inflammatory response, inasmuch as
the trachea has been removed from the animal
and there is no source for the recruitment of
inflammatory cells into the wall of the airway.

In unstimulated tracheas, diacetyl or 2,3-pen-
tanedione applied to the mucosal surface in
concentrations 1 mM and higher dissolved in
a physiological salt solution elicited small con-
tractions; in concentrations higher than 3 mM
(i.e., 10 and 30 mM), contractions to diacetyl
and 2,3-pentanedione were followed by relax-
ations. The relaxation responses were larger
than the contractile responses. Exploring these
phenomena further, adding the flavorings to the
mucosa of tracheas that were first contracted
with methacholine, a bronchoconstrictor
agonist, resulted in full relaxation of the smooth
muscle over the same range of diacetyl concen-
trations. These findings indicate that diacetyl is
a weak contractile agent when applied to the
epithelial surface, but that it is capable of elicit-
ing strong relaxant responses. Thus, a diversity
of responses in the airway that depend on the
diacetyl concentration is produced.

Investigation of inhaled diacetyl effects (60,
100, 200, 300, and 360 ppm) and inhaled
2,3-pentanedione effects (120, 240, 320, and
360 ppm) on reactivity of tracheas removed
from exposed rats and studied in the isolated,
perfused trachea model showed that reactivity
to methacholine applied to the mucosal surface
was increased slightly after inhalation of 300
and 360 ppm diacetyl and 320 and 360 ppm
2,3-pentanedione. Based on epithelial damage
in airways after exposure to diacetyl, a larger
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increase in airway reactivity had been antici-
pated [Zaccone et al. 2013].

Diacetyl inhalation elicits substantial his-
topathologic changes to airway epithelium,
including denudation and necrosis (section
4.2.3). Commonly, damage to respiratory epi-
thelium leads to airway hyperreactivity. For
example, after ozone inhalation, airway reac-
tivity of guinea pigs to inhaled methacholine
is increased; likewise, reactivity to metha-
choline applied to the mucosa of isolated,
perfused trachea is also increased [Fedan et
al. 2000]. Incubation of perfused trachea with
diacetyl dissolved in a physiological salt solu-
tion and applied to the mucosal surface led to
no effect (1 mM diacetyl), an approximately
10-fold increase in reactivity to methacholine
(3 mM), or full suppression of contraction to
methacholine (10 mM) [Fedan et al. 2006]. The
effects of diacetyl in isolated airways from naive
animals does not involve the airway epithelium
[Zaccone et al. 2013].

Damage to the epithelium after diacetyl inhala-
tion suggests that epithelial ion transport and
electrical resistance could be affected by the dik-
etone. In rat tracheal segments investigated in
vitro with Ussing chambers, diacetyl dissolved
in physiological salt solution at 3 mM decreased
transepithelial potential difference (V,, mV),
indicative of a decrease in electrogenic ion
transport and/or an effect on paracellular ion
transport involving tight junctions, whereas 10
mM diacetyl reduced V, further and decreased
transepithelial resistance (R,, Q-cm?). R is an
index of tight junction permeability. Thus, ion
transport and epithelial integrity are affected
directly by diacetyl.

The diacetyl concentrations observed to
affect tracheal diameter and elicit bioelectric
responses, i.e., 1 to 3 mM, are within the range
estimated to occur in the rat tracheal mucosa
after diacetyl inhalation. Using a CFD-PBK
model, Morris and Hubbs [Morris and Hubbs
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2009] calculated that inhalation levels of 100,
200, and 300 ppm diacetyl could yield concen-
trations in the mucosa of 1.1 to 1.2, 2.3 to 2.5,
and 3.7 to 3.8 mM diacetyl, respectively. This
suggests that some or all of the observed in
vitro effects may occur in the airways during
vapor inhalation.

The mechanism(s) of the effects of diacetyl
on trachea in vitro are not known at present.
However, a related structure, 2,3-butanedione
monixime, has been reported to inhibit con-
traction of smooth muscle, perhaps as a result
of inhibiting phosphorylation of myosin light
chains [Lizarraga et al. 1998; Siegman et al.
1994; Stowe et al. 1997; Waurick et al. 1999].
Bioelectric responses of neurons also have been
reported to be inhibited by 2,3-butanedione
monixime [Lizarraga et al. 1998].

