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Communications 

Aliphatic Dlketones: Influence of Dicarbonyl Spacing on Amine Reactivity and Toxicity 

Sir: The hexacarbons n-hexane and methyl n-butyl ketone 
produce a well-defined syndrome of nervous system and 
testicular dysfunction in the rat following their metabolism 
to the y-diketone, 2,5-hexanedione (1). The synthesis and 
study of multiple congeners has helped define the chem- 
istry of y-diketone toxicity. That 2,5-hexanedione first acts 
by forming pyrroles with protein lysyl t-amines is sup- 
ported by (1) the increased neurotoxicity and pyrrole 
forming ability of dl-3,4-dimethyl-2,5-hexanedione, which 
favors the synclinal (gauche) conformation, compared with 
2,5-hexanedione or meso-3,4-dimethyl-2,5-hexanedione, 
both of which favor an antiperiplanar conformation (2), 
(2) the lack of neurotoxicity with 3,3-dimethyl-2,5-hex- 
anedione, a y-diketone incapable of pyrrole formation (3), 
and (3) the decreased neurotoxicity and decreased pyrrole 
forming ability of perdeuterio-2,5-hexanedione when com- 
pared with 2,5-hexanedione (4 ) .  

An alteration in neurofilament solubility resulting from 
pyrrole derivatization has been proposed as the mechanism 
of y-diketone-induced neurotoxicity (5,6).  We have argued 
that an additional cross-linking reaction involving the 
pyrrole ring is required for the expression of toxicity. 
Evidence supporting the requirement for an additional 
reaction of the pyrrole ring includes (1) the greater neu- 
rotoxicity of 2,5-hexanedione when accompanied by ex- 
posure to hyperbaric oxygen, a potential mediator of 
pyrrole oxidation and further reaction (3, (2) the enhanced 
neurotoxicity of meso-3,4-dimethyl-2,5-hexanedione which 
forms a more reactive pyrrole than 2,5-hexanedione in the 
presence of equivalent rates of cyclization,' and (3) the 
correlation between testicular injury and altered micro- 
tubule assembly which occurs as a consequence of tubulin 
cross-linking (8-10). 

To further examine the roles of amine derivatization and 
cross-linking in toxicity, we have explored the chemical 
reactivity and in vivo effects of the 6-diketone 2,6-hepta- 
nedione and the t-diketone 2,7-octanedione. The spacing 
between the two carbonyl functions of d-diketones allows 
for cyclization with amines to form dihydropyridine de- 
rivatives (11). The chemistry of dihydropyridines is com- 
plex, and numerous further reactions can occur with these 
labile intermediates (12). Oxidation of a single dihydro- 
pyridine may occur to produce a stable pyridinium moiety 
while reactions between dihydropyridines or complex 
condensations of &diketones with amines may result in 
cross-linking. Such cross-linking products, specifically a 
3-(2-~iperidyl)pyridinium derivative and a complex qua- 
ternary pyridinium system, have been identified in the 
reaction of the 6-dialdehyde glutaraldehyde with model 
amines and proteins (13, 14). 

The relative amine reactivities of 2,5-he~anedione,~ 
2,6-heptanedione, and 2,7-octanedione were determined 
by incubation with ovalbumin. 2,6-Heptanedione deriva- 
tized ovalbumin lysyl t-amines more rapidly than 2,5- 
hexanedione (Figure 1). In contrast, the t-diketone, 2,7- 

The additional electron-releasing methyl groups destabilize the 
pyrrole ring as evidenced by the greater ease of oxidation determined by 
cyclic voltammetry (2). 
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Figure 1. Comparative derivatizing abilities of 2,6-heptanedione 
(X) and 2,5-hexanedione (e). Ovalbumin (2 mmol/L in lysyl 
residues) and 200 mmol of diketone/L were reacted in 100 mmol 
of triethanolamine/L, pH 9.0, at 37 'C. After various times, 
aliquots were withdrawn and dialyzed. Protein concentration was 
determined by the Biuret method (In, and the free lysyl t-amine 
content was determined by reaction with trinitrobenzenesulfonic 
acid (18). Only 80% of ovalbumin lysyl amines are available for 
reaction (19). 

