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Concern has been raised over the association of diacetyl with lung disease clinically resembling bronchi-
olitis obliterans in food manufacturing workers. This has resulted in the need for identification of
alternative chemicals to be used in the manufacturing process. Structurally similar chemicals,
2,3-pentanedione, 2,3-hexanedione, 3,4-hexanedione and 2,3-heptanedione, used as constituents of
synthetic flavoring agents have been suggested as potential alternatives for diacetyl, however, immuno-
toxicity data on these chemicals are limited. The present study evaluated the dermal irritation and
sensitization potential of diacetyl alternatives using a murine model. None of the chemicals were iden-
tified as dermal irritants when tested at concentrations up to 50%. Similar to diacetyl (EC3 = 17.9%), con-
centration-dependent increases in lymphocyte proliferation were observed following exposure to all four
chemicals, with calculated EC3 values of 15.4% (2,3-pentanedione), 18.2% (2,3-hexanedione), 15.5% (3,4-
hexanedione) and 14.1% (2,3-heptanedione). No biologically significant elevations in local or total serum
IgE were identified after exposure to 25–50% concentrations of these chemicals. These results demon-
strate the potential for development of hypersensitivity responses to these proposed alternative butter
flavorings and raise concern about the use of structurally similar replacement chemicals. Additionally,
a contaminant with strong sensitization potential was found in varying concentrations in diacetyl
obtained from different producers.

Published by Elsevier Ltd.
1. Introduction

Reports of severe lung disease in employees at a microwave
popcorn plant were investigated by scientists from the National
Institute for Occupational Safety and Health (NIOSH) (Kanwal
et al., 2006; Kreiss et al., 2002). An association was identified be-
tween the production of butter-flavored microwave popcorn and
bronchiolitis obliterans (BO), a rare lung disease characterized
sometimes by airway obstruction, inflammation and scarring
occurring in the airways of the lung, resulting in severe shortness
of breath, dry cough and sometimes death (Kanwal, 2008; Kreiss,
2007; Kullman et al., 2005; van Rooy et al., 2007). Artificial butter
flavorings are proprietary mixtures which can contain more than
100 different volatile chemicals. Extensive environmental sam-
pling initially identified the diketone diacetyl as the predominant
component of the butter flavoring in plants with identified cases
of BO (Boylstein et al., 2006; Martyny et al., 2008; White et al.,
2010).

Published toxicity data for artificial butter flavorings and diace-
tyl are limited. However, several studies have used animal models
to investigate the association between diacetyl exposure and BO.
Hubbs et al. found that damage to intrapulmonary airways in rats
inhaling butter flavoring vapors occurred after 6-h exposures to
concentrations of vapors containing 285 ppm or greater of the dia-
cetyl component (Hubbs et al., 2002). Subsequent studies indicated
that pulmonary toxicity, including cellular degeneration and epi-
thelial damage was associated with acute exposure to diacetyl
(295 ppm and greater) as a single agent (Hubbs et al., 2008). Intra-
tracheal instillation with a single dose of diacetyl (125 mg/kg) in
rats also resulted in airway specific injury, increased airway resis-
tance, lung fluid neutrophilia and extensive intraluminal airway
fibrosis characteristic of BO (Palmer et al., 2011). These findings
were further supported by inhalation studies in mice which dem-
onstrated significant epithelial injury and peribronchial lympho-
cytic inflammation (Morgan et al., 2008). Recently, bronchiolitis
obliterans-like changes were described in rats inhaling diacetyl va-
pors at concentrations >150 ppm for 2 weeks (Morgan et al.,
2012a). Differences exist in the anatomical location of sites of
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greatest diacetyl damage in rodents and man which could be ex-
plained by species differences in sites of absorption within the
respiratory tract (Morris and Hubbs, 2009; Gloede et al., 2011).

Diacetyl (also known as 2,3-butanedione, dimethyl diketone,
and 2,3-diketobutane) is commonly used in the flavoring industry
to add a buttery odor and flavor to food products. It is currently
listed as a ‘‘high priority’’ chemical by the Flavor and Extract Man-
ufacturers Association of the United States (FEMA) indicating that
the chemical may pose a respiratory hazard if handled in an unsafe
manner. Published toxicity studies also suggest that diacetyl and/
or butter flavorings may present a health hazard. Diacetyl does
not currently have an Occupational Safety and Health Association
(OSHA) permissible exposure limit (PEL). However, the American
Conference of Industrial Hygienists (ACGIH) has a threshold limit
value (TLV; 0.01 ppm) and a short term exposure limit (STEL;
0.02 ppm) and the National Institute for Occupational Safety and
Health (NIOSH) has proposed a recommended exposure limit
(REL; 5 ppb) and a STEL (25 ppb) (NIOSH, 2011). Prevention mea-
sures such as substitution, engineering controls and respiratory
protection aimed at lowering personal exposure levels need to be
executed.