2,3-Pentanedione is not mutagenic in
Salmonella typhimurium strains TA98, TA100,
TA102, or TA104 [Aeschbacher et al. 1989;
Marnett et al. 1985].

A recent study demonstrates that in vitro
diacetyl exposure increases shedding of the
epidermal growth factor ligand, amphiregu-
lin. These findings are further supported by
evidence that amphiregulin transcripts and
protein are also increased in an in vivo model
of obliterative bronchiolitis induced by repeated
intratracheal instillation of diacetyl [Kelly et
al. 2014]. Amphiregulin has previously been
reported to play a role in pulmonary fibrosis,
although the nature of that role is not fully
understood [Zhou et al. 2012].

4.2.5 Toxicology of Inhaled
Diacetyl Substitutes

Diacetyl is the compound largely responsible
for the flavor of butter in butter [FASEB 1980;
FDA 1983]. However, exposures in workplaces
that make or use butter flavoring and emis-
sions from heated butter flavoring involve



multiple volatile compounds [Boylstein et al.
2006; Kullman et al. 2005]. Among the potential
replacements for diacetyl, starter mix contains
high concentrations of diacetyl [FASEB 1980;
FDA 1983]. Another chemical that adds the
flavor of butter to food is acetoin, and it was
present along with diacetyl in many of the
workplaces where obliterative bronchiolitis
occurred in employees who make or use diace-
tyl [Kullman et al. 2005; van Rooy et al. 2007].
Acetoin is structurally very similar to diacetyl
but an a-hydroxyketone in acetoin replaces
the reactive a-diketone implicated in the tox-
icity of diacetyl and 2,3-pentanedione [Hubbs
et al. 2012]. In a National Toxicology Program
(NTP) 90-day study on acetoin, the chosen
maximum exposure level (generally represent-
ing the maximum tolerated dose) was 800 ppm,
whereas in the NTP 90-day diacetyl study the
maximum exposure level was 100 ppm (Chapter
6). In 90-day inhalation exposures, diacetyl
produced statistically significant respiratory
tract lesions from exposures as low as 25 ppm,
in both rats and mice (Chapter 6). Statistically
significant histopathology changes in the 25
ppm diacetyl exposures were nasal respiratory
epithelial metaplasia (in both male and female
rats), nasal olfactory epithelial degeneration in
female rats; nasal respiratory epithelial necrosis
(in male and female mice) plus chronic inflam-
mation and respiratory epithelial hyperplasia
of the larynx in female mice (Chapter 6). In
addition acetoin (150 ppm), after inhalation
for 6 hours by rats, had no effect on reactivity
to inhaled methacholine while inhaled acetic
acid (27 ppm for 6 hours), another component
of flavoring mixture, increased airway reactiv-
ity to methacholine [Zaccone et al. 2013]. Thus,
current data, while limited, indicate that acetoin
is considerably less hazardous than diacetyl.

2,3-Pentanedione is structurally very similar
to diacetyl because it is a 5-carbon a-diketone,
and diacetyl is a 4-carbon a-diketone. Eighteen
hours after a 6-hour inhalation exposure to

2,3-pentanedione (120, 240, 320, and 360 ppm),
R; and Cgy, in anesthetized rats were unaffected
[Zaccone et al. 2013]. Subsequently, airway
reactivity to inhaled methacholine aerosol was
decreased after inhalation of 120, 240, and
320 ppm 2,3-pentanedione. 2,3-Pentanedione
affected methacholine reactivity more than
diacetyl. Airway hyperreactivity to metha-
choline had been anticipated, in view of the
epithelium damage caused by the flavoring.

Following inhalation exposure of rats to these
same concentrations of 2,3-pentanedione
and perfusion of the trachea in vitro, reactiv-
ity to mucosally-applied methacholine was
increased by 240, 320, and 360 ppm 2,3-pen-
tanedione [Zaccone et al. 2013]. The magnitude
of this effect surpassed that caused by diacetyl
inhalation.

