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Malonaldehyde, a three carbon dialdehyde, is one of the numerous carbonyl compounds associated with oxidative deterioration of
food lipids.

It is assumed to be formed as a product of lipid autoxi-

dation occurring according to the generally accepted free radical
mechanism.

This compound is of great interest because of its poten-

tial high reactivity and its wide occurrence in autoxidized lipids.
Malonaldehyde may participate in eliciting some of the adverse biological and chemical effects of in vitro and in vivo lipid autoxidation.
In this investigation a micro 2-thiobarbituric acid analysis for
malonaldehyde in various biological materials was developed; the
acute toxicity, subacute toxicity and associated physiological responses were determined; and the reaction of malonaldehyde with glycine
and protein was investigated.
The single oral median lethal dose (LD

n)

of malonaldehyde ad-

ministered to rats as the ethoxy derivative, 1,1,3, 3-tetraethoxy-

propane, and the enolic sodium salt, sodium beta-oxyacrolein, was
found to be 527 mg (slope function 1. 67) and 632 mg (slope function
1.23) per kg body weight respectively.

The LD _ of malonaldehyde

determined with sodium beta-oxyacrolein was the more accurate estimation of its acute toxicity.
Subacute feeding of rats malonaldehyde as the ethoxy derivative,
1, 1,3, S-tetraethoxypropane, and as the sodium salt of the enamine
derivative of glycine, sodium N-prop-2-enal amino acetate, elicited
a series of similar varied and marked anatomical, physiological and/
or biochemical changes over control animals.

Ingested malonalde-

hyde was largely metabolized or altered so that it was no longer detectable by reaction with 2-thiobarbituric acid.

It was distributed

throughout the body and particularly in the blood and glandular tissue.
Dietary malonaldehyde was found to be concentrated in erythrocytes
where it had apparently reacted in vivo with the intracellular protein,
tentatively with hemoglobin.

A decreased growth rate, a lowered diet

utilization, varying degrees of anemia, increased organ weights,
symptoms of various vitamin deficiencies, and abnormal nitrogen and
tryptophan metabolism were observed.

Histomorphological damage

to liver tissue included a lytic necrosis of parenchymal cells, increased parenchymal cell and nuclear size, bile ductular proliferation with vacuolation of parenchymal cytoplasm with cyst formation.
The response to dietary malonaldehyde probably involved both a

dirept toxic action at the cellular level and an interaction with some
fraction(s) of the diet altering its nutrient value.
The reaction of malonaldehyde with glycine was found to yield
the enamine, N-prop-2-enal amino acetic acid.
shown to conform to a S,T2 mechanism.
N

The reaction was

The rate of the reaction was

shown to be highly dependent on the hydrogen ion concentration.
maximum observed reaction rate was found near pH 4. 20.

The

A postu-

lated mechanism for the reaction involves the nucleophilic 1, ^addition of the amino nitrogen of glycine to the end carbon atom of the alpha, beta-unsaturated carbonyl system of the enol of malonaldehyde.
The reaction of malonaldehyde with bovine plasma albumin was
shown to involve the e-amino lysine and N-terminal amino aspartic
acid functions as judged by their loss to reaction with 1-fluoro-2, 4dinitrobenzene.

The rate of the reaction was dependent on the hydro-

gen ion concentration with a maximum observed reaction rate near
pH 4. 30.

Malonaldehyde did not appear to participate in an inter-

molecular cross-linking reaction as judged by the lack of viscometric hardening of gelatin sols.

Presumptive evidence for the reaction

of malonaldehyde, derived from autoxidized lipids, and the e-amino
lysine functions of bovine plasma albumin was obtained.

A postulated

mechanism for the reaction of malonaldehyde with protein involves
the nucleophilic 1,4-addition of the free amino functions on the protein to the end carbon atom of the alpha, beta-unsaturated carbonyl
system of the free enol to form an enamine linkage.
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MALONALDEHYDE: CERTAIN CHEMICAL
AND BIOLOGICAL PROPERTIES

INTRODUCTION
Malonaldehyde, a three carbon dialdehyde, is one of the numerous carbonyl compounds associated with oxidative deterioration of
food lipids.

This corapound is of particular interest because of its

potential high reactivity and its wide occurrence in oxidized lipid material.

Unlike other carbonyl compounds, malonaldehyde lends itself

well to investigation because of the comparative ease, sensitivity and
specificity of its qualitative and quantitative determination in complex
systems.
Lipid autoxidation, occurring according to the generally accepted
mechanism, is presumed to account for the formation of malonaldehyde in food lipids.

The mechanism involves the free radical attack

of the allylic C-H bonds of the unsaturated fatty acids of the glyceryl
esters composing fats and oils to form a alkyl free radical.

A mole-

cule of oxygen reacts with the alkyl free radical to form a peroxide
radical, which can accept a hydrogen from another organic molecule
yielding a hydroperoxide, the primary product of lipid autoxidation,
and another free radical which propagates the chain mechanism. Dismutation of hyd roper oxides by various mechanisms yield secondary
products including saturated and unsaturated hydrocarbons, alcohols.

ketones, aldehydes and acids.

These secondary oxidation products

are held responsible for the characteristic odor and flavor of oxidized
lipids.
Research efforts in the field of autoxidation of food lipids have
received emphasis in recent years because of the far reaching effects
this deteriorative process has on acceptance, quality and nutrition,
and the possible formation of toxic products.

The relative importance

of the various major products of autoxidation and the mechanism of
their in vivo and in vitro interactions of biological importance is the
subject of much controversy and research.

It is clear that all major

products of autoxidation (free radicals, hydroperoxides, and carbonyl
compounds) can participate, to some degree, in various interactions
of an undesirable nature.
The purpose of this investigation was to determine the acute toxicity of malonaldehyde, to investigate its subacute toxicity and associated physiological responses and to investigate the nature of the reaction of malonaldehyde with amino acids and proteins.

LITERATURE REVIEW

Chemistry of Malonaldehyde
Synthesis: Malonaldehyde is generally synthesized as a tetraalcoxypropane, as a beta-alcoxyacroleinacetal, or as a 2-substituted
malonaldehyde derivative.

It also can be obtained by hydrolysis of a

beta-dialkylaminoacrolein.
Claisen (1903) prepared beta-ethoxyacroleindiethylacetal by
heating propargylaldehydediethylacetal in alcoholic sodium ethoxide.
Dehydrohalogenation (Price and Moos, 1945; McElvain and Morris,
1951) of 1-bromo-2-ethoxypropionaldehyde (Fisher, 1897) with alcoholic KOH under a nitrogen atmosphere also yields beta-ethoxyacroleindiethylacetal.
Arnold and Storm (1957) have recently synthesized beta-dimethylaminoacrolein by reaction of dimethylformamide with the appropriate vinyl ether, acetal or alpha-chloroether.

Hydrolysis of these

compounds with aqueous NaOH yields the enolic sodium salt of malonaldehyde or its alpha-substituted derivitive.
Malonaldehyde diacetals (1,1, 3, 3-tetraalcoxypropanes) are probably the most easily synthesized and useful derivatives of malonaldehyde.

Malonaldehyde diacetals have been synthesized by the reac-

tion of formic acid ortho esters with various vinyl ethers (Copenhaver, 1946; Young, 1949) or vinyl esters (Hultquist, 1948;
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Protopoppova and Skoldinov, 195 7 ; Tsukamoto iet al. , 1954) in the
presence of acid-reacting condensing agents.

Recently, malonalde-

hyde diacetals have been prepared from the products resulting from
the catalytic reduction of the ozonides of various aliphatic unsaturated
compounds.

Hattori (1958) prepared 1,1,3, 3-tetraethoxypropane

from the catalytic (2% Pd-C) reduction products of the ozonide of 1,
4-dibutoxybut-3-en in 70% yield.

Malonaldehyde acetals have been

prepared (Fitton, Pryde and Cowan, 1965) from the ozonides of the
methyl esters of linseed oil, safflower oil and linoleic acid and from
the ozonides of linseed oil.

Catalytic (3% Pd-BaS04 and Lindlar)

reduction of the ozonides of these natural products to aldehydes with
subsequent conversion to acetals yielded over 70% malonaldehyde
acetals.
Numerous 2-substituted malonaldehyde derivatives have been
synthesized and isolated as their metal salts and in the free state.
Sodium nitromalonaldehyde has been prepared by the reaction of metal nitrites with cis-alpha, beta-dibromo-beta-fornayl acrylic (mucobromic) acid (Hill and Sanger, 1882; Hill and Torrey, 1899; Fanta,
1952; Fanta, I960), with cis-alpha, beta-dichloro-beta-formyl acrylic (mucochloric) acid (Kuh and Shepard, 1953; Price and Ulbricht,
1957), with cis-beta-bromo-alpha-chloro-beta-formyl acrylic acid
(Price and Ulbricht, 1957) and with ci s-alpha-bromo-beta-chloro- ,
beta-formyl acrylic acid (Kuh and Shepard, 195 3).

Methylmalonaldehyde and its sodium salt (Pino, 1950) have been isolated by the stepwise hydrolysis of its dianil derivative, synthesized
by the reaction of aniline and HBr with 3-bromo-2-methyl-prop-2enal acetal.

Halogen derivatives of malonaldehyde are generally ob-

tained by condensation of beta-halogen vinyl alkyl ethers and formic
acid ortho esters in the presence of acidic catalyst (Mashio and Kimura, 1961), by brorriination of beta-ethoxyacrolein diethylacetal
(McElvain and Morris, 1951) and by bromination of malonaldehyde
diacetals (Eistert and Haupter, I960).

Chloromalonaldehyde (Corn-

forth j^t ad, 1949) and bromomalonaldehyde (Eistert and Haupter,
I960) are sublimate solids melting at 145-146
sition) respectively.

and 148

(decompo-

Hydroxymalonaldehyde (trios-reductone) has

been isolated as one of the alkaline dissociation products of glucose
(Eistert, Arnemann and Haupter, 1955).
Other 2-substituted malonaldehyde derivatives include: carboethoxymalonaldehyde (Panizzi, 1946), benzoylmalonaldehyde
(Panizzi, 1948), cyanomalonaldehyde sodium salt (Uhle and Jacobs,
1945) and various acylaminomalonaldehyde derivatives (Cornforth et
al, 1949).
Chemical Properties: Malonaldehyde, as most 1, 3-dicarbonyl
compounds, exists in aqueous solution predominately in the enol
form exhibiting considerable acidic character.

Claisen (1903) was

first to recognize the enolic form of malonaldehyde in aqueous solution as the hydrolysis product of beta-ethoxyacrolein diethylacetal by
its red ferric chloride reaction product.

The pKa of the enolic hy-

droxyl of malonaldehyde has been determined to be 4. 7 by spectrophotometric methods (Mashio and Kimura, I960) and 4. 6 (Mashio
and Kimura, I960) and 4. 65 (Kwon and Watts, 1964) by titration
methods.