As a result of the data indicating diacetyl toxicity, many food
manufacturers have turned to flavor alternatives (Barrera, 2011).
However, substitutes for diacetyl may also be toxic and both OSHA
and NIOSH have expressed concerns regarding their potential tox-
icity (OSHA, 2010; NIOSH, 2013). The toxicity of one such substi-
tute, 2,3-pentanedione, has been investigated and the results
suggest that pulmonary exposure in rats causes airway epithelia
damage similar to that produced by diacetyl. Wistar-Han rats ex-
posed to 2,3-pentanedione up to 200 ppm for 6 h/day, 5 day/week
for up to 2 weeks had intraluminal and intramural fibrotic airway
lesions similar to that of human BO (Morgan et al., 2012b). Studies
conducted by Hubbs et al. investigating 2,3-pentanedione also
found that following inhalation exposure Sprague–Dawley rats
exhibited respiratory epithelial injury and respiratory toxicity
comparable to that for diacetyl-induced injury (Hubbs et al.,
2012). A recent analysis of butter flavorings used at a microwave
popcorn plant identified the presence of 2,3-hexanedione, 2,3-hep-
tanedione and 2,3-pentanedione in one or more of the samples
using quantitative and semi-quantitative analysis (Boylstein,
2012). These alternative flavorings are being used in spite of the
lack of thorough toxicological investigations (Day et al., 2011).

Our lab has previously shown that diacetyl is a chemical sensi-
tizer when tested in the murine local lymph node assay (LLNA)
(Anderson et al., 2007). In addition, reports suggest that flavoring
chemicals may be associated with work-related asthma and skin
diseases (Sahakian et al., 2008; Akpinar-Elci et al., 2004). This cor-
relation suggests that in addition to BO, diacetyl and other butter
flavoring chemicals may play a role in asthma and allergic disease.

The work described in this manuscript evaluates the skin sensi-
tization potential of structurally similar alternative flavoring
chemicals to begin to assess their potential role in the develop-
ment of allergic disease and their safety as alternatives for diacetyl.
2. Materials and methods

2.1. Animals

Female BALB/c mice were used for the murine models. This mouse strain has a
Th2 bias and is commonly used to evaluate IgE-mediated sensitization (Klink and
Meade, 2003; Woolhiser et al., 2000). The mice were purchased from Taconic (Ger-
mantown, NY) at 6–8 weeks of age. Upon arrival, the animals were allowed to accli-
mate for a minimum of 5 days. Each shipment of animals was randomly assigned to
treatment group, weighed, and individually identified via tail marking using a per-
manent marker or tattoo. A preliminary analysis of variance on body weights was
performed to ensure a homogeneous distribution of animals across treatment
groups. The animals were housed at a maximum of 5 per cage in ventilated plastic
shoebox cages with hardwood chip bedding, NIH-31 modified 6% irradiated rodent
diet (Harlan Teklad), and tap water was provided from water bottles, ad libitum. The
temperature in the animal facility was maintained between 68 and 72 �F and the
relative humidity between 36% and 57%. The light/dark cycle was maintained on
12-h intervals. All animal experiments were performed in the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited
NIOSH animal facility in accordance with an animal protocol approved by the Insti-
tutional Animal Care and Use Committee.
2.2. Chemicals

The following butter flavoring chemicals were purchased from Sigma–Aldrich
Chemical Company, Inc. (Milwaukee, WI) and used to generate data for Figs. 1, 2
and Table 1: 2,3-hexanedione (90%, CAS# 3848-24-6), 3,4-hexanedione (95%,
CAS# 4437-51-8), 2,3-heptanedione (>97%, CAS# 96-04-8), 2,3-butanedione/diace-
tyl (>97%, CAS# 431-03-8), 2,3-pentanedione, (97%, CAS# 600-14-6). Diacetyl was
also purchased from the producers TCI America (98%; Portland, OR), Fluka (99%;
Milwaukee, WI) and Acros Organics (99%; Morris Plains, NJ) for comparison pur-
poses to evaluate a potential contaminant (Fig. 3). Additional chemicals used for
these studies were purchased from Sigma–Aldrich and include: a-hexylcinnamal-
dehyde (HCA, CAS 101-86-0), 2,4-dinitrofluorobenzene (DNFB, CAS 70-34-8),
O-(2,3,4,5,6-pentafluoro-benzyl)hydroxylamine hydrochloride (PFBHA) (98+%),
furfuryl propionate (>98%), 2-ethoxyethyl acetate (98%), 2-butoxyethyl acetate (99%),
toluene 2,4-diisocyanate (TDI, CAS 584-84-9), 2,2,2-trifluoroethylamine hydrochlo-
ride (TFEA, 98%), N-(3-dimethylaminopropyl)–N0-ethylcarbodiimide hydrochloride
(EDC P 98%), pyridine (99.8%), tert-butyl methyl ether (MTBE, P99.8%). HPLC grade
methanol and hexane Optima grade (95%) were purchased from Fisher Scientific
(Pittsburgh, PA). Water (DI H2O) was distilled, deionized to a resistivity of
18 MX cm and filtered using a Milli-Q� filter system (Billerica, MA). Helium (UHP
grade), the carrier gas, and Nitrogen (UHP grade), were supplied by Butler Gas
(McKees Rocks, PA) and used as received. Experiments were carried out at
(297 ± 3) K and 1 atmosphere pressure. Helium (UHP grade), the GC carrier gas
and nitrogen (UHP grade) were supplied by Amerigas (Sabraton, WV) and used as
received.
2.3. Concentration range finding studies