octanedione did not decrease the free amine concentration 
of ovalbumin during incubation, being essentially incapable 
of forming long-lived adducts with amines under biologic 
conditions since this would require the development of a 
seven-membered ring. 

To compare their relative cross-linking abilities, the 
diketones were incubated with ovalbumin and [3H]lysine 
(Figure P). The amount of covalently bound label was 
determined following trichloroacetic acid precipitation of 
the protein. 2,Ei-Hexanedione was the most active cross- 
linking agent with 2,6-heptanedione demonstrating 
10-20% of the 2,5-hexanedione activity and no cross- 
linking by 2,7-octanedione. 

NMR spectroscopy was performed on polylysine fol- 
lowing incubation with 2,6-heptanedione in the presence 
of sodium dithionite. The NMR spectrum (Figure 3) 
supported 2,6-dimethylpiperidine as the structure of the 
reduced, covalently bound 2,6-heptanedione adduct (20, 
21 1, as predicted by the known imine-reducing ability of 
sodium dithionite (22) and the known cyclizing potential 
of 6-amino ketones4 (11). Integration of the peaks showed 

~~~~ ~ 

* 2,B-Hexanedione was obtained commercially (Aldrich Chemical Co., 
Milwaukee, WI) and distilled prior to use, while 2,B-heptanedione and 
2,7-octanedione were synthesized by established methods (15, 16) with 
structural identity and purity confirmed by GC-MS, NMR, and mp 
[2,6-heptanedione, mp 30-31 OC (lit. mp 33-34 "C); 2,7-octanedione mp 
41 "C (lit. mp 44 "C)]. 

All multiple determinations reported in the text and in figures are 
expressed as the mean h standard error. Statistical determinations use 
the two-tailed Student's t test with significance assigned to p < 0.05. 

The NMR distinguishes between the potential derivatives, namely, 
an open chain secondary diamine resulting from ketimine reduction and 
a cyclic piperidine. Since the reducing agent used, sodium dithionite, is 
essentially incapable of reducing ketones to alcohols under the described 
reaction conditions (23), the only open chain adduct to consider is the 
diamine (the monoamine adduct would cyclize). The symmetric diamine 
adduct would not demonstrate the complex methyl resonance shown 
following acidification; however, such a shift of methyl resonances fol- 
lowing acidification is characteristic for piperidines (20, 21). 
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Figure 2. Comparative cross-linking abilities of the three di- 
ketones. Ovalbumin (3.72 mmol/L in lysyl residues) and 37.2 wmol 
of ~-[4,5-~H]lysine/L (New England Nuclear, Boston, MA, 30000 
cpm/nmol) were reacted with either 10 or 100 mmol of diketone/L 
at 37 "C in 160 mmol of sodium phosphate/L, pH 7.4. A back- 
ground control was provided by a reaction mixture containing 
either 20 or 200 mmol of acetone/L. Reaction aliquots of 1 mL 
were withdrawn at various times, and 5 mL of 10% trichloroacetic 
acid was added. The precipitated protein was collected on a glass 
fiber filter, washed with 5% trichloroacetic acid and ethanol, dried, 
and then digested with 1 mL of NCS Tissue Solubilizer (Am- 
ersham, Arlington Heights, IL) overnight. Counts were obtained 
with a Beckman LS-150 liquid scintillation system (scintillation 
cocktail: 5.0 g of PPO/L and 0.2 g of POPOP/L in toluene). 
Cross-linking activity was determined in duplicate and is reported 
as nmol of lysine bound to 0.18 wmol of ovalbumin. 
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Figure 3. NMR spectrum of 2,6-heptanedione-derivatized po- 
lylysine. Polylysine (15 mmol/L in lysyl residues, average mo- 
lecular weight of 190 kDa, Sigma Chemical Co., St. Louis, MO) 
in 100 mmol of sodium phosphate/L pH 8.0, with added 200 mmol 
of Z,B-heptanedione/L and 50 mmol of sodium dithionite/L was 
incubated at 37 "C for 7 days followed by exhaustive dialysis and 
lyophilization. The derivatized polylysine was dissolved in 8 mol 
of urea/L in D20, and NMR using an IBM NR-80 FT spec- 
trometer demonstrated the presence of a doublet (methyl reso- 
nance) at 1.0 ppm (right inset). The main NMR spectrum shown 
was obtained after the addition of thionyl chloride. The com- 
plexity of the methyl resonance following addition of thionyl 
chloride can be explained by the presence of relatively long-lived 
equatorial and axial protonated species which have slightly dif- 
ferent chemical shifts (left inset). No attempt is made to dis- 
tinguish between the cis and trans isomers which likely add further 
complexity to the resonance pattern. Peak assignments were made 
by extrapolation from spectra of unreacted polylysine and 2,6- 
dimethylpiperidine. 