Stable, crystalline enolic sodium salts of malonaldehyde

have been prepared by neutralizing the hydrolysis product of betaethoxyacroleinacetal (Huttle, 1941) or 1, 1, 3, 3-tetraethoxypropane
(Protopopova and Skoldinov, 1958).
Pure malonaldehyde is a very unstable, hydroscopic solid.
Htlttle (1941) decomposed the dry enolic sodium salt of malonaldehyde
in anhydrous ether with hydrogen chloride and upon separation of the
sodium chloride and evaporation of the ether obtained pale-yellow,
needle-shaped crystals of malonaldehyde.

Room temperature, high

vacuum sublimation yielded pure malonaldehyde as colorless, hydroo
scopic needles melting with decomposition to a red liquid at 72-74 .
Malonaldehyde is soluble in water, alcohol, acetone, chloroform
and benzene and slightly soluble in ether and petroleum ether.

In

aqueous solution, it reacts as a typical aldehyde giving a positive
Shiff test and reduces ammonical-silver nitrate solution.

It exhibits

acidic enolic character by producing a red reaction product with ferric chloride and changes Congo paper violet.

The tautomeric condition and the reactivity of malonaldehyde can
be illustrated by the following series of chemical transformations:

r

B:H +

O

'Sb -CH'--'CH

-

II
^rbanion
>
ca

B: O
O
^—7 HC-CH -CH
I *

B:H
<• y HC-CH -CH-OH + B:

III
carbonium ion

\
O
B:
%
B:H + H"C-CH=C^ <*■
-7 HC-CH = CH-OH + B:H
IV
V
!-.
B:H
HC

HO - CHVCHVCH - OH + B:
VI
carbonium ion

O

VII

The enolic form of malonaldehyde, beta-hydroxyacrolein (IV) exhibits spectrophotometric properties dependent upon the hydrogen ion
concentration of the solution.

Mashio and Kimura (I960) showed that

the absorption resulting from the strong it -* IT* electronic transitions
of the alpha-beta unsaturated system of IV progressively underwent a
hyposochromic shift in maximum and a decrease in intensity from
from stable values at or above pH 7.0 (X.
to those at or below pH 3. 0 (X.

max

max

4
267 m|j.,€ 3.003 x 10 )

4
245 mfi, e 1. 296 x 10 ).

They

concluded that the observed spectral characteristics of malonaldehyde were due to its dissociation in the presence of low hydrogen ion

8
concentrations to the enolate anion (V).

Saunders and May (1963) con-

firmed these pH dependent spectral maxima and concluded from infrared spectral analysis that the absorption at 245 mp, was due to intramolecular bonding of the enolic hydrogen in a cyclic chelate (VII) below about pH 4. 5.
cm

They found a broad based absorption peak at 3100

characteristic of a hydroxyl group involved in intramolecular

hydrogen bonding and the strongest carbonyl absorption at 1615 cm
readily attributed to an aldehyde group modified by chelated hydrogen
bonding.
A weak secondary maximum at 350 m|j. (e approximately 200) was
observed at or above pH 7. 0 (Mashio and Kimura, I960; Saunders
and May, 1963).

This may be interpreted as evidence of the n—*'"'*

electronic transitiojis resulting from structures I and V.
Malonaldehyde can be considered basically as a beta substituted
alpha, beta-unsaturated aldehyde in its susceptibility toward electrophilic and nucleopilic attack in polar solvents where it exists primarily as IV, V and VII depending upon the hydrogen ion concentration.

Under these conditions, malonaldehyde does not contain carbon

atoms which are readily susceptible toward electrophilic attack.

The

powerful electron withdrawing effect of the carbonyl deactivates the
carbonyl carbon and the carbon-carbon double bond against electrophilic attack.

However, recently nuclear magnetic resonance and

infrared spectral data have shown that in water or dimethyl sulfoxide

solution the predominate conformation of the enolate anion of malonaldehyde is sym-trans with the negative charge distributed over the
entire molecule (Bacon, George and Stringer, 1965).

The reactivity

of malonaldehyde in polar solvents under neutral or basic conditions
would be predominately nucleophilic in character and would involve
a carbanion.

Other than the reaction of malonaldehyde with bromine

and aryl diazonium ions to form bromomalonaldehyde (Huttle, 1941)
and arylazonnalonaldehyde (Mashio and Kimura, 1961), few reactions
involving electrophilic attack have been reported.

This is undoubtedr

ly due to the competition of the carbonyl carbon atoms of malonaldehyde itself for the involved carbanion, leading to predominate side
reactions.
As with most aldehydes, the typical reaction of malonaldehyde is
nucleophilic addition.

The powerful electron withdrawing effects of

the carbonyl function, which deactivates malonaldehyde toward electrophilic attack, activates it toward reagents which are electron rich.
This tendency to undergo nucleophilic attack is further enhanced by
the existence of the conjugated system which permits the resonance
stabilization of the anion resulting from 1,4-addition to the end of the
alpha, beta-unsaturated carbonyl system:
Z
Z:

+ IV

.O

HO-VH--'CH--'G

e

HC = CH-CJH + HO
VIII

10
The hydroxyl group of the enol is usually lost with stabilization of the
anion intermediate to form a beta-substituted alpha) beta-unsaturated
carbonyl (VIII) (Cromwell, 1946).

Electrophilic attack of the car-

bonyl oxygen of VIII by hydrogen ion can yield a carbonium ion simii

lar to VI which is most readily susceptible to nucleophilic attack at
the carbonyl carbon with subsequent loss of water to form X:

z
VIII + H

t

9 ^

HCVCH'-'CH-OH
IX

Z:

Z

^

Z

HC = CH-cii + HO
X

2

In addition, it is clear that nucleophilic 1, 3- and 1,4-addition to IX
could also take place.
Malonaldehyde undergoes many acid catalysed nucleophilic addition reactions.

Primary (Fitton, Pryde and Cowan, 1965) and di-

and polyhydroxy alcohols (Mashio and Kimura, 1961) add to malonaldehyde to yield diacetals.

It forms a bis-bisulfite derivative in a

saturated aqueous solution of sodium metabisulfite (Copenhaver,
1954; Saslaw and Waravdekar, 1957).

Malonaldehyde reacts with

aniline (Caisen, 1903) to yield solid dianil derivatives.

Reaction

with guanidine, urea and thiour^a under aqueous conditions yields 2aminopyrimidine, 2-hydroxypyrimidine and 2-mercaptopyrimidine
respectively (Protopopova and Skoldinov, 195 7b; Mashio and Kimura,
1961).

Hydroxylamine adds to malonaldehyde to yield malonaldehyde-

dioxime (Kleinschmidt, 1948) and under altered reaction conditions,
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cyclic isoxysazole (Protopopova and Skoldinov, 1957b; Mashio ?ind
Kimura, 1961).

Malonaldehyde reacts in aqueous acidic media with

hydrazine, phenylhydrazine, semicarbazide (Protopopova and Skoldinov, 1957b) and 2, 4-dinitrophenylhydrazine (Hultquist, 1948) to
yield, respectively, pyrazole, 1-phenylpyrazole, 1-pyrazole-carboxyamide, and 1-(2, 4-dinitrophenyl)-pyrazole .

Quantitative Analysis for Malonaldehyde: Pure solutions of
malonaldehyde may be quantitatively analyzed by titration of the acidic enol with base, by titration with bromine (Huttle, 1941) and by
iodoform formation in th.e presence of excess iodine followed by titration of the excess with sodium thiosulfate (Mashio and Kimura, 1961).
The strong

IT—^TT*

electronic transitions of the alpha* beta-unsatu-

rated system of the enol of malonaldehyde resulting in intense absorption in the electronic spectrum, is the basis of a quantitative
analysis method for malonaldehyde.

Mashio and Kimura (I960)

characterized the spectrophotometric properties of malonaldehyde in
aqueous solution and established its dependency on hydrogen ion concentration.

They also demonstrated the interference of certain

alpha, beta-unsaturated aldehydes.

Kwon and Watts (1963) have pro-

posed a spectrophotometric procedure for the quantitative determination of malonaldehyde in distillates of autoxidized food material
(Tarladgis et al, I960) utilizing the difference in absorption in basic
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media at 267 m|JL and acidic media at 245 m\x.

This difference was

found to be directly proportional to the malonaldehyde concentration
and eliminated the interference of other absorbing compounds which
would not be expected to exhibit this pH-dependency.
Malonaldehyde has been condensed with various aromatic compounds to yield chromogens which form the basis for spectrophotometric assays.

It has been condensed with phloroglucinol (Warav-

dekar and Saslaw, 1959) and barbituric acid and its 1, 3-diphenyl and
1,3-diethyl derivatives (Taufel and Zimmerman, I960) to yield
chromogens.

Recently Sawicki, Thomas and Johnson (1963) have

characterized the chromogens formed by reaction of malonaldehyde
with aniline, 4-hexylresorcinol, N-methylpyrrole, indol, 41-aminoacetophenone, ethyl p-aminobenzoate, 4,4-sulfonyldianiline, pnitroaniline, and azulene and compared them to the chronaogen
formed by 2-thiobarbituric acid.

Several of these chromogens ex-

hibited properties which could be used as a basis for extremely sensitive spectrofluorometric assays.
The most widely used method for quantitative and qualitative determination of malonaldehyde involves its reaction with 2-thiobarbituric acid.

It reacts with malonaldehyde or derivatives thereof in

acidic media to form a red chromogen
(X.
5

max

532-535 mil,
e 1.56 x
r

5
10 ) ■which forms the basis for an extremely sensitive spectrophotometric quantitative assay (Sinnhuber and Yu, 1958).

Sinnhuber, Yu
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and Yu (1958) isolated and characterized this chromogen and proposed the generally accepted structure.

The porposed reaction in-

volves the condensation of one mole of malonaldehyde with two moles
of 2-thiobarbituric acid with the elimination of two moles of water to
yield the chromogen.

Combining ratio, data, elemental analysis, and

electronic spectra interpretation confirmed the structure of the resulting product.

Purified chromogen obtained form the reaction of

2-thiobarbituric acid with 1,1,3, 3-tetraethoxypropane, sulfadiazine,
oxidized salmon oil, frozen tuna, and herring meal were shown by
elemental composition, spectroscopic and chromatographic evidence
to be identical.
Present knowledge of the chemistry of malonaldehyde would lead
one to predict a reaction mechanism in strongly acidic media as involving two successive nucleophilic attacks by C-5 of the protonated
pyrimidine ring of 2-thiobarbituric acid (XI) involving resonance
forms XII, XIII,.XIV and XV on the carbonyl carbons of malonaldehyde.

The strong nucleopilic character of XI is illustrated by its ap-

parent displacing of nitrogen from the pyrimidine ring of sulfadiazine
(Kohn, 1945; Sinnhuber, Yu and Yu, 1958) and pyrimidine with no
substituents in the 4-, 5-, or 6-position (Shepherd, 1948) resulting
in ring cleavage and formation pf the chromogen (XVII).

The reac-

tion with malonaldehyde would probably involve an attack on an intermediary carbonium ion (VI) of malonaldehyde resulting from
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electrophilic attack on the predominate cyclic chelated enol form
(VII) in strong acidic media by hydrogen ion:

XI
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XIII

:H:.