Concentration range finding studies were performed to select the concentra-
tions of the butter flavorings to be used for dermal exposures. Mice (3 per group)
were exposed topically to acetone vehicle or increasing concentrations of test arti-
cle (up to 50%) in acetone on the dorsal surface of each ear (25 ll per ear) for 3 con-
secutive days. Acetone was selected as the appropriate vehicle based on solubility,
historical control data, and accepted use in skin sensitization studies (NIEHS, 1999).
Animals were allowed to rest for 2 days following the last exposure and then
weighed and examined for signs of overt toxicity including loss of body weight, fa-
tigue/lack of activity, and ungroomed fur.
2.4. Combined irritancy and local lymph node assay

To determine the irritancy and sensitization potential of the butter flavorings, a
combined LLNA was conducted as previously described (Anderson et al., 2007) and
according to the method described in the ICCVAM Peer Review Panel report (NIEHS,
1999) with minor modifications. Briefly, mice (5 per group) were exposed topically
to acetone vehicle, increasing concentrations of test agent, or positive control (HCA)
on the dorsal surface of each ear (25 ll per ear) for three consecutive days. HCA
(30% HCA) is an accepted and well characterized positive control for the LLNA (NIE-
HS, 1999). DNCB (0.3%) was used as a positive control for the irritancy portion of the
experiment. For irritancy evaluation, the thickness of the right and left ear pinnae of
each mouse was measured using a modified engineer’s micrometer (Mitutoyo Co.,
Japan) before the first chemical administration and 24 h following the final expo-
sure. The mean percentage of ear swelling was calculated based on the following
equation: [(mean post-challenge ear thickness � mean pre-challenge ear thick-
ness)/mean pre-challenge thickness] � 100. Animals were allowed to rest for 2 days
following the last exposure. On day 6, mice were injected intravenously via the lat-
eral tail vein with 20 lCi 3H-thymidine (Dupont NEN; specific activity 2 Ci/mmol).
Five hours after 3H-thymidine injection, animals were euthanized via CO2 inhala-
tion, and the left and right auricular draining lymph nodes (DLN; drain site of chem-
ical application) located at the bifurcation of the jugular vein were excised and
pooled for each animal. Single cell suspensions were made and incubated overnight
in 5% trichloroacetic acid and samples were counted using a Packard Tri-Carb
2500TR liquid scintillation analyzer. Stimulation indices (SI) were calculated by
dividing the mean disintegrations per minute (DPM) per test group by the mean
DPM for the vehicle control group. EC3 values (concentration of chemical required
to induce a 3-fold increase over the vehicle control) were calculated based on the
equation from Basketter et al. (1999). Dosing concentrations (12.5–50%) were se-
lected based on the results from the concentration range finding studies. The con-
centration of chemical required to induce a 3-fold increase over the vehicle control
(EC3) was calculated based on the equations from Basketter et al. (1999).



Fig. 1. Ear swelling as a result of dermal exposure to butter flavorings. Analysis of irritation after exposure to 2,3-hexanedione (A), 3,4-hexanedione (B), 2,3-heptanedione (C),
2,3-pentanedione (D), and diacetyl (E). Bars represent means ± SE of 5 mice per group.
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2.5. Phenotypic analysis of draining lymph node cells

To further evaluate the mechanisms of the hypersensitivity response, the num-
ber of IgE + B220+ cells in the DLN was quantitated using flow cytometry. Soluble
IgE bound to the B-cell surface via the low affinity IgE receptor (CD23) is dependent
on the level of soluble IgE present in the local DLN environment (representative of
local IgE levels) and changes in this population following allergen exposure have
been detected earlier than serum IgE levels. Manetz and Meade (1999) have shown
that select chemicals capable of inducing Th2-mediated allergic responses, have
similar peak increases in the percent IgE + B220 + and B220 + populations and these
populations tend to become significantly elevated at equivalent concentrations. For
the phenotypic analysis, mice (5 per group) were exposed to 25 ll/ear of the ace-
tone vehicle, increasing concentrations of test article (12.5%, 25%, and 50%), or po-
sitive control (2.5% TDI) once daily for 4 consecutive days. Animals were weighed
and examined for gross pathology at the end of the experiment (Day 10). DLN were
collected (2 nodes/animal/3 ml PBS) and dissociated using the frosted ends of 2
microscope slides, and phenotypes were analyzed using flow cytometry as de-
scribed by Manetz and Meade (1999). The following organs were also removed,
cleaned of connective tissue and weighed: liver, spleen, kidneys, and thymus. Ser-
um was collected for total IgE analysis (see below).
2.6. Ige antibody levels