Morphologic data suggest that 2,3-pentanedi-
one can cause airway epithelial damage similar
to the damage caused by diacetyl [Hubbs et al.
2012; Morgan et al. 2012; Morgan et al. 2016].
Rats repeatedly inhaling 2,3-pentanedione at
concentrations > 150 ppm for up to 2 weeks
develop fibrosis of intrapulmonary airways,
a morphologic change similar to obliterative
bronchiolitis in humans [Morgan et al. 2016].
Recently, more than 3500 genes were found to
be upregulated in RNA isolated from the fibrotic
bronchi of 2,3-pentanedione exposed rats
[Morgan et al. 2015]. Some of the up-regulated
genes were ones previously implicated in fibro-
sis, including transforming growth factor-p2,
interleukin-1a, interleukin-18, interleukin-33,
and fibronectin. In addition, at high exposure
concentrations, messenger RNA changes were
noted in the brain of rats after acute 2,3-pen-
tanedione inhalation [Hubbs et al. 2012].

4.2.6 Diacetyl and 2,3-Pentanedione in
Cigarette Smoke

A recent study suggests that mainstream
tobacco smoke collected by a smoking machine
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contained significant amounts of diacetyl that
varied with the smoking parameters set by dif-
ferent organizations. The average for seven types
of cigarettes ranged between 285 pg diacetyl/
cigarette and 42.8 pg 2,3-pentanedione/ciga-
rette for the International Organization for
Standardization (ISO) parameters to 778 pg
diacetyl/cigarette and 83.5 ug 2,3-pentanedione/
cigarette by the Health Canada Intensive (HCI)
parameters. In mainstream cigarette smoke, the
calculated diacetyl concentration ranged from
250 ppm with ISO parameters to 361 ppm with
HCI parameters, while the concentration of
2,3-pentanedione ranged from 32.2 ppm with
ISO parameters to 50.1 ppm with HCI param-
eters [Pierce et al. 2014]. Unfortunately, the
analytical technique used in the study (high per-
formance liquid chromatography with ultraviolet
detection analyses of 2,4-dintrophenylhydrazine
derivatives) is not especially selective and would
be prone to interferences in complex mixtures.
Nevertheless, two other recent studies support
the presence of significant diacetyl in main-
stream cigarette smoke [Fujioka and Shibamoto
2006; Polzin et al. 2007]. Other recent studies
have identified diacetyl and 2,3-pentanedi-
one in electronic cigarette liquids and aerosols
[Allen et al. 2016; Farsalinos et al. 2015].

In one study, after derivatization with 1,2-
phenylenediamine, quantification by GC-NPD,
and confirmation by GC-MS, 301-433 ug
diacetyl/cigarette was measured in the total
mainstream smoke withdrawn from each
burning cigarette from 15 different com-
mercial reference cigarettes [Fujioka and
Shibamoto 2006]. However, that study did
not use a smoking machine to simulate actual
smoking behavior, so that the amount of diace-
tyl observed may not be representative of the
amount produced under realistic smoking con-
ditions. In another study, using GC/MS and a
smoking machine with ISO parameters, a range
of 12.7-145 pg diacetyl/cigarette was measured
from 41 different types of cigarettes [Polzin
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et al. 2007]. Thus, several studies suggest that
significant diacetyl is present in mainstream cig-
arette smoke, although the concentrations vary
[Fujioka and Shibamoto 2006; Pierce et al. 2014;
Polzin et al. 2007]. Finally, electronic cigarette
liquids often contain diacetyl and 2,3-pentane-
dione [Allen et al. 2016; Farsalinos et al. 2015].