HS ,N
I
N

OH
II
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H" ^

YOH

H
ffl©
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^

c
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I
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6H

\-H O
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H
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c
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6lH
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Malonaldehyde, a Product of Lipid Autoxidation

Malonaldehyde has been demonstrated by reaction with 2-thiobarbituric acid (TBA) to be present in a wide variety of foodstuffs and biological materials in which the lipid fraction, has undergone oxidative deterioration.

The origin of malonaldehyde in oxidized lipids is of great in-

terest and speculation, but firm chemical evidence of the actual
mechanism of its origin is still forthcoming.

Elucidation of the ori-

gin of malonaldehyde would answer some important questions about
the mechanism of lipid oxidation.
The detection of malonaldehyde as a basis of an index of oxidative rancidity has been used for over sixty years, but only in the last
fourteen years has it been recognized as malonaldehyde.

The reac-

tion of compounds resulting from the oxidation of lipid material with
phloroglucinol to form an extremely intense red chromogen (Kreis
test) has been used since 1902 as a measure of oxidative randicity
(Lea, 1939).

Powick (1932) concluded that epihydrin aldehyde or its

acetal was responsible for a positive Kreis test.

Patton, Keeney and

Kurtz (1951) showed that malonaldehyde or its acetals also would produce a positive Kreis test and that pure epihydrin aldehyde did not
produce the red chromogen (Patton, I960).
Kohn and Liversedge (1944) first reported that a red color resulted when tissue was aerobically incubated with TBA.

Bernheim,
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Wilbur and Fitzgerald (1947) first recognized that the compound reacting with TBA to form the red chromogen was derived from oxidation
of fatty acids and suggested that a three carbon compound containing
an aldehyde or ketone group was responsible.

Patton and Kurtz

(1951) subjected a number of compounds to reaction with TBA and
concluded that malonaldehyde was the compound responsible for the
production of the red chromogen.

Later, evidence was presented

which suggested that the compound in oxidized milk fat that was responsible for formation of the red chromogen with TBA was malonaldehyde (Patton, Keeney and Kurtz, 1951; Jennings, Dunkley and
Reiber, 1955).

Sinnhuber, Yu and Yu (1958) showed conclusively

that the chromogens resulting from the reaction of TBA with oxidized
salmon oil and with malonaldehyde were identical.
Evidence indicates that unsaturated fatty acids must have at
least a triene system to form malonaldehyde in early stages of oxidation.

Bernheim, Bernheim and Wilbur (1948) reported that oxi-

dized oleic acid did not react with TBA, linoleic gave only a slight
reaction, while linolenic acid gave a strong reaction.

Dahle, Hill

and Holman (19 62) confirmed this observation with fatty acid esters
in early stages of oxidation.

They investigated the TBA reaction

with oxidized single methylene-interrupted diene, triene, tetraene,
pentaene and hexaene fatty esters at various stages of oxidation.

At

early stages of oxidation, malonaldehyde levels of triene, tetrene,
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pentaene, and hexaene fatty acids were found to vary linearly with
diene conjugation, peroxide values and oxygen uptake and were found
to vary linearly with diene conjugation throughout the course of autoxidation.
The mechanism of malonaldehyde formation from oxidized polyethanoic acids through generally accepted oxidation schemes is of
great interest.

One could postulate diperoxide formation at the dou-

ble bond of the pentadiene system of these acids, with simultaneous
shift of the double bonds, followed by cleavage of the peroxides
yielding malonaldehyde.

However, since TBA reactants are detected

at very early stages of oxidation and diperoxides have not been reported in early stages of oxidation (Day, I960), this mode of formation seems questionable.

Recently, Dahle, Hill and Holman (1962)

using the currently accepted mechanism of autoxidation of methyleneinterrupted polyunsaturated fatty acids proposed a mechanism for the
formation of malonaldehyde from these acids.

The proposed mecha-

nism involves an additional step in chain propagation involving the
formation of a beta, gamma-unsaturated peroxide radical which undergoes cyclization to form a five membered ring which could cleave
to form malonaldehyde.

According to the accepted theories of aut-

oxidation, linoleate with its diene system, could not form a beta,
gamma-unsaturated peroxide radical.

This could explain why it does

not give a TBA reaction in early stages of oxidation.
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Proposed mechanism for malonaldehyde formation (Dahle, Hill
and Holman, 19 62):
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Certain oxidized unsaturated carbonyl compounds have been
shown to react with TBA, indicating the formation of malonaldehyde.
Patton and Kurtz (1955) reported that acrolein, crotonaldehyde and
hepta-2-enal produced a positive TBA reaction in the presence of
small quantities of cupric ion or when they were exposed to air for
several days at 25 .

Day (I960) proposed that the carbon alpha to

the double bond in alpha, beta-unsaturated aldehydes is susceptible
to oxidative attack and could yield malonaldehyde.

Lillard (19 64) and

Lillard and Day (1964) investigated the controlled autoxidative degradation of some secondary products of autoxidized lipids.

They

showed that malonaldehyde, as measured by the TBA reaction, was
produced by the autoxidation of non-2-enal, hepta-2, 4-dienal and octl-en-3-one.

The amount of malonaldehyde produced depended upon

the degree of oxidation and hepta-2, 4-dienal yielded approximately
ten times as much malonaldehyde as non-2-enal with the same degree
of oxidation.
Recently, some investigators have presented evidence supporting the premise that TBA reacts with certain enals and dienals to
produce the chromogen absorbing at 532 m|j..

Taufel and Zimmer-

mann (1961) reported the reaction of TBA with 2-heptenal and 2,4heptadienal to form a red chromogen absorbing at 5 30 m|JL.

Critical

examination of their evidence shows, however, that formation of the
red chromogen depended on temperature and more importantly on
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the presence of ferric ion in the presence of relatively large amounts
of dienal.

Reaction in the absence of ferric ion did not produce the

red chromogen to an appreciable extent.

Jacobson, Kirkpatrick and

Goff (1964) have also reported the reactions of TBA with ga§-liquid
chromatographically pure 2, 4-hexadienal and 2, 4-heptadienal under
the mild conditions of a modified TBA procedure to form a red chromogen.

In both of the preceeding cases the amount of chromogen

formed seems to be exceedingly small, taking into account the extremely high molar absorption of the red chromogen and the possibilities for contamination discussed by Yu and Sinnhuber (1964). These
findings do point out, however, the probability of some oxidation taking place during the reaction, particularly in the presence of catalytic metal ions.
The actual chemical nature of malonaldehyde, as determined by
reaction with TBA, in autoxidized lipids is of great speculation and
importance.

It appears to exist largely as a water soluble derivative

of unknown composition formed by the autoxidation of polyunsaturated
fatty acids and certain secondary oxidation products.

The few quan-

titative studies which have been conducted show that only a small part
of the malonaldehyde, as determined by direct TBA reaction, exists
in the free state.

Water extraction of autoxidized milk fat yielded

only a small amount (Patton and Kurtz, 1951) while 10% was obtained
by vacuum steam distillation (Day, I960).

Only 2.2% was obtained by
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nitrogen ebullition of oxidized salmon oil (Sinnhuber and Yu, 1958).
Extraction of malonaldehyde from oxidized salmon oil (621 mg malonaldehyde/kg) for one hour at room temperature yielded 7.4% with
water, 7. 8% with 0. IN HC1, 14. 9% with pH 8. 4 boric acid-NaOH
buffer and 30% with this same buffer in the presence of an antioxidant
mixture (BHA-BHT) (Yu, 1965).
Powick (1928) suggested that the unstable three-carbon aldehyde
(later shown to be malonaldehyde) responsible for a positive Kreis
test existed as an acetal compound.

Later, Lea (1939) pointed out

that "it is also possible that the aldehyde does not exist, even, as an
acetal, in the fat, but is formed from some precursor, possibly a
peroxide, under the influence of the acid used in the (Kreis) test. "
Dahle, Hill and Holman (1962) have suggested that the cyclic fivemembered peroxide, postulated to be formed by their nnechanism for
formation of malonaldehyde, may be a precursor of malonaldehyde
as determined by reaction with TBA.

The inability of 0. IN HC1 to

release malonaldehyde into the free state as compared to water and
the increased liberation in the presence of an antioxidant, which
could act to decompose peroxides, is presumptive evidence that
malonaldehyde does not exist predominately as an acetal derivative,
but in the form of some type of peroxide malonaldehyde precursor.
The existence of malonaldehyde in oxidized lipid as a peroxide
malonaldehyde precursor creates some problem in explaining the
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mechanism of its release under the hot, aqueous-acidic conditions of
the TBA reaction.

Since methylene interrupted diperoxides have not

been found to exist (Day, I9 60), the peroxide derivative of malonaldehyde could be of the cyclic type postulated by Dahle, Hill and Holman
(1962).

Thermally induced homolytic decomposition of the oxygen-

oxygen bond of this cyclic peroxide, as the authors suggested, would
yield two methylene-interrupted alkoxy radicals which could undergo
chain fission yielding malonaldehyde as one of the several possible
products.

It seems more probably, however, that in the acidic aque-

ous TBA-reaction media these alkoxy radicals would stabilize themselves with a hydrogen atom from the system and form 1, 3-dihydroxyl functions instead of malonaldehyde by chain fission if thermally induced hemolysis is the predominate mode of peroxide decomposition.
Acid-catalyzed heterolytic decomposition of this cyclic peroxide
would yield initially, as an intermediate, a methylene-interrupted
hydroperoxide and carbonium ion.

The hydroperoxide formed could

undergo an acid-catalyzed intramolecular nucleophilic rearrangement involving carbon-carbon bond cleavage to form a carbonyl.

The

carbonium ion, on the other hand, would undergo a nucleophilic attack
by water to form a hydroxyl group.

The predominate product of the

acid-catalyzed heterolysis of a five-membered cyclic peroxide would
not be malonaldehyde, but a beta-hydroxy carbonyl containing more
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than three carbon atoms.

This mechanism is similar to that sugges-

ted by Criegee and Muller (1955) for the warm acid hydrolysis of 1,2dioxan which yields 4-hydroxybutanal.
A rational mechanism for the release of malonaldehyde can not
be postulated at this time without firm experimental evidence about
the chemical nature of its derivative in oxidized lipids.

Any postu-

lated mechanism, however, must take into account that TBA, acting
as a very strong nucleophile, may be participating intimately in its
formation.
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MICRO 2-THIOBARBITURIC ACID METHOD FOR ESTIMATION
OF MALONALDEHYDE IN BIOLOGICAL MATERIAL

A quantitative method for the analysis of malonaldehyde (MA) in
intact samples utilizing a reaction with 2-thiobarbituric acid has been
developed by Yu and Sinnhuber (195 7), Sinnhuber, Yu and Yu (1958)
and Sinnhuber and Yu (1958).

The method, although extremely sensi-

tive, does not lend itself to serial analysis of biological materials
such as blood, urine and tissue homogenates because of the quantity
of sample and the physical facilities necessary to carry out the analysis.

The purpose of the following investigation was to develop a

micro analytical procedure suitable for these materials.