Following euthanasia of animals included in the phenotyping study, blood sam-
ples were collected via cardiac puncture. Sera were separated by centrifugation and
frozen at �20 �C for subsequent analysis of total IgE by ELISA. A standard colorimet-
ric sandwich ELISA was performed as previously described (Anderson et al., 2007).
2.7. Statistical analysis

For analysis, data was first tested for homogeneity using the Bartlett’s Chi
Square test. If homogeneous, a one-way analysis of variance (ANOVA) was con-
ducted. If the ANOVA showed significance at p < 0.05 or less, the Dunnett’s Multiple
Range t test was used to compare treatment groups with the control group. Linear
trend analysis was performed to determine if the test articles had exposure concen-
tration-related effects for the specified endpoints. Statistical analysis was per-
formed using Graph Pad Prism version 5.0 (San Diego, CA). Statistical significance
is designated by *(p 6 0.05) and **(p 6 0.01).

2.8. Diacetyl contaminant identification investigation

Due to variations in the sensitization response between the results of these
studies and those previously reported (Anderson et al., 2007); diacetyl from differ-
ent producers was evaluated for the presence of a contaminant. Separate solutions
(0.082 M) were prepared with diacetyl from each producer (Fluka, Aldrich, TCI, and
Acros) by adding 14 lL of the chemical to 2.0 mL of methanol. A 1 lL sample of each
prepared solution was used for gas chromatograph/mass spectrometric analysis as
described below. Results are shown in Fig. 3C.

To identify possible oxygenated compounds (i.e., aldehydes, ketones, and dicar-
bonyls) present in the purchased diacetyl, 100 lL of O-(2,3,4,5,6-pentafluoro-
benzyl)hydroxylamine hydrochloride (PFBHA) (250 mM in deionized water) was
added to 10 lL of diacetyl(Fluka or TCI)/methanol solution described above in
2 mL of deionized water. This solution was heated for approximately 1 h in a
70 �C water bath to accelerate the derivatization reaction. The solution was re-
moved from the water bath and allowed to cool, then derivatization for carboxylic
acid groups was initiated by addition of 1 mL of 0.8 M EDC in H2O, 1 mL of 0.8 M
TFEA in H2O, and 50 lL of pyridine to the aqueous sample and then letting the sam-



Fig. 2. Sensitization potential after dermal exposure to butter flavorings. Analysis of the sensitization potential of 2,3-hexanedione (A), 3,4-hexanedione (B), 2,3-
heptanedione (C), 2,3-pentanedione (D), and diacetyl (E) using the LLNA. 3H-thymidine incorporation into draining lymph node cells of BALB/c mice following exposure to
vehicle or concentration of butter flavoring shown above. Bars represent means ± SE of 5 mice per group. Levels of statistical significance are denoted as **(p 6 0.01) as
compared to acetone vehicle.
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ples react for 15 min (Ford et al., 2007). This solution was then extracted with 3 mL
of methyl tert-butyl ether (MTBE). The MTBE layer, containing the derivatized com-
pounds (oximes and/or 2,2,2-trifluoroethylamides) was removed (ca. 2.5 mL) and
blown to dryness with clean air and reconstituted in 100uL methanol. It should
be noted that diacetyl is also derivatized by PFBHA resulting in diacetyl oxime
peaks in the chromatogram. Samples were analyzed using a Varian (Palo Alto,
CA) 3800/Saturn 2000 gas chromatograph/mass spectrometer (GC/MS) system
operated in the electron impact (EI) mode. Compound separation was achieved
by a Restek (Bellefonte, PA) Rtx-5MS (0.25 mm I.D., 30-m long, 1 lm film thickness)
column and the following GC oven parameters: 40 �C for 2 min, then 10 �C min�1 to
140 �C, then 20 �C min�1 to 280 �C and held for 8 min. The GC injector was initially
held at 60 �C for 2 min, then ramped at 200 �C min�1 300 �C. Each sample (1 lL) was
injected in the splitless mode and the injector was returned to split mode 1 min
after sample injection. The Saturn 2000 ion trap mass spectrometer was tuned
using perfluorotributylamine (FC-43). Full-scan EI spectra were collected from m/
z 40–650. Each sample was analyzed in duplicate. Acetonitrile was the chemical
ionization (CI) reagent used for all CI spectra.