The Pierce et al. [2014] report is the first to cal-
culate diacetyl concentrations in mainstream
cigarette smoke in ppm. However, it should be
noted that the calculated concentration in ppm
such as the reported average concentration of
250 ppm diacetyl using the ISO parameters is
actually not comparable to workplace expo-
sures [Pierce et al. 2014]. Using ISO parameters
an average of 0.3255 liters of mainstream ciga-
rette smoke was inhaled, but this would not be
the only air inhaled by a smoker. Roughly 6.75
liters per minute (L/min) of air is inhaled by
the average person at rest, while 19.5 L/min is
inhaled under conditions of light work [ICRP
1975]. Assuming that all of the air an employee
inhales contains the concentration of diacetyl
measured in the workplace, it is critical to rec-
ognize that the mainstream smoke of a smoker
is not the only source of air; they are also breath-
ing air with much lower diacetyl concentrations.
Assuming that the other air breathed by smokers
does not contain diacetyl, the workplace equiva-
lent exposure concentration for a smoker during
the smoking time period is roughly 190- to 560-
fold lower than the concentration measured in
the mainstream cigarette smoke using the ISO
parameters of one 0.035 L puft/min (6.75/0.035
is 193 and 19.5/.035 is 557). Using the ISO
parameters, this would be an average equivalent
of a workplace concentration of 0.45 to 1.3 ppm
for diacetyl and 58 to 170 ppb for 2,3-pentanedi-
one during the smoking process. If the smoking
machine parameters of 9.3 minutes/cigarette
are used to calculate the duration of exposure, a
smoker who smokes one pack of 20 cigarettes/
day spends 186 minutes a day smoking, but the
employee is working for 8 hours. Therefore,



the 8-hour time-weighted average equivalent
concentration for the smoker is 2.6-fold lower
to reflect the time period they are not exposed,
which would be 170 to 500 ppb for diacetyl and
22 to 65 ppb for 2,3-pentanedione, depending
upon exercise level.

Calculations of workplace equivalent expo-
sures are similar using total mass of diacetyl
and 2,3-pentanedione reported by Pierce et al.
[Pierce et al. 2014]. The total mass of diacetyl
and 2,3-pentanedione in an average cigarette
measured with ISO parameters was 285 and
42.8 pug, respectively [Pierce et al. 2014]. For
a one pack a day smoker that results in 5,700
ug of diacetyl and 856 ug of 2,3-pentanedione
inhaled each day. If that mass was contained in
the amount of air inhaled in a work day under
light exercise conditions, at 25°C and 760 torr,
the one pack/day smoker inhales the approxi-
mate equivalent of an occupational exposure to
169 ppb diacetyl and 22 ppb 2,3-pentanedione
during an 8-hour work day.

Although it is important to recognize that breath-
ing patterns differ between cigarette smokers
or electronic cigarette users (“vapers”) and
employees, which may affect the pharmacoki-
netics of inhaled diacetyl and 2,3-pentanedione
[Hubbs et al. 2015], these concentrations of
diacetyl would be predicted to decrease FEV,
in some individuals if inhaled for a working
lifetime (see Chapter 5). Indeed, many smokers
do demonstrate significant decreases in FEV,
[Barnes 2004; Fletcher and Peto 1977; Wright
et al. 1987; Xu et al. 1994]. Additionally, ciga-
rette smoking is a major risk factor for chronic
obstructive pulmonary disease, and a decrease
in FEV, is a characteristic feature of this disease.
In addition, bronchiolar fibrosis is part of the
airway remodeling response that character-
izes chronic obstructive pulmonary disease
[Kim et al. 2008; Sohal et al. 2013]. Decreases
in FEV, and fibrosis of bronchioles are features
that also characterize obliterative bronchiolitis
[Schlesinger et al. 1998]. However, smokers with

chronic obstructive pulmonary disease have
additional morphologic changes in their lungs,
including emphysema, that are not seen in oblit-
erative bronchiolitis [Snider 2003]. While it has
been hypothesized that the failure to diagnose
diacetyl-induced obliterative bronchiolitis as a
cigarette smoker-associated disease suggests that
diacetyl does not cause obliterative bronchiolitis
in exposed employees [Pierce et al. 2014], the
data when corrected for the actual correspond-
ing occupational exposure concentrations may
instead suggest the hypothesis that diacetyl and
related reactive carbonyl compounds in ciga-
rettes could potentially contribute to chronic
obstructive pulmonary disease. Because chronic
obstructive pulmonary disease is a leading cause
of morbidity and mortality [Halbert et al. 2006;
Lopez et al. 2006], the role of diacetyl and other
reactive carbonyl compounds in cigarette smoke
in contributing to chronic obstructive pulmo-
nary disease is a worthy topic for future studies.
As extensively discussed in Chapter 3, airway
obstruction and decreased FEV, can, neverthe-
less, be identified in smokers who are exposed
to diacetyl. Most importantly, because diacetyl
causes obstructive lung disease and because
smoking causes obstructive lung disease, the
presence of diacetyl in cigarette smoke does not
diminish the need to control diacetyl exposures
in employees. In fact, it highlights the greater
risks occurring in employees who are exposed to
diacetyl in the workplace and who also smoke.