Expe rimental:
Reagents and Materials: 2-Thiobarbituric acid (TBA) (Eastman)
and trichloroacetic acid (Baker) were used without further purification.

1, 1, 3, 3-Tetraethoxypropane (TEP) (Kay-Fries) was redistil-

led under reduced pressure.

Appropriate dilutions of TEP for stan-

dard solutions were made with 40% ethanol.
Blood samples were obtained from rats via cardiac puncture or
from the tail.

Liver and brain tissue was homogenized using a Pot-

ter-Elvehjem homogenizer equipped with a teflon pestle.
Micro TBA Procedure: Samples containing 0. 25 to 3.5 |ag of MA
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(25 to 50 mg material) were placed in a 50 ml centrifuge tube.

Dis-

tilled water was added to bring the total sample volume to 4. 0 ml.
To this solution 1. 0 ml of 1% TBA in 0.75N NaOH, 4. 0 ml 20% trichloroacetic acid, and 1. 0 ml 0. 6N HC1 were added, bringing the
total reaction mixture volume to 10.0 ml.

The centrifuge tube was

then fitted with a cold finger condenser in an apparatus which was so
constructed that it held the condenser in intimate contact with the top
of the centrifuge tube.
bath at 98

The reaction mixture was heated in an oil

for exactly 30 minutes, removed and cooled in a cold wa-

ter bath.

The reaction mixture was centrifuged at 3000 rpm for 10

minutes.

The clear supernatant was then carefully removed with a

pipette and its absorbancy in a Beckman (Model DU) spectrophotometer at 532 m|Ji in a one cm silica cell was determined against distilled water.

A reagent blank was run simultaneously with all analy-

ses.
Samples were taken by pipette or with a weighed, heparinized
capillary tube.

In the case of the capillary tube, after reweighing to

determine the weight of the sample, it was crushed with a stirring
rod and quantitatively washed into the centrifuge tube with the 4.0 ml
of water required in the analysis.
Results and Discussion:
The quantitative relationship of the absorption of the red
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chromogen formed by the reaction of MA (derived from TEP) with
TBA to MA concentration is shown on Figure 1.

The quantitative data

on which Figure 1 is based are compared in Table 1 with the quantitative relationship obtained by Sinnhuber and Yu (1958).

The absorban-

cy of the reagent blanks at 5 32 m|a. run simultaneously with all analyses ranged from 0. 005-0. 015.

A comparison of analyses of various

biological materials for MA using the method (macro) of Sinnhuber
and Yu (1958) and the method described here (micro) is shown in
Table 2.
Quantitatively, the results of the micro TBA analysis compared
very well with those obtained with the macro method.

Duplication of

the results obtained on the very homogeneous biological materials
examined was excellent.
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Table 1.

Quantitative relationship between standard curves for MA
derived from micro and macro TBA analysis methods using TEP as a standard.

TEP

MA

A532mn

M

(Hg)

1cm

0.992
1.983
2.975
3.966
4.958
7.437
9.916

0.324
0.649
0.973
1.297
1.622
2.433
3.244

0.075
0,146
0.212
0.291
0. 351
0.540
0.721

ugMA
32mp..
(46a/l0 x A^
cm,
0.345
0.671
0.975
1.338
1.615
2.484
3.317

%
Theoretical
106.4
103.4
100.2
103.2
99.6
102. 1
102.3

a

Value of the constant derived from the curve and data presented by
presented by Sinnhuber and Yu (1958) based on a 100 ml total reaction mixture volume.

Table 2.

Sample
Liver
Liver
Liver
Brain
Brain
Brain
Blood
Blood
Blood
Plasma
Plasma
Urine
Urine

Comparison of micro and macro TBA analysis of various
biological materials.

(1)
(2)
(3)
(1)
(2)
(3)
(1)
(2)
(3)
(1)
(2)
(1)
(2)

Sample source:

mg MA/kg
Macro TBA
Micro TBA
34. 8
34.5
6. 7
6.7
512. 1
511. 1
25. 3
25.2
5..5
5.5
234.2
235. 0
53..5
53. 1
6. 2
6. 1
162. 8
164. 1
3. 0
2.9
1. 0
0.9
403. 1
402.4
1. 3
1. 3

Macro/Micro
x 100
100.8
100.0
100.2
100.4
100.0
100. 3
100.7
101.6
100.8
103.4
111. 1
100.2
100.0

(1) Rat on a diet containing TEP.
(2) Rat on a control diet.
(3) Rat administered 1996 mg TEP/kg body
weight,

0.800--

0.600--

in

g

o

0.400

0.200--

0.0

1.0

2.0

3. 0

fig MA
Figure 1

Relationship of the absorbancy of the reaction product of MA (derived
from TEP) and TBA with MA concentration
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THE ACUTE TOXICITY OF MALONALDEHYDE IN RATS

The presence of malonaldehyde (MA), derived from autoxidized
lipids, in animal feed and human foods may be of physiological significance since it has been shown to be a highly reactive compound.
The acute toxicity of MA per se has not been determined.
The purpose of the following experiments was to determine the
median lethal dose (LD_,.) of MA for rats.

In these experiments it

was necessary to use a stable derivative of MA which would yield the
free compound under the conditions existing in the mammalian gastrointestinal tract.

MA is not available as the free compound be-

cause of its instability and great reactivity.

The ethoxy derivative

of MA, 1, 1, 3, 3-tetraethoxypropane (TEP), and the enolic sodium
salt, sodium beta-oxyacrolein (MA-Na), were used in determining
the acute toxicity of MAreported the LD

Smyth, Carpenter and Weil (1951) have

of TEP as being 3. 73g/kg body weight for rats.

It

was not the purpose of this experiment to determine the acute toxicity
of TEP, but to use this compound to gain knowledge about the acute
toxicity of MA.

This compound was of additional interest because of

its commercial availability in quantities necessary for subsequent
subacute toxicity trials.
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Expe rimental:
The toxicity experiments were designed according to specifications described by Hagan (1959)-

The results were analyzed by the

statistical procedures described by Litchfield and Wilcoxon (1949).
MA as TEP was administered in a 1. 75% aqueous gum tragacanth
suspension.

MA as MA-Na was administered in aqueous solution with

an equal molar concentration of HC1.

Administration in all cases

was via stomach tube in a single oral dose.

Fasted Wistar strain

rats ranging in weight from 131-260g (males, 146-260g; females,
131-195g) were used in. all experiments.

At necropsy an autopsy was

conducted on all animals.
In absorption experiments, fasted rats were administered MA as
TEP at various concentrations in a 1.75% gum tragacanth suspension
via stomach tube in single oral doses.

The "average absorption rate"

(AAR) was determined over the time to death or to sacrifice at 120
minutes.

The AAR is defined as the amount of MA administered mi-

nus that remaining in the gastrointestinal (GI) tract divided by the
time in minutes to death or sacrifice per lOOg body weight.

The

amount of MA remaining in the GI tract was determined by analysis
of the material quantitatively washed with 40% ethanol from the GI
tract area starting with the cardiac sphincter to the beginning of the
anal canal.

The appearance of MA in the blood stream after
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administration was followed by analysis of blood obtained from the
tail at various time intervals.
All tissue and GI tract contents were taken from the animals immediately after death or sacrifice and either analyzed for MA at once
or quickly frozen for subsequent analysis.

The determination of MA

was carried out according to procedures previously outlined for the
micro 2-thiobarbituric acid analysis.
The ethoxy derivative, TEP, was obtained from Kay-Fries
Chemicals, Inc. and redistilled under reduced pressure before use.
The enolic sodium salt, MA-Na, was prepared according to a modified procedure of Protopopova and Skoldinov (1958) from TEP.

The

modification of this procedure involved only changes in temperature
and solvent systems.

The hydrolysis of the acetal and simultaneous

neutralization of the enol was carried out slowly at -14
to eight hour period.

o

over a six

The product was removed directly from the re-

action mixture by the slow addition of excess acetone (four volumes)
in the cold and purified by fractional precipitation frora methanol with
ethyl ether five times.

This highly purified derivative yielded theo-

retical amounts of MA when reacted with 2-thiobarbituric acid according to the procedure of Sinnhuber and Yu (1958).

Results and Discussion:
Preliminary Acute Toxicity Trials Using TEP: Eight acute
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toxicity trials using TEP as a source of MA showed disparity because
of an apparent effect of dose concentration and/or volume which
greatly confounded the effect of total dose.

Data listed in Table 3 in-

dicate reversal of total dose effect with changes in dose concentration
and/or volume.
Treatment of TEP with dilute mineral acid, such as HC1, will
easily hydrolyze the acetal linkages and liberate one mole of MA and
four moles of ethanol per mole of TEP.

It is believed that this water

insoluble derivative is gradually hydrolyzed in the GI tract to yield
free MA.

The lethality of dose would be dependent upon the hydroly-

sis of TEP which, in turn, is dependent upon the surface area exposed to reaction.

This factor would be determined by concentration

and volume of dose.
Absorption Experiments Using TEP: Absorption experiments
were conducted to determine the dose concentration and/or volume
range of no effect on the response to total dose.

The increase in AAR

with increasing dose volume and decreasing dose concentration is
clearly shown by the data in Table 4 and by the rate of appearance of
MA in the blood stream as illustrated by Figure 2.

It is evident from

the data that, in general, dose volumes below 3.5 ml/lOOg body
weight and concentrations greater than 5 7.0 mg/ml of suspension
distorted the response to total dose.

Table 3.
Dose:
mg TEP
/ml
1996
1996
1996
1996
1996
3981
3981
5624

Preliminary acute toxicity trials

Dose
Concentration:
mg TEP/ml
189.6
63.2
37.9
53.9
94.8
181.5
107.5
256.8

Table 4.

Dose
Volume:
ml/lOOg
1.05
3. 15
5. 15
3. 70
2. 10
2. 19
3. 70
2. 19

No.
Males

5
6
5
6
5

No.
Females
5
5
5
5
6
5
6
4

%
Mortality
20. 0
40.0
80.0
50.0
16.7
20.0
100.0
44.4

Absorption of MA after administration of TEP

Animal Group
1
2
3
4
No. of Animals and Sex
1-F 1-F 1-F 1-F
Dose: mg TEP/kg
2949 2949 2949 2949
Dose: mg MA/kg
965
965
965
965
Dose Concentration: mg TEP/ml
908
261
107
57
Dose Volume: ml/lOOg
0.33 1.13 2.76 5.19
Average Time to Death
(Sacrifice*)
120* 120* 120*
40
Average % MA Absorbed
11
21
71
26
Average % MA in Intestine
0
1
9
38
AAR: fig MA/minute/lOOg
88
171
574
633
Average Tissue Blood
47
58
69
102
Levels:
Brain
193
81
498
mg MA/kg
Liver
41
113
136
350

5
6
2-M 2-M
1259 1996
412
653
36
56
3.42 3.57
120*
33
2
112
31
35
51

7
8
910
11
2-M 2-M 2-M 2-M
2-M
3163 5012 1996 3163 5012
1035 1639
653 1035 1639
91
144
36
57
91
3.48 3.49 5.54 5.54 5.54

120*
58
49
23
421
266
415
62
119
101
234
176
490

34
8
407
-

90
35
7
279
76
128
179

30
16
30
592
123
234
337

32
12
634

34

100"

XI

o
o

i-H

«
00

2
00

60
Time (minutes)
Animal Group
(1)
(2)
(3)
(4)
Figure 2.

Volume (ml/kg) Concentration (mg/ml)
3.3

908

11.3
27.6
51.9

261
107
57

MA blood levels after administration of 2949
mg TEP/kg
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Inspection of individual AAR reveals that lethality of dose depends more on the rate of absorption then on the total amount absorbed.