3. Results

3.1. Toxicity

There were no chemical-related deaths, changes in body
weights, or clinical signs of toxicity in mice following exposure
concentrations as high as 50% of 2,3-pentanedione, diacetyl, 2,3-
hexanedione, 3,4-hexanedione, or 2,3-heptanedione (data not
shown). There were no biologically significant changes in liver, kid-
ney, thymus or spleen weights following exposure to any of the
butter flavorings (data not shown).
3.2. Irritancy as indicated by ear swelling

Dermal exposure to 2,3-hexanedione, 3,4-hexanedione, 2,3-
heptanedione, 2,3-pentanedione, or diacetyl did not induce signif-
icant ear swelling 24 h post final chemical exposure (Fig. 1). DNFB
(0.3%) was used as a positive control for irritancy studies and re-
sulted in an average significant increase of 129% ear swelling post
exposure for all studies (data not shown).
3.3. Sensitization potential determined by the llna

The butter flavorings, 2,3-hexanedione, 3,4-hexanedione, 2,3-
heptanedione, 2,3-pentanedione, and diacetyl all tested positive
in the LLNA with EC3 values of 18.2%, 15.5%, 14.1%, 17.9%, and



Table 1
LLNA/phenotypic analysis and total IgE dose response studies.

Dose group LLNA (DPM) % IgE + B220 + (% lymphocyte population) %B220 + (% lymphocyte population) Total IgE (ng/ml)

Acetone 208 ± 63 1.08 ± 0.49 13.91 ± 0.82 446 ± 106
2,3-Hexanedione

12.5% 385 ± 93 0.60 ± 0.31 16.22 ± 0.98 347 ± 78
25% 829 ± 257 1.39 ± 0.57 17.26 ± 0.94 409 ± 25
50% 3075 ± 720⁄⁄ 10.04 ± 2.69⁄ 26.73 ± 1.03⁄ 371 ± 133

Acetone 208 ± 63 1.08 ± 0.49 13.91 ± 0.82 445 ± 106
3,4-Hexanedione

12.5% 273 ± 77 0.95 ± 0.61 17.14 ± 1.46 353 ± 62
25% 1385 ± 390 4.18 ± 1.01 24.02 ± 2.38⁄ 325 ± 61
50% 3745 ± 334⁄⁄ 21.66 ± 3.11⁄⁄ 29.21 ± 1.80⁄⁄ 401 ± 45

Acetone 274 ± 49 1.23 ± 0.28 14.88 ± 1.59 354 ± 103
2,3-Heptanedione

12.5% 497 ± 97 1.71 ± 0.27 12.69 ± 1.22 491 ± 146
25% 2421 ± 252⁄⁄ 4.62 ± 0.92 17.05 ± 1.31 338 ± 54
50% 3970 ± 415⁄⁄ 22.26 ± 0.81⁄⁄ 26.26 ± 1.28⁄ 587 ± 189

Acetone 389 ± 45 1.27 ± 0.11 10.29 ± 10.37 292 ± 110
2,3-Pentanedione

12.5% 560 ± 77 1.73 ± 0.47 12.20 ± 1.21 374 ± 118
25% 1584 ± 453 2.04 ± 1.18 15.00 ± 1.56 337 ± 120
50% 5230 ± 1152⁄⁄ 15.56 ± 1.14⁄⁄ 20.55 ± 2.21⁄ 483 ± 143

Acetone 578 ± 116 1.50 ± 0.75 15.40 ± 1.05 332 ± 117
Diacetyl (Aldrich)

12.5% 1060 ± 110 2.59 ± 0.97 17.09 ± 1.29 387 ± 65
25% 2392 ± 536⁄⁄ 7.06 ± 1.54⁄ 20.15 ± 1.91 450 ± 144
50% 4770 ± 430⁄⁄ 14.86 ± 4.32⁄⁄ 28.89 ± 1.56⁄ 521 ± 133

Bars represent means ± SE of 5 mice per group. Levels of statistical significance are denoted as *(p 6 0.05) and **(p 6 0.01) as compared to acetone vehicle.

Fig. 3. Identification of a potential diacetyl contaminant. Analysis of the sensitization potential of diacetyl produced by Aldrich & Fluka (A) and Acros & TCI (B) using the LLNA
and of diacetyl products. 3H-thymidine incorporation into draining lymph node cells of BALB/c mice following exposure to vehicle or concentration of butter flavoring shown
above. Bars represent means ± SE of 5 mice per group. Levels of statistical significance are denoted as *(p 6 0.05) and **(p 6 0.01) as compared to acetone vehicle. (C) Overlaid
gas chromatograms of prepared 0.082 M diacetyl solutions (see text) showing the variation in contaminant concentration. All chromatograms are on the same scale.
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15.4%, respectively (Fig. 2). The concentrations tested were deter-
mined based on the results of the concentration range finding
studies. Dose responsive increases (Linear Trend Test p < 0.05) in
lymphocyte proliferation were observed following exposure to all
butter flavorings reaching statistical significance at 25% for 2,3-
heptanedione and diacetyl and 50% for 2,3-hexanedione, 2,3-pen-
tanedione and 3,4-hexanedione (Table 1). HCA (30%) was used as
a positive control for these experiments and resulted in an average
stimulation index (SI) value of 9.8 for the two studies (data not
shown).