that approximately 75% of the €-amines of polylysine were 
derivatized. NMR spectra obtained with polylysine re- 
acted with 2,6-heptanedione without added reducing agent 
were limited by the low solubility of the resulting polymeric 
material. Low resolution precluded definitive identifica- 

T i m e  (Hours1 

Figure 4. Plasma concentration of diketone (log scale) was 
determined in two Sprague-Dawley rats (250-300 g) following 
intraperitoneal injection (4 mmol/kg). Tail vein blood was 
withdrawn and 1 wL of plasma was injected directly into a Varian 
series 1400 gas chromatograph with a Chromosorb 101 column 
set to an injector temperature of 140 "C, column temperature of 
120-130 "C, and detector temperature of 170 "C. Peak areas were 
quantitated by the cut and weigh method. Peak plasma con- 
centrations reached approximately 6 mmol/L. The half-lives (tl12) 
were calculated by determining the best linear fit to the 2-, 4-, 
and 6-h time points. 

tion of the adducts formed under nonreducing conditions; 
however, the presence of a peak at  6.9 ppm and the 
downfield shift of the methyl groups were most consistent 
with a cyclic aromatic derivative, most likely the 2,6-di- 
methylpyridinium species. 

Plasma concentrations of the diketones were determined 
in Charles River CD rats after intraperitoneal injection 
(Figure 4). Absorption of the compounds occurred rapidly, 
yielding similar peak plasma concentrations. However, the 
biologic half-lives varied, with a t l lz  of 3.3 h for 2,5-hex- 
anedione and a tl12 of 1.6 h for 2,6-heptanedione and 
2,7-octanedione. 

To assess in vivo toxicity, rats received daily intraper- 
itoneal injections of 4 mmol of 2,&heptanedione/kg. Only 
three of seven treated rats survived the entire injection 
period with necrotizing pneumonia as the predominant 
cause of premature death. After 11 weeks (total dose 308 
mmol/kg), treated rats exhibited generalized wasting but 
no clinically detectable neuropathy (body weights: treated, 
289.7 f 12.9 g; control 416.3 f 11.7 g; p < 0.001). Following 
perfusion fixation, Epon embedding, and teased fiber 
preparation (24),  examination of the muscular branch of 
the tibial nerve revealed no treatment-related light mi- 
croscopic alterations. The testis weights of rats injected 
with 2,6-heptanedione did not differ significantly from 
controls (testis weight: treated, 1.15 f 0.05 g; control: 1.62 

In a second intoxication experiment, 2,6-heptanedione 
was administered in the drinking water as a 1% solution 
for 7 weeks followed by a 10-week period of 2% 2,6-hep- 
tanedione exposure, achieving an average daily dose of 11.3 
mmol/kg (total dose 1,342 mmol/kg). No mortality or 
clinical neurotoxicity was experienced. When sacrificed 
at 17 weeks, body weights were similar to control (treated, 
509.4 f 8.7 g, n = 6; control, 560.2 f 22.5, n = 6). His- 
topathologic examination of peripheral nerve cross sections 
and teased fiber preparations showed no treatment-related 
light microscopic effects. The testis weights were normal 
(treated, 1.97 f 0.04 g; control 2.09 f 0.05 g). 

Intraperitoneal injection of 2,7-octanedione (4 mmol/ 
kg/day for 11 weeks) produced a severe local inflammatory 
reaction with intraperitoneal abscess formation and fi- 
brosis. Since only one of six rats survived the entire 

f 0.11 g). 