Lethal doses resulted in AAR ranging from 352 to 734 (j.g of

MA/minute/lOOg body weight, with absorption of 6.9 to 31.7 of the MA
administered as TEP.

Non-lethal doses result in AAR of from 88 to

273 |ig of MA/minute/lOOg body weight, with absorption of 11. 0 to
50. 1% of the MA administered as TEP.

Generally, blood, brain, and

liver tissue levels of MA achieved depended on AAR and not of the total amount of MA absorbed.

The acute toxicity trial using TEP was

designed utilizing this information on absorption to achieve a maximum dose response.

Acute Toxicity of MA: Based upon preliminary toxicity trials
and absorption experiments conducted using TEP as a source of MA,
the LD

50

was determined using this derivative.

The volume of dose

was held constant at 5 . 0 ml of suspension/lOOg body weight.

The

concentration of MA varied from 22.46 to 39- 93 mg/ml of suspension.
The LD

50

of MA was determined using the enolic sodium salt of

MA, MA-Na, as a source of MA.

The volume of dose was main-

tained at 4. 0 ml/lOOg body weight and the concentration of the dose
varied from 15.7.8 to 20.00 mg/ml.
The results of these experiments are listed in Table 5. The
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mortality curves of TEP and MA-Na are shown in Figure 3 and 4,
respectively.

The results of the statistical evaluation of the data

are shown in Table 6.

The statistically calculated mortality curves

for TEP and MA-Na based on MA are shown in Figure 5.
Lethal oral doses of MA^ administered as TEP, elicited a series
of typical reactions involving severe muscular contractions in the rat.
A general weakened and inactive condition was also observed between
seizures.

Respiratory failure was indicated by dyspnea immediately

pj-ior to and a general cyanotic appearance after death.

The onset of

severe muscular contraction was noted within a few minutes after administration.

Rats given lethal oral doses of MA administered as

MA-Na gradually weakened and became inactive within one-half hour
and subsequently showed a yellow mucoid anal excretion.

Respira-

tory involvement was indicated by symptoms similar to those noted
with TEP,

Immediately upon death the rat exhibited a hypothermal

condition.

Inflammation of the ileum area of the small intestine with

an edematous condition of the peritoneal cavity was often observed.
No apparent effect of sex on toxic action was observed with either
derivative.
The acute toxicity (LD

) of MA determined using MA-Na as a

source of MA was 632 mg MA/kg body wqight.

This is probably the

more accurate estimation of the acute toxicity of free MA.

The acute

toxicity of MA determined with TEP was 5 27 mg MA/kg body weight.

Table 5.

Mortality of rats administered single oral doses of MA derivatives and
resulting tissue levels of MA

Dose:
Dose:
mg TEP/kg mg MA-Na/kg
1123
1259
1585
1996
631. 0
668.4
749.. 4
794.4
841.4
891. 3
1000.0

Equivalent
MA Dose:
mg MA/kg
367
412
519
654
484
512

5 75
609
645
683
766

Table 6.

Tissue Lievel Range:
mg MA/kg
Mortality
F
Blood
Liver
M
M & F Time to Death
Brain
79-147
17--224
68 min. -4 days 93
1/5 1/5 2/10
101-147
139-243
66-68 min.
189--314
3/5 1/5 4/10
24--284
16-198
3/5 2/5 5/10 47 min. -30 hrs. 84-164
103-163 166-244 205--568
4/5 3/5 7/10
30-180 min.
0/5 0/5 0/10
2/5 0/5 2/10
14 hrs.
8-24
hrs.
3/5 2/5 5/10
0/5 2/5 2/10
7 hrs.
223-257
36-53 . 103:-140
4/5 2/5 6/10
3-12 hrs..
217-253
48-63
101--148
3-24 hrs.
5/5 2/5 7/10
.193-303
25-74
92--121
8/10
96
min.
-11
hrs.
5/5 3/5

Summary of statistical treatment of data

MA

MA

MA

MA

Equival ent
of TEP

Derivative:
MA-Na

Equivalent
of MA -Na

LD50(mg/kg):

Derivative:
TEP
1610

527

824

632

95% Confidetice
Interval of LD :

1288-2012

421-656>

766-887

587-679

1. 23

1.23

Slop*2 Function:
95% Confidence
Interval of
Slop<3 Function:

1.67

0.97-2.97

1.67

0. 97-2. 97

0.96-1.57

0.96-]L57
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This value is near that obtained using MA-Na, but does not fall within
the 95% confidence limits of the value determined with MA-Na.

The

mode of toxic action elicited by the administration of TEP was somewhat different as judged by the slope function of the mortality curve,
time of onset of toxic action, and symptoms observed.
ic action of TEP cannot be attributed solely to MA.

The total tox-

Absorption ex-

periments showed conclusively that the more concentrated the administered dose, the less the dose response.

This is contrary to the

normal relationship between absorption and dose concentration. This
would lead one to believe the predominate toxic effect is due to the
action of something other than the parent compound.

The toxic ac-

tion of MA administered as TEP is further complicated by the probable effects of ethanol and various possible partial hydrolysis products.
Smyth, Seaton and Fisher (1941) reported a LJD

for rats of 800

mg of formaldehyde/kg body weight and of 2020 mg of glyoxal/kg body
weight.

MA appears to be considerably more toxic than these simi-

lar carbonyl compounds, particularly on a molar basis. The LD
would be 26. 64 mM, 34. 80 mM and 8. 77 mM/kg body weight for
formaldehyde, glyoxal and MA respectively.
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MALONALDEHYDE FEEDING TRIALS
The purpose of these experiments was to determine the biological activity of malonaldehyde (MA) which would be reflected in the
anatomical and physiological changes over that of the normal animal.
As in the previously discussed acute toxicity experiments it was
necessary to use a suitable derivative which would yield the free
compound under the conditions existing in the mammalian gastrointestinal tract.

In the following experiments the ethoxy derivative of

MA, 1,1,3, 3-tetraethoxypropane (TEP) was used.

In addition, the

sodium salt of the glycine enamine derivative of MA, sodium N-prop2-enal amino acetate (G-MA), was fed for comparative purposes.
The synthesis and characterization of this compound are discussed
in the text of this manuscript.

Experimental:

Preliminary Feeding Trials: Two groups of three female Wistar strain rats were fed vacuum redistilled TEP at the 1 and 5% level
(0. 33 and 1. 64% MA) in a basal ground Rockland mouse ration
(GRMR).

The animals were sacrificed at 38 days and MA levels in

the various tissues determined by the 2-thiobarbituric acid (TBA)
analysis (Sinnhuber and Yu, 1958).
Balance Feeding Trial: Two female Wistar strain rats were fed
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a diet containing 4% vacuum redistilled TEP (1. 31% MA) in a basal
GRMR for eight weeks prior to the 12 day balance trial.

At the end

of 12 days of urinary and fecal collections, animal No 1 was sacrificed and whole body analysis conducted.
on animal No. 2 for an additional 14 days.

Collections were continued
Animal No. 2 was then

placed on the control diet without TEP and collections were continued
for an additional three week period.

MA was determined according

to the procedure of Sinnhuber and Yu (195 8).

Feeding Trial; Blood Fractionation: Blood obtained by cardiac
puncture from male Wistar strain rats receiving various treatments
was fractionated.

Fractionation was conducted on blood from two

rats receiving the basal GRMR, four receiving the GRMR containing
3% vacuum redistilled TEP (1. 31% MA) for 36 weeks, and two animals sacrificed two hours after being administered 1996 mg TEP per
kg (65 3 mg MA/kg) in a single oral dose in 1. 75% gum tragacanth
suspension.

The plasma was removed from the oxalated blood by

centrifugation and the erythrocytes were washed and hemolyzed according to procedures described by Drabkin (1949).
stroma was washed five times with cold water at 10 .

The separated
Protein in the

purified hemoglobin solutions was precipitated by the addition of one
volume of cold 10% trichloroacetic acid and the supernatant separated
by centrifugation.

Hemoglobin was determined by analysis for iron

(Association of Official Agricultural Chemists, I960).. MA was
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determined according to the micro TBA analysis previously des.critxed.

Feeding Trial Anemia: Twelve weanling Wistar strain male rats
from four litters were fed a GRMR containing 3% vacuum redistilled
TEP (1. 31% MA) for 60 days.
et.

In addition, two were fed a control di-

At the end of 60 days the rats receiving TEP were divided into

pairs based upon blood analysis (hemoglobin and hematocrit).

The

paired rats, receiving their original diets for an additional 30 days,
were administered the following intramuscular injections:

7.5 mg

iron, once; 7.5 mg iron, weekly; 1.0 mg pyridoxal hydrochloride,
twice weekly; 1.0 mg pyridoxine, twice weekly; 7.5 mg iron, weekly
and 1. 0 mg pyridoxal hydrochloride, twice weekly.

Iron was in-

jected as an iron-dextran complex, Armidexan 75 (Armour Pharmaceutical Company).
Blood samples were obtained from the tail and 24 hour urinary
excretions collected after prior administration of J^-tryptophan load
of 230 mg in a single oral dose via stomach tube.

Determinations

for hemoglobin (Crosby, Munn and Furth, 1954 ; Crosby and Houchin,
1957), hematocrit and 24 hour excretion of xanthurenic acid (Porter,
Clark and Silber, 1947) were made at 0, 15, and 30 days after the
initial intramuscular administration.

Subacute Feeding Trials: I.

Weanling Wistar strain rats from

three litters were randomized by litter and weight allotted into four
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groups containing two animals of each sex.

The groups were desig-

nated to receive MA as a vacuum redistilled TEP at dosages of 0, 1
and 3% in a GRMR for 15 0 days.

One control group was fed ad lib,

and one pair fed to the level of consumption of the group receiving
TEP in their diet.
II.

Weanling Sprague-Dawley strain rats from ten litters were

randomly allotted by litter and weight to seven groups containing five
animals of each sex.

The groups received MA as vacuum redistilled

TEP at dosages of 0 and 3% and as G-MA at a dosage of 1% in a purified ration for 15 months.

One control was fed ad lib. , while the

other was pair fed to the level of consumption of the group receiving
3% TEP.

Of the four groups receiving 3% TEP in their diet, one

group received a biweekly intramuscular injection of 7.5 mg iron
(Armidexan 75) and another group was given 100 mg of additional
alpha-tocopheral acetate per lOOg diet.