3.4. Lymph node phenotyping and analysis of total serum ige

Phenotypic analysis of the draining lymph nodes of mice ex-
posed to all butter flavorings showed dose responsive increases
(Linear Trend Test p < 0.05) in both the B220+ and IgE+B220+ cell
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populations (Table 1). Consistent with the LLNA results, statistical
significance in the% B220+ cells was reached following exposure to
2,3-pentanedione (20.55 ± 1.03 2.21; 50%), 2,3-hexanedione
(26.73 ± 1.03; 50%), 2,3-heptanedione (26.26 ± 1.28; 50%) 3,4-hex-
anedione (24.02 ± 2.38; 25%) and diacetyl (28.89 ± 1.56; 50%). Sta-
tistical significance in the percent IgE + B220 + cells was also
reached following exposure to each butter flavoring (15.56 ± 1.42
for 2,3-pentanedione (50%); 10.04 ± 2.69 for 2,3-hexanedione
(50%); 22.26 ± 0.81 for 2,3-heptanedione (50%); 21.66 ± 3.11 for
3,4-hexanedione (50%); and 7.06 ± 1.54 for diacetyl (25%)),
although based on the paradigm described by Manetz and Meade,
only 3,4-hexanedione and 2,3-heptanedione were considered to be
biologically significant (1999). TDI (1.5%) was used as a positive
control for these experiments and resulted in significant elevations
of IgE+B220+ (28.31 ± 1.08) and B220+ (31.27 ± 1.09) cell popula-
tions. Elevations in serum IgE is commonly used as an indicator
of a type I hypersensitivity response to dermal sensitizers. Expo-
sure to 2,3-pentanedione, 2,3-hexanedione, 3,4-hexanedione, 2,3-
heptanedione, and diacetyl did not produce elevations in total ser-
um IgE levels (Table 1). TDI (1.5%) was used as a positive control for
these experiments and resulted in a significant elevation of total
IgE (�2100 ng/ml) when compared to vehicle (�446 ng/ml).

3.5. Identification of diacetyl contaminant

Earlier studies conducted in this laboratory revealed a SI of 1.9%
for diacetyl. Given the inconsistency with the results from these
studies, the sensitization potential of diacetyl purchased from dif-
ferent vendors was evaluated (Fig. 3C). The sensitization potential
of diacetyl obtained from all vendors except Fluka was found to be
similar to those reported above (EC3 values of 14.2–25%). However,
the EC3 value for the diacetyl obtained from Fluka was much lower
and consistent with previously published data, suggesting the
presence of a possible contaminant. Chemical characterization of
the diacetyl from different vendors identified a chromatographic
peak that was not attributable to diacetyl at retention time
7.6 min for each of the diacetyl samples (Fig. 3C). Interestingly
the EC3 values of diacetyl purchased from different vendors ap-
peared to be proportional to the level of the contaminant. Based
on Fig. 3C it was determined that the peak area of the contaminant,
which is proportional to concentration, varied over seven orders of
magnitude across the diacetyl samples. The highest contaminant
concentration (largest peak area) was detected in the Fluka sample
which also had the lowest EC3 value (indicating the greatest
potency).

When characterizing the contaminant, the chromatographic
peak was found to have ions of m/z (relative abundance): 43
(11%), 111 (14%), 129 (10%), 154.8 (100%), 179 (14%) (Supplemen-
tal Fig. 1). Using acetonitrile for chemical ionization an M + 1 ion of
m/z of 154.7 (100%) with an additional 179 (25%) was observed. A
molecular weight of 154 was assumed for this compound as the
179 ion is likely the result of a trap reaction in the mass spectrom-
eter which can be common in ion trap mass spectrometers. The
PFBHA derivatization technique (described above) used to detect
carbonyl structures resulted in the detection of an oxime deriva-
tive present in the Fluka diacetyl (Supplemental Fig. 2). The three
observed peaks are due to geometric isomers of the suspect con-
taminant. Identification of multiple peaks of the same oxime com-
pound is relatively simple since the mass spectra for each
chromatographic peak are almost identical or very similar.