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treatment period, this compound was not adequately 
tested; however, no clinical signs of neurotoxicity were 
observed and evaluation of the survivor revealed unre- 
markable light microscopy of peripheral nerve cross sec- 
tions and normal testis weight. 

Diketones are metabolic end products arising from he- 
patic microsomal w-1 oxidation of aliphatic compounds (1, 
25-28). The chain length of the parent hydrocarbon de- 
termines the spacing between the carbonyl functions of the 
diketone metabolite, and this spacing strongly influences 
toxicity (29, 30). In this study, we compared the in vitro 
reactivities and in vivo toxicities of three aliphatic di- 
ketones. 2,6-Heptanedione formed covalent derivatives 
with amines in vitro; in addition, protein cross-linking 
occurred on incubation with this 6-diketone. NMR spectra 
of 2,6-heptanedione-derivatized polylysine supported the 
formation of cyclic adducts. Compared to 2,5-hexanedione, 
2,6-heptanedione more readily cyclized with amines but 
was less effective at  forming cross-links between amines. 
The t-diketone 2,7-octanedione produced neither deriva- 
tives nor cross-links with amines. Following intraperitoneal 
injection, the biologic half-life of 2,5-hexanedione was 
approximately twice that of 2,6-heptanedione and 2,7-oc- 
tanedione. Subchronic exposure to 2,6-heptanedione 
produced neither neurotoxicity nor testicular atrophy, 
confirming a previous report of 2,6-heptanedione admin- 
istered by gavage a t  3.9-7.8 mmol/kg/day 5 days/week 
for 13 weeks (31, 32). 

The neurotoxic potency of the y-diketones is clearly 
dependent upon their rate of pyrrole formation, identifying 
cyclization as an essential step in the development of an 
injury. The lack of neurotoxicity or testicular atrophy with 
d-diketone exposure indicates a requirement for a cross- 
linking reaction in the development of organ-specific in- 
jury: 2,6-heptanedione more easily forms cyclic derivatives 
with amines when compared with 2,5-hexanedione, but its 
rate of subsequent cross-linking is comparatively low. 

Communications 

Acknowledgment. This work was supported in part 
by NIEHS Grant R01 ES02611 and Grant R01 OH02191 
from the National Institute for Occupational Safety and 
Health of the Centers for Disease Control and the Inter- 
national Life Sciences Institute Research Foundation. 

Registry No. 2,5-hexanedione, 110-13-4; 2,6-heptanedione, 
13505-34-5; 2,7-octanedione, 1626-09-1; lysine, 56-87-1; polylysine, 
25104-18-1; polylysine, SRU, 38000-06-5. 

References 
(1) Krasavage, W. J., O’Donoghue, J. L., DiVincenzo, G. D., and 

Terhaar, C. J. (1980) “The relative neurotoxicity of methyl-n-butyl 
ketone, n-hexane, and their metabolites”. Toxicol. Appl. Phar- 
macol. 52,433-441. 

(2) Genter, M. B., Szakal-Quin, Gy., Anderson, C. W., Anthony, D. 
C., and Graham, D. G. (1987) “Evidence that pyrrole formation 
is a pathogenetic step in y-diketone neuropathy”. Toxicol. Appl. 
Pharmacol. 87, 351-362. 

(3) Sayre, L. M., Shearson, C. M., Wongmongkolrit, T., Medori, R., 
and Gambetti, P. (1986) “Structural basis of y-diketone neuro- 
toxicity: nonneurotoxicity of 3,3-dimethyl-2,5-hexanedione, a 
y-diketone incapable of pyrrole formation”. Toxicol. Appl. 
Pharmacol. 84, 36-44. 

(4) DeCaprio, A. P., Briggs, R. G., Jackowski, S. J., and Kim, J. C. 
S. (1988) “Comparative neurotoxicity and pyrrole-forming poten- 
tial of 2,5-hexanedione and perdeuterio-2,5-hexanedione in the 
rat”. Toxicol. Appl. Pharmacol. 92, 75-85. 

(5) DeCaprio, A. P., and O’Neill, E. A. (1985) “Alterations in rat 
axonal cytoskeletal proteins induced by in vitro and in vivo 2,5- 
hexanedione exposure”. Toxicol. Appl. Pharmacol. 78,235-247. 