The purified ration consisted

of 64. 8 sucrose, 20. 8 vitamin free casein, 0. 2g cystine, 4. Og salt
mixture (Jones-Foster), 3. Og purified wood cellulose, 2. 2g vitamin
diet fortification mixture (Nutritional Biochemical Corporation), 3.8g
lard and 1. 2g cottonseed oil (Wesson oil) per lOOg basal diet.

Malo-

naldehyde derivatives were added to the basal purified diet replacing
an equivalent weight of sucrose.

All purified diets were prepared

weekly and stored at 7 .
The animals on both trials were caged individually and water
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was offered ad lib. Food consumption was measured daily for each
group and body weights were determined weekly.

Feed efficiency

(grams of diet per gram of gain) was calculated from zero to eight
weeks and maintenance requirements (grams of diet per 100g per
day) on consumption from 8 to 20 weeks on diet.
Blood samples were obtained from the tail during the trial and
by cardiac puncture at sacrifice.

Hematological studies included

hemoglobin (Crosby, Munn and Furth, 1954; Crosby and Houchin,
1957), hematocrit and erthocyte count. Blood samples were fractionated according to procedures described in the previous experiments and the purified hemoglobin solutions prepared according to
procedures described by Drabkin (1949).

Protein in the purified he-

moglobin solutions was precipitated by addition of one volume of
cold 10% trichloroacetic acid and the supernatant separated by centrifugation.

Erythocyte fragility was determined by diluting (41x)

whole blood samples in hypotonic saline solutions (0. 60 to 0. 10%).
After two hours at room temperature the dilutions were centrifuged
five minutes at 3000 rpm and A,
(540 m M-) of the supernatant de1cm
termined.

Erythocyte fragility was reported as percent hemolysis

in 0. 35% saline and was calculated as the ratio: A,
(540 mu.) of the
1cm
of the 0. 35% saline supernatant/A,
(540 mu.) water supernatant.
1cm
Plasma protein levels were calculated from total micro Kjeldahl
nitrogen analysis (Association of Official Agricultural Chemists,
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I960).

Twenty-four hours urine collections were obtained from three

animals of each sex from each group, pooled and analyzed for total
Kjeldahl nitrogen and free ammonia (Hawk, Oser and Summerson,
1954).

MA levels in the various biological materials were deter-

mined using methods previously described for the micro TBA analysis.

Heart, liver, spleen and kidney weights were measured at

death or at sacrifice on all animals and were examined for morphological change.

Liver tissue was examined histomorphologically.

Results:
Preliminary Feeding Trial: Tissue analysis of rats fed MA as
TEP at the 1 and 3% level (0. 33 and 1. 64% MA) in the diet for 38
days showed that MA or its derivatives are present in all tissue analyzed (Table 7).

Erythocytes of the rats fed the ration containing

1% TEP showed significantly higher concentrations of MA than other
tissues from the same animals.
Balance Feeding Trial: A balance feeding trial (Table 8) showed
that approximately 4% of the ingested MA fed as TEP was excreted
or retained in the body as MA or as unknown derivatives detectable
by reaction with TBA.

After cessation of feeding TEP in the diet,

excretion of TBA reactable substances was found to continue over a
three week period.
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Table 7.

Preliminary feeding trials: tissue levels
of rats fed a diet containing TEP
5% TEP Diet
MA- (mg/kg)

Tissue
Blood (whole)
RBC
Plasma
Liver
Brain
Kidney
Heart
Lung
Muscle
Mensenteric Fat

Table 8.

Rat
No.
ia
2
2

Time
(days)

a

12
12
26

103.5
-

42. 7
17.9
44.5
46.0
54.0
45. 6
4.2

1% TEP Diet

MA (mg/kg)

Control Diet
MA (mg/kg)
2. 3

15.2
38.6

3.9
1.0
2.0

3.4
6.3
2.8
9.7
5.2
6.3
3.5
3.0

3. 1
3. 2
1.9
2.9
1.5
1.9

Balance feeding trial: Excretion of MA by rats
fed a diet containing 4% TEP

MA (mg)
Intake
884.3
2062.3
5 245.7

Urinary
Fecal
Total
% Total
MA (mg) MA (mg) MA (mg) MA
Excretion Excretion Excretion Excreted
23.5
46.4
85. 1

14.7
30.4
63.4

38.2
76.8
148.5

4. 3
3. 7
2.8

Whole body analysis revealed 5. 37 mg MA (0. 6%) retained.
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Feeding Trial: Blood Fractionation: MA administered as TEP
was absorbed from the gastrointestinal tract and appeared in the
blood stream, initially in the plasma, and later was found to be concentrated in the erythrocyte where it appeared to be associated with
the trichloroacetic acid precipitatable protein (Table 9).

Analysis

of two samples of hemoglobin crystallized from pooled content solutions for MA revealed 202 and 226 mM per mole of hemoglobin.
These values closely approximate those obtained from analysis of the
erythocyte contents.
Feeding Trial: Anemia: Animals exhibiting an anemic condition
elicited by a GRMR containing 3% TEP excreted an excess amount of
xanthurenic acid over that of the control animals when administered
tryptophan (Table 10).

Intramuscular injection of pyridoxal or pyri-

doxine had no effect on the anemia or the excretion of excess xanthurenic acid after administration of trytophan.

Intramuscular injection

of iron partially corrected the anemia but had no effect on the excretion of xanthurenic acid.
Subacute Feeding Trials: The average level of MA equivalent intake (mg/kg/day) from 8 to 20 weeks on diet by rats in trial II (Table
14) which received 3% TEP in their diet was within the -95% confidence limits of the LD

bU

for MA administered as TEP.

the intake was somewhat above these limits (Table 11).

In trial I
These values

Table 9.

Feeding trials; blood fractionation: Location of MA in the blood
Blood Analysis

Hb
Animal
it
(g/100 cc)
Diet
No. Hematocr
14.77
1
61.7
Control
ii
15.30
2
58. 1
3.62
3
3% TEP
20.0
II
4
44.4
4. 69
n
4. 15
5
22.9
II
8.01
6
36.5
18.30
1996 mg TEP/kg
7
61. 1
11
18.40
8
60.8

MA

(mg/1)
2.9
3.2

19.3
30. 1
18.5
25.4
41.3
46. 1

RBC
95.5
88.8
66.7
99.2
74.2
84.4
1.0

1. 1

% MA
Plasma
0.0
0.0

MAa
Stroma (mM/MHb)
4.5
7
11. 2
15

31.5

1.8

8.8

3. 0

23.8
11.9
96.4
96.8

2.0

3. 7
2. 6
2. 1

342
292
211
204
22
24

a

Malonaldehyde concentration was based on hemoglobin since all MA was associated with
the trichloroacetic acid precipitated RBC protein.

Table 10.

Diet
Control
3% TEP

a

Feeding trial; anemia: Effect of intramuscular injection of iron, pyridoxal,
and pyridoxine on anemia and excretion of xanthurenic acida

Injection
Treatment
None
None
Ironb
Ironc
Pyridoxald
Pyridoxine"
Ironc+Pyridoxald

Average of two animals
7 . 5 mg once

Urinary Xanthurenic
Acid Excreti on
Hb (g/ 100 cc )
(mg/24 hour s/l00g)
Hematocrit
0 Days 15 Days 30 Days 0 Days 15 Days 30 Days 0 Days 15 Days 30 Days
48.5
15.7
15.8 .
49.5
.1.4
1.4
49.0
14.9
0.9
13.7
12.
0
45.5
42.5
39.0
6.2
4.6
6.2
12.9
8.5
12.0
9.5
31.0
40.0
7.0
35.0
6.6
6.7
13.5
12.7
42. 0
41.0
43. 0
6.7
6.7
5.0
12.9
11.6
12.4
12.2
41. 0
39.5
39.5
5.5
5.2
5.9
12.6
45.5
12.8
38.0
41.0
6.2
4.6
7.4
11.9
10.0
13.4
11.5
35.5
42.0
3.
7
3.4
41.5
2.9
c

7. 5 mg weekly
l. 0 mg twice weekly

d

o

Table 11.

Subacute feeding trial I: Weight gain, feed efficiency, maintenance
requirement, MA intake and survival

Die:t

Male

176^

170d

3% TEP
54c

17

Female

115d

37
82d
2

6
23c
10

Sex

Weight gain
0-8 weeks

(g)a
(s)
(g)a

Control

2

(s)

Feed efficiency"
(g diet/g gain)

Male
Female

Total MA intake
0-8 weeksb'e (g)

Male
Female

Maintenance "
(g diet/1 OOg/day)

Male
Female

MA intake 8-20
(weeksb'e (mg/kg/day)

Male
Female

Survival at 20 weeks

Male
Female

a

6.35
8.73

1% TEP

Pair Fed
Control
60c
17
43c
6

7.07
10.98

13.67
20. 12

3.98
3. 11

7.38
6.62

_
-

7.04
8. 65

7.99
8. 75

7.06
7.44

. -

230
283

784
859

_
-

2/2
2/2

1/2
1/2

2/2
2/2

2/2
2/2

_
-

6.85
8.56
_

Mean, N = 2 for each sex.
"Average
c
Significantly different from control, P< 0. 05 .
"Significantly different from pair fed control, P<0. 05.
e
Malonaldehyde equivalent.
Standard deviation from mean = (s).

10.73
13.01
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can be considered as being near to the highest tolerated dosage. During this same time period animals receiving MA as TEP in trial I
and as G-MA in trial II at the 1% level had an average intake of MA
equivalent to approximately one-half the LDC per day.
50
MA fed as TEP or G-MA in a GRMR or purified diet generally
caused a reduction in weight gain, feed efficiency and survival rate
while concurrently increasing the maintenance requirements.
les 11 and 14) (Figures 7 and 8).

(Tab-

A large part of the reduction in

weight gain of animals in both trials receiving 3% TEP as compared
to the control animals can be directly attributed to a decrease in diet intake caused by a reduction in palatability.

In both feeding trials

animals receiving 3% TEP in their diet showed approximately a 20%
reduction in weight gain over pair fed controls.

This reduction in

weight gain was significant (P<0. 05) only in trial II.

The reduction

in weight gain of animals receiving 1% TEP in trial I over control
animals, although not significant (P<0. 05), was accompanied by a
reduction in average feed consumption.

In trial 11, the significant

(P<0. 05) reduction in weight gain shown by animals receiving 1% GMA was accompanied by a small reduction in average feed consumption.

Control animals in trial I fed GRMR ad lib, showed a 70% de-

crease in feed efficiency and nearly a 40% increase in maintenance
requirements over the control animals fed the purified diet ad lib,
in trial II.

In trial I, animals pair fed GRMR to the level of
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consumption of those receiving 3% TEP showed a 63% reduction in
weight gain over the ad lib, controls during the first eight weeks on
diet.

The reduction in feed consumption of the animals pair fed to

the level of consumption of those receiving 3% TEP over the ad lib,
control animals in trial I and II was 34. 7 and 32, 8%, . respectively,
during the first eight weeks on diet.
Animals receiving MA as TEP and G-MA in the purified diet and
GRMR exhibited a general poor body condition, dermatitis and skin
lesions.

Rats fed doses of 3% TEP in a GRMR showed marked inci-

sor depigmentation indicative of a vitamin E deficiency.