The chromatographic retention times of this oxime were 21.6,
21.9 and 22.2 min with ions of m/z (relative abundance): 43
(48%), 181 (100%), 307 (60%), 321 (76%), 501 (97%), 545 (15%) (Sup-
plemental Fig. 3). Chemical ionization of these peaks yielded an
M + 1 ion of 545 (Supplemental Fig. 3). Using the molecular weight
of the contaminant (154) plus the molecular contribution of the
PFBHA derivative (195) results in a molecular weight of 544
(154 + 2(195)) suggesting there are two derivatizable carbonyl
entities on the molecule. Derivatization of carboxylic acid using
EDC/TFEA did not result in any observable 2,2,2-trifuoroethyla-
mide derivative, suggesting that the contaminant does not have a
carboxylic acid moiety. Based on the molecular weight and struc-
tural information gleaned from the chemical derivatization, the
compound 5-methyl-4-heptene-2,3,6-trione is proposed as the
diacetyl contaminant. This compound is predicted to be the result
of a condensation reaction (aldol condensation) between two dia-
cetyl molecules (Personal communication: A. Lopes, CiVentiChem,
Cary, NC; J.M. Matthews, RTI Int., Research Triangle Park, NC.)
(Fig. 4). While it is reasonable to expect all three carbonyl moieties
would be derivatized by PFBHA, it is possible that the carbon dou-
ble bond could influence the electron density of the carbonyl at the
C-6 position to prevent derivatization. By comparison, both of the
carbonyls in diacetyl are derivatized by PFBHA even though they
are adjacent to one another.
4. Discussion

The studies described here used a standardized murine model
to begin to evaluate the sensitization potential of 2,3-pentanedi-
one, 2,3-hexanedione 3,4-hexanedione, and 2,3-heptanedione.
Neither dermal irritation nor systemic toxicity were induced fol-
lowing in vivo skin exposure to any of the flavorings tested. Similar
to diacetyl, 2,3-pentanedione, 2,3-hexanedione, 3,4-hexanedione
and 2,3-heptanedione were identified as weak sensitizing chemi-
cals. In addition, biologically significant increases in B220+ and
IgE + B220+ cells in the DLNs, in the absence of significant in-
creases in total serum IgE were observed only for 3,4-hexanedione
and 2,3-heptanedione. This provides evidence of increases in local
IgE that did not reach systemic levels following 3 days of dermal
exposures.

Previous published studies conducted in our laboratory investi-
gating the allergic sensitization potential of diacetyl (purchased
from Fluka) resulted in a calculated EC3 value of 1.9% (Anderson
et al., 2007). These findings were incongruent with other published
studies and the results published here. Roberts et al., reported the
EC3 value for diacetyl (producer not reported) to be 11.3% (Roberts
et al., 1999) and analytical studies conducted by Dworak et al. cal-
culated a higher EC3 value and weak sensitization potential for dia-
cetyl (Dworak et al., 2013). In an attempt to resolve this issue,
chemical characterization and skin sensitization potential of diace-
tyl purchased from numerous producers was evaluated. Consistent
with the earlier publication (Anderson et al., 2007) an EC3 value of
2.5% (Fig. 1A) was obtained for the chemical purchased from Fluka
which was much lower than that obtained for the diacetyl pur-
chased from the other sources. A contaminant, with abundance in-
versely proportional to the calculated EC3 values for diacetyl
purchased from different vendors, was discovered. The findings de-
scribed here suggest that this contaminant may be the result of a
producer specific synthesis or storage process, and emphasize the
importance of chemical quality control in toxicity testing. It also
raises the question of the potential significance of the contaminant
in the skin disease observed in a few workers exposed to diacetyl
(Akpinar-Elci et al., 2004). Although the exact concentration of
the contaminant is not known, based on the producers’ reported
diacetyl purity (97–99%) and our chemical analysis it is thought
to be small. However, even a small amount of this contaminant
was shown to influence the potency of diacetyl as a skin sensitizer
to a magnitude that could change the potency classification from
other than strong to strong based on the criteria set forth by ICC-
VAM (2011).



Fig. 4. Proposed diacetyl contaminant. Possible mechanism leading to the aldol condensation product, 5-methyl-4-heptene-2,3,6-trione, between two diacetyl molecules.
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Chemical potency in allergic sensitization has been shown to
correlate with hapten reactivity (Chipinda et al., 2011). While all
chemicals with reactive electrophilic centers will form covalent ad-
duct with proteins, mechanistic pathways differ and this may
influence chemical potency. Diacetyl and the alternative flavorings
belong to the Schiff base former mechanistic applicability domain
and will only react with amines to form Schiff bases (Roberts et al.,
2006). Based on the structure of the proposed diacetyl contaminant
(5-methyl-4-heptene-2,3,6-trione), it would be expected to bind
proteins through a Michael acceptor mechanism, binding to thiol
and amine moieties (Roberts and Natsch, 2009). Patlewicz et al.
(2002) observed that most Schiff base aldehydes were not strong
sensitizers, while those that were Michael acceptors were gener-
ally more potent. These structure activity relationships provide
further support for 5-methyl-4-heptene-2,3,6-trione as the con-
taminant in the test articles used in these studies. The increased
reactivity (via Michael addition) of 5-methyl-4-heptene-2,3,6-tri-
one compared to diacetyl is consistent with the lower EC3 values
obtain from the LLNA when samples with higher amounts of the
contaminant were evaluated.