(6) Sayre, L. M., Autilio-Gambetti, L., and Gambetti, P. (1985) 
“Pathogenesis of experimental giant neurofilamentous axonopa- 
thies: a unified hypothesis based on chemical modification of 
neurofilaments”. Brain Res. Rev. 10, 69-83. 

(7) Rosenberg, C. K., Anthony, D. C., Szakal-Quin, Gy., Genter, M. 
B., and Graham, D. G. (1987) “Hyperbaric oxygen accelerates the 
neurotoxicity of 2,5-hexanedionen. Toricol. Appl. Pharmacol. 87, 
374-379. 

(8) Boekelheide, K. (1987) “2,5-Hexanedione alters microtubule 
assembly. I. Testicular atrophy, not nervous system toxicity, 
correlates with enhanced tubulin polymerization”. Toxicol. Appl. 
Pharmacol. 88, 370-382. 

(9) Boekelheide, K. (1987) “2,5-Hexanedione alters microtubule 
assembly. 11. Enhanced polymerization of crosslinked tubulin”. 
Toxicol. Appl. Pharmacol. 88, 383-396. 

(10) Boekelheide, K. (1988) “Rat testis during 2,5-hexanedione in- 
toxication and recovery. 11. Dynamics of pyrrole reactivity, tu- 
bulin content and microtubule assembly”. Toricol. Appl. Phar- 
macol. 92, 28-33. 

(11) Barnes, R. A. (1960) “Properties and reactions of pyridine and 
its hydrogenated derivatives”. In Pyridine and its Derivatives 
(Klingsberg, E., Ed.) Part  1, pp 1-97, Interscience, New York. 

(12) Eisner, U., and Kathan, J. (1972) “The chemistry of dihydro- 
pyridines”. Chem. Rev. 72, 1-42. 

(13) Hardy, P. M., Nicholls, A. C., and Rydon, H. N. (1976) “The 
nature of the cross-linking of proteins by glutaraldehyde. Part I. 
Interaction of glutaraldehyde with the amino-groups of 6-amino- 
hexanoic acid and of a-N-acetyl-lysine”. J .  Chem. SOC., Perkin 
Trans. 1 958-962. 

(14) Hardy, P. M., Hughes, G. J., and Rydon, H. N. (1979) “The 
nature of the cross-linking of proteins by glutaraldehyde. Part 2. 
The formation of quaternary pyridinium compounds by the action 
of glutaraldehyde on proteins and the identification of a 3-(2- 
piperidyl)-pyridinium derivative, anabilysine, as a cross-linking 
entity”. J. Chem. SOC., Perkin Trans. 1 2282-2288. 

(15) Reid, W., and Kuntsmann, W. (1967) “Ueber die Umsetzung 
von Aldehyden mit 6-Ketocarbonsaeuren unter milden 
Bedingungen”. Chem. Ber. 100, 605-610. 

(16) Yen, V.-Q. (1962) “Etude des additions sur les composes ace- 
tyleniques. 11. Hydratation des diacetyleniques”. Ann. Chim. 
(Paris) 7, 799-805. 

(17) Grant, G. H., and Kachmar, J. F. (1976) “Biuret method for the 
determination of total protein in serm and exudates. In Funda- 
mentals of Clinical Chemistry, 2nd ed. (Tietz, N. W., Ed.) pp 
302-304, W. B. Saunders Co., Philadelphia. 

(18) Habeeb, A. F. S. A. (1966) “Determination of free amino groups 
in proteins by trinitrobenzenesulfonic acid”. Anal. Biochem. 14, 

(19) Graham, D. G., Anthony, D. C., Boekelheide, K., Maschmann, 
N. A., Richards, R. G., Wolfram, J. W., and Shaw, B. R. (1982) 
“Studies of the molecular pathogenesis of hexane neuropathy. 11. 
Evidence that pyrrole derivatization of lysyl residues leads to 
protein crosslinking”. Toxicol. Appl. Pharmacol. 64, 415-422. 