In a puri:-

fied ration this syndrome was not observed, but symptoms of xerophthalmia were prevalent.

The purified diet containing 3% TEP eli-

cited a marked increase in excretion of urinary free ammonia (Table
18), while this diet containing 1% G-MA did not.

Total urinary ni-

trogen excretion was irregularly higher than control and pair fed
control animals.

Urinary urea excretion appeared to be unaltered.

MA was found to be concentrated in the blood, predominately in
the erythrocyte associated with erythrocyte protein, and in the liver
and brain tissue (Tables 13 and 16) (Figure 6).

The GRMR contain-

ing 3% TEP elicited a marked microcytic hypochromic anemia with
erythrocytes showing remarkable stability toward hypotonic saline
(Table 13).

This derivative included at the same level in a purified

ration resulted only in a slight and non-specific reduction in

54
henaatocrit and hemoglobin levels which were not affected by intramuscular injections of iron or additional dietary vitamin E (Table
16).

MA fed as TEP in a GRMR or as G-MA in a purified ration at

the 1% level did not cause an anemic condition.

Animals receiving

3% TEP in a purified ration were shown to exhibit somewhat lowered
plasma protein levels (Table 16).
At necropsy, animals receiving MA derivatives on both trials
showed a general increase in organ weights over those of control animals (Tables 12 and 15).

Female animals receiving 1% G-MA were

more affected than the males.

Increases in liver and kidney weights

were particularly significant.

The livers and kidneys showed a mot-

tled discoloration and some degeneration.
peared fibrous and segmented.

In addition, the livers ap-

Histological damage to the liver tis-

sue of rats receiving MA as either derivative was found to be extensive and very similar.

A marked enlargement and irregularity of

parenchymal cells and their nuclei (Figures 10 and 11) over those of
normal tissue (Figure 9) were observed.

Varying degrees of karyo-

lytic changes in the nuclei and loss of cellular outline, cytoplasmic
detail and staining quality seemed to confrom to what has been referred to as lytic necrosis (Shorter, 1961).

Extensive bile ductular

proliferation and fibrosis in the portal tract was a very prominent
morophological feature (Figure 13 and 14).

Occasional focal necro-

sis of liver parenchymal cells (Figure 15) and incidence of
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parenchymal nuclei vacuolation were observed. Extensive areas of
the liver parenchmal cells showed a marked cytoplasmic vacuolation,
tentatively attributed to a fatty change with cyst formation (Figure 16
and 17).

Table 12.

Subacute feeding trial I: Mean organ weights as g/lOOg body weight

Diet
Control
1% TEP
3% TEP
Pair Fed
Control

Sex
Male
Female
Male
Female
Male
Female
Male
Female

0.33
0. 38
0.43
0. 39
0.48
0.55
0. 33
0. 39

(s)
0.01
0.05
0. 14
0.05
0.00
0.08
0.01
0.09

Liver

Spleen

Hea rt

(g)
0. 15
0. 17
0. 17
0. 15
0.29a',b
0.44^.,b
0.09
0. 19

(s)
0.01
0.02
0. 05
0.06
0. 05
0. 28
0. 01
0. 01

2.99
3. 30
4.79a'b
3. 12
6.83a>b
6. 09a'b
2.95
3. 13

Kidne y
(s)
0.22
0. 19
1. 76
0.07
1.61
0.01
0. 21
0. 11

.(g)
0.33
0. 36
0.38
0.42
0.52a> b
0.57^, b
0.39
0.43

a

Significantly different from control mean, P< 0. 05. N = 2 for each sex.
t>Significantly different from pair fed control mean, P<0. 05. N = 2 for each sex.
Standard deviation from mean = (s)
Table 13.

Subacute feeding trial I: MA levels and blood analysis
Control

a

MA levels

Blood
analysis3-

a

Mean

Blood (mg/l)
Plasma (mg/l)
Liver (mg/kg)
Brain (mg/kg)
Hematocrit
Hb (g/100 cc)
RBC x 10~6/mm3
MCHb
MCV
MCHbC
% Hemolysis

6.1
0.9
8.2
8.6

40.8
14.8
8. 192
17.44
49.83
35. 11
89.5

1% TEP
28.5

3% TEP
42. 6

2.8

6.6

21. 6
12.8

23.7
16.9

38.5
14.2
6. 726
22. 17
59.57
36.84
83. 6

28.8
9.3

8.753
10.98
34. 13
31.50
19.4

Pair Fed
Control
7.6
0.3
0.3

8. 1
39.3
15.5
8.085
18. 02
49.79
39.92
81.7

(s)

0.02
0. 04
0. 06
0.02
0. 03
0. 02
0. 03
0. 01

Table 14.

Subacute feeding trial II: Weight gain, feed efficiency, maintenance
requirements, MA intake and survival
Die t
Sex

Weight gain
0-8 weeks

(g)a
(s)
(g)a

Male

Control
252cl
16

Female

(s)

150d

3% TEPe
133c,,d
13

76c<,d

12

24

3.59
4. 71

4.58
6.22

Pair Fed
Control
177c
5
93c
8

3.47
5. 03

1% G-MA
200c.d
19

105c>d
21

3.86
5.80

Feed efficiency"
(g diet/g gain)

Male
Female

Total MA intake
0-8 weeksb'f (g)

Male
Female

Maintenance^3
(g diet/lOOg/day)

Male
Female

MA intake 8-20
weeksb'* (mg/kg/day)

Male
Female

_

514

_

-

5 64

-

253
299

Survival at 5 2 weeks

Male
Female

4/5
4/5

4/5
5/5

3/5
4/5

_
-

4. 72
5. 75

5.96
4.86
5.23
5.75

9/20
6/20

_
-

4.32
4.92

3.69
2. 19
5. 30
6.26

a

Mean, N = 5 for each sex.
^Average
c
Significantly different from control, P< 0. 05.
"Significantly different from pair fed control, P< 0. 05
e
No significant difference among the four groups receiving a diet containing 3% TEP.
Malonaldehyde equivalent.
Standard deviation from mean = (s).

-0

Table 15.

Diet

Subacute feeding trial II.

Animal
Group No. .Sex

Heart

Mean organ weights as g/100 body weights
Liver

Spleen

(K)

J.s)

_LR)

J.s)

0. 04. . 3.24
3.51
0. 19

(g)

(s)

Kidney
(s)
(g)

Control

6

Male
Female

0. 38
0.42

0. 07
0. 11

0. 26
0. 32

3% TEP

7C

Male
Female

0.50a,b
0.68a>b

0. 15
0. 17

0. 25
0. 14
0. 49a,b 0. 20

4.79a'b 1. 71
6. 85a»b 2. 01

0.55a'b 0. 05
0. 78a>b 0. 14

3% TEP

8C

Male
Female

0.55a'b
0.86a,b

0. 06
0. 24

0. 38a'b 0. 16
0. 65a.b 0. 31

5.31a>b 0. 32
6.75a,b 1. 18

0.64a'b 0. 21
0.7ia,b 0. 07

PFC

9

Male
Female

0.41
0. 37

0. 15
0. 02

0. 21
0. 25

3.01
3. 13

0. 35
0. 37

3% TEP-E

10c

Male
Female

0.52a>b
0. 6la»b

0. 13
0. 09

0. 35a»b 0. 03
0. 5ia,b 0. 29

5.63a'b 0.48
6.65a»b 0.98

0. 65a, b 0.23
0. 69a'b 0. 32

3% TEP-F(2

llc

Male
Female

0.53a'b
0. 75a.b

0. 08
0. 14

0. 50a'b 0. 23
0. 49a,b 0. 27

6.03a>b 1.09
7.34a'b 1.72

0. 79a'b 0. 25
0. 81a'b 0. 16

1% G-MA

12

Male
Female

0.47
0.6la'b

0. 09
0. 12

0. 28
0. 36

4. 13
4.42

0.47
0. 11
0. 6la'b 0. 03

0. 02
0. 05

0. 05
0. 07

1. 17
0.02

0.25
0. 37

0.52
0.82

0.40
0.41

0. 08
0. 10

0. 06
0. 08

a

Significantly different from control mean, P<0.05. N = 5 for each sex.
Significantly different from PFC mean, P<0.05. N = 5 for each sex.
c
Not significantly different, P< 0. 05 .
Standard deviation from mean = (s)

b

CXI

Table 16.

Subacute feeding trial II: MA levels and blood analysis
Control

MA levels3-

Blood
Plasma
Liver
Brain
Hbc

Blood
Analysis3-

(mg/1)
(mg/1)
(mg/kg)
(mg/kg)
(mM/M)

Plasma p:rotein (g/lOOcc)
Hematocrit
Hb (g/100 cc)
RBC x 10 -6/mm3
MCHb
MCV
MCHbC

3.9

0. 6
6.4
5.9
38

7.34
41. 1
13. 2
7.037
18.77
55.43
32. 32

b

3% TEP
46.5
5. 3
35.8
18. 6

Pair Fed
Control
3.0
0.4

5. 2

368

7.0
41

6.43
40. 2
13.0
7. 389
17.78
55.63
32. 32

7.41
44. 3
14. 3
7.792
18.51
57.42
32. 38

1% G-MA
76.6
5.7

60.7
30.9
488

7. 18
43.7
14. 7
8. 127
18.27
53.95
33.72

a

Average
"No difference was observed among the four groups receiving a diet containing
3% TEP. Values represent an average of the four groups.
c
Malonaldehyde concentration was based on hemoglobin since all MA was associated
with the trichloroacetic acid precipitated RBC protein.

Table 17.

Subacute feeding trials II: Average urinary nitrogen excretion (mg/N/24 hours/lOOg)

Control
3% TEP
Pair Fed Control
1% G-MA

30 Days on Diet
Total
Urea
NH3
% N
N (mg) N (mg) N (mg) NH3N
79.6
84.0
4.6
5.8
111.1
84.9
12.2
10.6
127.3
81.5
4.9
3.8
105.9
97.7
5.1
4.8

60 Days on Diet
210 Days on Diet
Total
NH3
% N
Total
NH3
% N
N (mg) N (mg) NH3N N (mg) N (mg) NH3N
57.4
2.8
4.9
73.6
2.6
3.5
91.1
8.0
8.9
87.1
8.8
10.2
85.1
3.4
4.0
80.5
4.0
4.9
89.5
3.7
4.1
105.5
4.3
4.1
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Subacute feeding trial II: Average rat
growth
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Figure 9.

Normal liver parenchymal cells. Rat No.
21, Male, Pair Fed Control Bouin's 6|JL,
H&E, x 320.
NOV

Figure 10.

65

Abnormal liver parenchymal cells exhibiting
enlarged cell and nuclear size. Rat No. 74,
Female, 3% TEP, Bouin's 6^, H&E,x 320.

64

NOV

Figure 11.

65

Abnormal liver parenchymal cells exhibiting
enlarged cell size and irregular and enlarged
nuclei. Rat No. 43, 3% TEP-Fe, Bouin's^ix,
H&E , x 320.
NOV
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Normal liver parenchymal cells, vein and
bile duct. Rat No. 21, Male, Pair Fed Control, Bouin's, 6 JJL, H&E, x 128.
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NOV

65

Figure 13. Bile ductular proliferation and fibrosis in
the portal tract. Rat No. 81, Male, 3%
TEP, Bouin's, 6fj., H&E, x 128.