The sensitization potency (EC3) was similar for all butter flavor-
ings tested (Table 2). All of the chemicals investigated share the
same dicarbonyl structure in which one carbonyl moiety is next
to the other (AC(@O)C(@O)A) with the structural differences be-
tween the chemicals consisting of differing carbon chain lengths.
These structural similarities may result in similar types of human
health effects. Recent animal studies have demonstrated that expo-
sure to 2,3-pentanedione produces pulmonary effects similar to
diacetyl suggesting that it might not be a suitable replacement
(Morgan et al., 2012). Also, in vitro studies conducted in non-neu-
ronal cell lines identified similar toxicities for the alpha-diketones,
2,3-hexanedione and 3,4-hexanedione (Coleman et al., 2008).
Studies conducted by Zimmermann et al., have also shown that
2,3-butanedione and 2,3-hexanedione both induce chromosome
loss in Saccharomyces cerevisiae (Zimmermann and Mohr, 1992).

Studies investigating other types of chemicals also suggest that
structurally similar chemicals may not be the best replacement
chemicals. For example, glutaraldehyde has been the primary
Table 2
Summary of results.

Chemical Structure Irritancy L

2,3-Pentanedione � +

2,3-Hexanedione � +

3,4-Hexanedione � +

2,3-Heptanedione � +

Diacetyl/2,3-butadiene (Aldrich) � +

* At peak concentration, paradigm described by Manetz and Meade (1999).
chemical used for disinfecting heat-sensitive medical devices for
the last 40 years; however, it has been reported to induce occupa-
tional asthma and other health effects (Quirce et al., 1999). Re-
cently, structurally similar ortho-Phthalaldehyde has been
proposed as a less toxic alternative. However, studies evaluating
the allergenicity of these chemicals demonstrated the sensitizing
potential for ortho-Phthalaldehyde is comparable to that of glutar-
aldehyde suggesting that it may not be a safe alternative (Anderson
et al., 2010b). Similar to diacetyl, other structurally similar dicar-
bonyls including glyoxal, methylglyoxal, and 4-oxopentanal have
been evaluated in the LLNA and were all identified as sensitizing
chemicals (Anderson et al., 2007). Investigations of the adverse
pulmonary health effects of dicarbonyls (diacetyl, 4-oxopentanal,
glyoxal, methyl glyoxal and glutaraldehyde) were conducted using
an in vitro indoor air exposure system. Similar changes in inflam-
matory cytokine expression (IL-8, Il-6, TNF-a, and GM-CSF) were
identified in a pulmonary epithelial cell line (A549) following
exposure (Anderson et al., 2010a).

The majority of chemical substances in the workplace have no
established occupational exposure limits (OEL). In the absence of
established OELs, employers and workers often lack the necessary
guidance on the extent to which occupational exposures should be
controlled. Alternative strategies such as health hazard banding,
systematic categorization of chemicals in bands using predefined
criteria based on the physicochemical and toxicological properties
have been proposed. Criteria typically cover a variety of toxicolog-
ical endpoints ranging from acute toxicity to systematic toxicity
from repeated exposures to special endpoints of concern (i.e., irri-
tation, sensitization, development toxicity and carcinogenicity).
Health hazard banding is a potentially valuable tool for risk man-
agement of source chemical agents and other occupational hazards
and may be beneficial to situations like the one described in this
manuscript.

5. Conclusion

In summary, based on calculated EC3 values from the Local
Lymph Node Assay, these studies demonstrated a similar dermal
LNA EC3 Phenotyping IgE

%IgE + B220+�%B220+* B220+

15.4% No + �

18.2% No + �

15.5% No + �

14.1% No + �

17.9% No + �
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sensitization potential (other than strong), based on the criteria set
forth by ICCVAM (ICCVAM, 2011) for the butter flavoring substi-
tutes, 2,3-pentanedione, 2,3-hexanedione, 2,3-heptanedione, 3,4-
hexanedione. This laboratory had previously published data identi-
fying diacetyl as a strong sensitizer. Analysis of diacetyl from sev-
eral producers demonstrated variable potencies, with the potency
correlating to the amount of a previously unrecognized contami-
nant. Diacetyl produced by Aldrich, TCI and Acros was found to
contain low to undetectable amounts of the contaminant and
yielded an EC3 value which was congruent with previously pub-
lished data from other labs and resulted in the same potency clas-
sification (other than strong) as the butter flavoring substitutes.
Since the responses were comparable to those for diacetyl, this
suggests that structurally similar chemicals may not be safe alter-
natives in regards to hypersensitivity responses. While sensitiza-
tion has no known role in the pulmonary disease which has been
associated with butter flavorings exposure, dermatitis has been re-
ported. Our finding that skin sensitization potential is a shared
characteristic of diacetyl and structurally-related potential substi-
tutes supports the NIOSH recommendation that potential substi-
tutes for hazardous flavorings should be evaluated for toxicity
before they are used (NIOSH, 2013).
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