(20) Booth, H., and Little, J. H. (1968) “Proton magnetic resonance 
studies of cyclic compounds. VI. Cis- and trans-2,6-dimethyl- 
piperidine and cis(2,4), cis(4,6), cis(2,6)-2,4,6-trimethylpiperidine”. 
Tetrahedron 24, 279-287. 

(21) Delpuech, J. J., and Deschamps, M. N. (1967) “Nuclear mag- 
netic resonance spectroscopy: nitrogen inversion rate of 1,2,6- 
trimethylpiperidine”. Chem. Commun. 1188-1189. 

(22) Pojer, P. M. (1979) “The use of sodium dithionite for the re- 
duction of imines and the cleavage of oximes”. A u t .  J.  Chem. 32, 

(23) de Vries, J. G., and Kellogg, R. M. (1980) “Reduction of al- 
dehydes and ketones by sodium dithionite”. J. Org. Chem. 45, 

(24) Anthony, D. C., Boekelheide, K., and Graham, D. G. (1983) 
“The effect of 3,4-dimethyl substitution on the neurotoxicity of 
2,5-hexanedione. I. Accelerated clinical neuropathy is accompa- 
nied by more proximal axonal swellings”. Toricol. Appl. Phar- 
macol. 71, 362-371. 

DiVincenzo, G. D., Kaplan, C. J., and Dedinas, J. (1976) 
“Characterization of the metabolites of methyl n-butyl ketone, 
methyl iso-butyl ketone and methyl ethyl ketone in guinea pig 
serum and their clearance”. Tozicol. Appl. Pharmacol. 36, 
511-522. 

(26) Frommer, U., Ullrich, V., and Staudinger, H. (1970) 

328-336. 

201-204. 

4126-4129. 

(25) 



Communications Chem. Res. Toxicol., Vol. 1, No. 4, 1988 203 

“Hydroxylation of aliphatic compounds by liver microsomes. I. 
The distribution pattern of isomeric alcohols”. Hoppe-Seyler’s 
Z. Physiol. Chem. 351, 903-912. 

(27) Frommer, U., Ullrich, V., Staudinger, H., and Orrenius, S. 
(1972) “The monooxygenation of n-heptane by rat  liver 
microsomes”. Biochim. Biophys. Acta 280,487-494. 

(28) Kramer, A., Staudinger, H., and Ullrich, V. (1974) “Effect of 
n-hexane inhalation on the monooxygenase system in mice liver 
microsomes”. Chem. Biol. Interact. 8, 11-18. 

(29) Spencer, P. S., Bischoff, M. C., and Schaumburg, H. H. (1978) 
“On the specific molecular configuration of neurotoxic aliphatic 
hexacarbon compounds causing central-peripheral distal 
axonopathy”. Toxicol. Appl. Pharmacol. 44, 17-28. 

(30) Dodd, D. E., Garman, R. H., Pritts, 1. M., Troup, C. M., 
Snellings, W. M., and Ballantyne, B. (1986) ”2,4-Pentanedione: 
9-day and 14-week vapor inhalation studies in Fischer-344 rats”. 
Fundam. Appl. Toxicol. 7, 329-339. 

(31) O’Donoghue, J. L., and Krasavage, W. J. (1979) “Hexacarbon 
neuropathy: a y-diketone neuropathy?” J. Neuropathol. Exp. 
Neural. 38, 333. 

(32) O’Donoghue, J. L., and Krasavage, W. J. (1979) “The struc- 
ture-activity relationship of aliphatic diketones and their poten- 
tial neurotoxicity”. Toxicol. Appl. Pharmacol. 48, A55. 

Kim Boekelheide,*ys D. Carter Anthony6 
Felice Giangaspero,’ Marcia R. Gottfried6 

Doyle G. Graham6 

Department of Pathology and Laboratory Medicine 
Brown University 

Providence, Rhode Island 02912 
Department of Pathology 

Duke University Medical Center 
Durham, North Carolina 27710, and 

Insti tuto Di Anatomia E Istologia Patologica 
Universita Di Bologna 

Policlinico 5’. Orsola, Via Massarenti 9 
40138 Bologna, I taly 

Received April 8, 1988 

Brown University. 

Universita Di Bologna. 
e Duke University. 