4.2.7 Relevance of Diacetyl Animal
Studies to Humans

Four converging lines of evidence support
the relevance of diacetyl inhalation studies
in rats and mice to humans. First, diace-
tyl inhalation causes damage to respiratory
epithelium in rats and mice. This finding is
important because injury to the respiratory
epithelium of the deep lung is the accepted
cause for obliterative bronchiolitis. Second,
dosimetry calculations indicate that diacetyl
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concentration in respiratory epithelium of the
human deep lung under working conditions
may be much higher than diacetyl concentra-
tions in laboratory animals. Third, another
organic compound, sulfur mustard, implicated
in causing obliterative bronchiolitis in humans,
produces a similar pattern of predominantly
nasal injury in rats exposed by nose-only inha-
lation [Weber et al. 2010]. Fourth, repeated
inhalation exposure to 2,3-pentanedione
causes fibrosis of intrapulmonary airways
[Morgan et al. 2012; Morgan et al. 2016]. Each
of these findings supports the conclusion that
with appropriate dosimetry studies, damage to
the respiratory epithelium of the upper airways
of rodents should be considered when evaluat-
ing risk for humans.

Animal exposure studies have revealed that the
upper airways of rodents are sensitive to flavor-
ing-induced toxicity, whereas the lower airways
of humans are most affected by these agents.
Importantly, diacetyl exposures in rodents
caused extensive damage to the respiratory epi-
thelium lining the nose and the trachea [Hubbs
et al. 2008; Morgan et al. 2008]. The cell types
that are injured in the nose and trachea in
rodents are very similar to the respiratory epi-
thelium lining the airways of the deep lung of
humans that are involved pathophysiologically
in the development of obliterative bronchi-
olitis [Borthwick et al. 2009; King 1989]. In
addition, the bronchi were damaged at high
concentrations in acute exposures and at
lower concentrations in subchronic exposures
in mice. Thus, inhalation toxicology studies
showed that diacetyl could damage respiratory
epithelium, providing biological plausibility
for its etiologic role in obliterative bronchiol-
itis. Indeed, at the time of the first inhalation
toxicology studies of diacetyl, no accepted
cause of obliterative bronchiolitis in humans
had been demonstrated to cause obliterative
bronchiolitis in rodents. Recently, repeated
inhalation exposures to 2,3-pentanedione
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have been shown to cause fibrosis of intra-
pulmonary airways in rats, demonstrating a
pathologic change in the rodent model that
is very similar to obliterative bronchiolitis in
humans [Morgan et al. 2012]. Interpretation
of the species difference in the anatomic loca-
tion of diacetyl-induced damage to respiratory
epithelium may be explained by species differ-
ences in respiratory tract anatomy, breathing
patterns, and diacetyl dosimetry.

Rodents are obligate nasal breathers while
humans are oronasal breathers. Inhaled air
may bypass the human nose, particularly
during exertion [Conolly et al. 2004]. In addi-
tion, the rodent nasal passageways and the
rodent trachea are much narrower than the
corresponding human nasal passageways and
trachea. Small airway diameter increases the
percentage of the airstream that is in contact
with the mucous layer, increases resistance, and
thereby increases mucosal absorption of water-
soluble vapors [Frederick et al. 1998; Morris
1997]. Thus, the dimensions of the rodent nose
predict much greater absorption of diacetyl
vapors in the rodent than in the human nose.
However, the surface area of the airways within
the human lung is 100 times greater than the
surface area of airways in the rat lung [Mercer
et al. 1994]. These anatomic differences predict
that, at a given exposure concentration, the
mucosa in the rodent nose receives a much
higher diacetyl dose than does the human
nose and that the human lung receives a much
higher dose than the rodent lung.

To investigate these dosimetry predictions,
a CFD-PBPK model of diacetyl uptake was
developed [Morris and Hubbs 2009]. The
CFD-PBPK model also predicted greater intra-
pulmonary diacetyl concentrations in the lung
of humans than in rats at a given exposure con-
centration, especially during mouth breathing
[Morris and Hubbs 2009]. Under resting con-
ditions at an exposure concentration of 100
ppm, the rat nose and trachea are predicted to



remove 39% of the inhaled diacetyl, while the
trachea of a mouth breathing human would
remove 4% of the inhaled diacetyl. This same
study suggests the potential importance of
nasal lesions in rats for predicting pulmonary
toxicity in humans [Morris and Hubbs 2009].
Because the respiratory epithelium of the ter-
minal bronchiole of humans is believed to be
the target tissue for the development of oblit-
erative bronchiolitis [King 1989], and because
diacetyl doses reaching the respiratory epithe-
lium in the nose of rodents can be similar to
diacetyl doses reaching the respiratory epithe-
lium of the deep lung in humans, it may be
appropriate to consider toxicity to the respi-
ratory epithelium lining the nose of rodents
in evaluating the risk of diacetyl to mouth-
breathing employees. In addition, butyric acid,
which is a component of some butter flavor-
ings, caused a small but statistically significant
reduction in nasal uptake of diacetyl in the rat
nose, and thereby increased the diacetyl expo-
sure to the lung due to a reduced “scrubbing
effect” [Morris and Hubbs 2009]. A subsequent
CFD-PBK model indicates that with low levels
of exercise that could occur in the workplace,
diacetyl dose to the bronchiolar epithelium of
humans may be more than 40-fold greater than
the dose received by the bronchiolar epithelium
of experimentally exposed rodents [Gloede
etal. 2011].

Damage to the nose of rodents has recently
been described for another agent impli-
cated in causing obliterative bronchiolitis in
humans, sulfur mustard [bis(2-chloroethyl)
sulfide], a chemical warfare agent. Obliterative
bronchiolitis is considered a major cause of
progressive respiratory disease in survivors of
sulfur mustard exposure [Ghanei 2004a,b,c;
Ghanei et al. 2008; Rowell et al. 2009]. Nose-
only inhalation exposures of F344 rats to sulfur
mustard caused severe mucosal damage in
the rat nose but the changes in the lung were
absent or minimal [Weber et al. 2010]. When

the nose was bypassed using intubation with
tubing lined by Teflon®, sulfur mustard did
indeed cause necrosis of the epithelium lining
the proximal airways [Weber et al. 2010]. This
suggests that sulfur mustard, an accepted
cause of obliterative bronchiolitis in humans,
causes a similar pattern of injury to the pattern
observed with diacetyl at different levels of the
respiratory tract of rodents. Thus, predomi-
nantly nasal injury has been seen in rodent
inhalation studies with organic agents impli-
cated in causing obliterative bronchiolitis.

4.3 Conclusions

Inhalation toxicity studies in rats and mice, and
in vitro studies in guinea pig tracheal prepara-
tions, indicate that diacetyl-containing butter
flavoring vapors can damage airway epithelium
and cause inflammation in the respiratory tract
after acute or subchronic exposure. In addi-
tion, in vivo local lymph node assays indicate
that diacetyl is a sensitizer, and in vitro studies
indicate that diacetyl is mutagenic. Diacetyl can
react with arginine residues causing structural
changes in proteins that influence the func-
tion of the altered proteins. These functional
changes in proteins include changes in enzyme
activity and the mitochondrial permeability
pore. Pharmacologic studies in vitro indicate
that diacetyl can alter ion transport and reduce
epithelial integrity. CFD-PBPK modeling indi-
cates that diacetyl concentrations in the deep
airways of humans may be higher than those
in laboratory rodents, explaining the tendency
for diacetyl-induced airway damage to be more
anterior in the respiratory tract of rodents than
in humans. Most recently, studies of the related
a-diketone, 2,3-pentanedione, suggest that the
airway toxicity of diacetyl may be shared with
other structurally related, a-diketones, and that
inhalation of either diacetyl and 2,3-pentanedi-
one can cause airway fibrosis in rats.
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