S9

Figure 14.

^H

Bile ductular proliferation and fibrosis in
the portal tract. Rat No. 57, Female, 1%
G-MA, Bouin1 s, 6 fi, H&E, x 128.

66

NOV

65

Figure 15. Focal necrosis of liver parenchymal cells.
Rat No. 81, Male, 3% TEP, Bouin's, 6|JL,
H&E, x 128,
65

Figure 16. Cytoplasmic vacuolation, fatty change and
cyst formation. Rat No. 81, Male, 3%
TEP, Bouin's#6|j., H&E.x 128.

6/

MOV

Figure 17.

65

Cytoplasmic vacuolation, fatty change, and
cyst formation. Rat No. 57, Female, 1%
G-MA, Bouin's 6|JL, H&E, x 128.

68
Discussion:

The physiological and anatomical changes elicited by dietary MA
fed as TEP and as G-MA were marked and generally similar.

It was

difficult to separate the response due to the interaction of. MA with
some fraction(s) of the diet altering its nutrient value and the response due to direct toxic action.
The reductions in weight gain of animals receiving 3% TEP over
the pair fed control animals can be directly attributed to the toxic action of MA.

Other reductions in weight gain were complicated by

varying degrees of decreased feed consumption due to a reduction in
palatability of the diet.

However, in all cases where MA derivatives

were fed a decreased feed efficiency and increased maintenance requirement was observed.

The GRMR used in trial I appeared to be

comparitively marginal in its nutrient value in relation to the purified diet used in trial II as judged by weight gain, feed efficiency and
maintenance requirements.
Dietary MA fed as TEP was largely metabolized of^altered so
that it was no longer detected by reaction with TBA.

It appeared to

be concentrated in the brain and liver tissue and particularly in the
erythrocytes.

Although there was no direct evidence of a chemical

bond between MA and hemoglobin, presumptive evidence indicated
an _in vivo reaction presumably involving the nucleophilic functions
on the hemoglobin molecule.

Such a reaction could cause a biological
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disfunction of the hemoglobin molecule resulting in an excessive synthesis load on the hemoietic system and may have contributed to the
observed anemia.
The anemia and symptoms of various classical vitamin deficiencies may be of nutritional origin caused by the interaction of MA with
some fraction(s) of the diet or a result of the direct influence of MA
on the metabolic process.

These responses were exaggerated by the

marginal nutritional value of the GRMR.

The marginal nature of

various commercial rations with regard to vitamin E has been observed by Kitabachi et al. (I960) and Chatterjee and McKee (1965).
They found that rat liver microsomes from animals maintained on
these marginal rations exhibited properties similar to those from
vitamin £ deficient rats.

The relative importance of these two

modes of action in eliciting these symptoms is not readily apparent,
but it is probable that both are functioning.
The excretion of excessive amounts of free urinary ammonia,
lowered plasma protein levels and abnormal metabolism of tryptophan indicate a disfunction in nitrogen metabolism resulting from
the ingestion of MA derivatives.

Excretion of excessive amounts of

free urinary ammonia by animals receiving MA as TEP may be a direct result of extensive liver and kidney damage.

However, animals

receiving MA as G-MA did not exhibit an increase in free urinary
ammonia, yet showed extensive liver and kidney damage similar to
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those receiving TEP.

The source of the free urinary ammonia is

not apparent, but one could rationalize that it may have resulted from
catabolism of body protein made biologically unavailable by in vivo
reaction with MA.

The lowered plasma protein levels may be a func-

tion of this mode of action.

A definitive mechanism for the cause of

abnormal metabolism of tryptophan is not readily apparent, but it
must involve an interference of MA with the basic metabolic process
and is not due to a lack of pyridoxal or pyridoxine.
On a purely chemical basis, part of the toxic effect of MA must
involve its strong electrophilic nature.

The great ease with which

MA undergoes nucleophilic attack by primary amino functions to
form an enamine derivative has been discussed in the text of this
manuscript.

In addition, Landsberg (1964; Landsberg and Sinnhuber,

1965) has shown that MA inhibits the in vitro enzymatic action of lipase and that it was more inhibitory than either formaldehyde or
propionaldehyde, two common products of lipid autoxidation.

The

toxic effects of dietary MA of nutritional origin may be a result of
its reaction with biologically important nucleophiles in the gastrointestinal tract and with less probability in the tissues at the cellular
level.

On the basis of substrate available, this reaction would pre-

dominately occur with the anaino acids and proteins in the gastrointestinal tract and in the blood stream.

It is entirely possible that

dietary MA itself never reaches sensitive tissues at the cellular
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level, but arrives there as a derivative of numerous nucleophilic
compounds.
The direct toxic action of MA at the cellular level may not be
elicited by MA itself, but by its derivatives derived from various
nucleophilic compounds.

The similar toxic effects of the enamine,

G-MA, and the improbability of this highly reactive compound reaching the cellular level without first undergoing reaction lends support
to this theory.

Since the aldimine reaction product of MA and pri-

mary amines exists predominately as the enamine tautomer, MA is
rather unique in relation to the other carbonyl compounds derived
from autoxidized lipids.

A large proportion of the other carbonyl

compounds undergoing a similar reaction would be expected to yield
an imine (Layer, 1962).

Enamines are of great interest since they

possess nucleophilic character and are capable of participating in
alkylation and acylation reactions under relatively mild conditions
(Stork et al. , 1963). The total toxic action of MA then could involve
both the attack of essential biological systems as a potent electrophile or as a derivative of primary or secondary amines possessing
nucleophilic character.
Kaunitz (1962), Kummerow (1962), Matsuo (1962) and Mead
(1962) have recently reviewed the biological and nutritional effects of
autoxidized

lipids.

Although one can not attribute the total toxic ac-

tion of autoxidized lipids to MA, it is interesting to compare their
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physiological responses.

A general reduction in growth rate, in-

creased kidney and liver weight, an increased protein requirement
and enhancement of the development of symptoms of certain classical vitamin deficiencies have been observed.

These vitamins include

both fat-soluble vitamins E and A and members of the water-soluble
B-complex.

Kaunitz (1962) points out that these physiological effects

are not due to the destructive effect of the oxidized material on dietary components, but to their influence on the metabolic process,
per se.
The total toxic effect of autoxidized lipid of a dietary or in vivo
origin must be considered as multiple in nature.

It could involve

both the major products of autoxidation, peroxides and carbonyl compounds, and highly reactive free radical intermediates.

MA can be

considered as only one of the toxic materials absorbed when autoxidized lipids are fed.

Kaunitz et al. (1965) showed that the product of

the alembic distillation of ;highly oxidized lard, which contained illdefined cleavage products of fat oxidation, was exceedingly toxic to
rats.

This fraction would certainly contain MA.

Ueno et al. (I960)

showed a great increase in carbonyl material in lymph of rats fed
autoxidized lipid.

It should be pointed out that MA and other water

soluble oxidation products of lipids would also be absorbed via the
portal system and appear in the blood stream.

Material reactable

with TBA has been observed in the blood of rats (Rasheed et al. ,
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1963) and mink (Stout et al. , 1964).

Since peroxides do not appear to

be absorbed as such, but are reduced during the process of absorption and absorbed as oxygenated acids (Mead, 1962), it does not seem
probable that MA detected in the blood stream could originate from a
peroxide derivative.
Recently, various investigators (Tappel, 1962) have found that
TBA reactable substances, which they designated as being peroxides,
are produced by in vivo lipid autoxidation in vitamin E or lipid in vivo
antioxidant deficient tissue.

In vitro lipid autoxidation of biological

systems, as measured by TBA reaction, has been shown to cause
damage to membranes of cells (Tsen and Collier, I960), lysosomes,
mitocondria and microsomes (Tappel, 19 62), to inactivate mitochondrial diphosphopyridine nucleotide-cytochrome c reductase, succinoxidase (Tappel, 1962) and microsomal X-gulono-dehydrogenase enzyme systems (Kitabchi et al. , I9 60; Chatterjee and McKee, 19 65),
and to cause random damage to the electron transport system (Tappel, 1962).
In vivo autoxidation of animal fatty tissue is believed to be involved in the formation of what is sometimes referred to as ceroid
pigments (Lea, 1953; Lea, 1957).

These pigments have been shown to

develop in the presence of peroxides in the living tissues of rats,
mink, pigs and chickens fed diets deficient in vitamin E and rich in
highly unsaturated fat (Lea, 1957).

Recently, these ceroid pigments
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have been characterized as a peroxidized lipid-protein complex
(Hendley et al. , 1964).

The pigments include an intercellular, fat-

soluble, yellow pigment and an intercellular, granular, insoluble,
dark brown substance (Lea, 1953).

In our laboratory (Stout et al. ,

1964; Yu, 1965b), similar brown fatty tissue obtained by biopsy
from mink fed highly highly autoxidized marine oil was shown to have
a relatively high peroxide value and contained considerable quantities
of MA as determined by the TBA reaction.

A large portion of the

determined MA was shown to be associated with the non-lipid fraction of the tissue (Yu, 1965b).
It is evident that products of autoxidized lipids derived either
from in vivo autoxidation of from dietary autoxidized lipids do cause
serious damage to biological systems.

Peroxides and intermediary

free radical products of lipid autoxidation may be responsible for
these various physiological responses.

However, there is no firm

chemical evidence that the MA determined by reaction with TBA is
predominately present in vivo as a lipid peroxide precursor(s). This
is only presumed because in vitro lipid peroxidation measured by the
TBA reaction can be directly correlated with peroxide determination
and oxygen absorption.

At the present time the detection of in vivo

peroxides via reaction with TBA can also be taken as evidence of at
least some in vivo formation of MA via lipid peroxide decomposition.
It should also be pointed out that in vivo peroxidation as determined
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by TBA reaction may be due to absorption of MA from dietary sources.

It seems highly presumptive at this time to preclude the parti-

cipation of MA and other carbonyl compounds in at least some of
these deleterious effects of in viv£ per oxidation.
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REACTION OF MALONALDEHYDE WITH GLYCINE
TO FORM N-PROP-2-ENAL AMINO ACETIC ACID
The susceptibility of malonaldehyde (MA) toward nucleophilic attack has been discussed in the introductory section of this manuscript.

The purpose of this investigation was to demonstrate this

susceptibility toward reaction with amino functions and to study the
conditions and mechanism of the reaction using glycine.

The reac-

tion of MA, derived from oxidized lipids, with amino functions of
biological materials in vivo and in vitro may have nutritional and
physiological significance.
Methods and Results:

Synthesis:

1,1, 3-Trimethoxy-3-ethoxypropane (or other alkoxy

derivatives of MA) (26. 7g, 0. 15 moles) was mixed with 14. 2 ml N
HCl with warming until the liquids became miscible.

After cooling

to room temperature, this solution was added with stirring to 7.5g
(0. 1 moles) of glycine in 20 ml water.

After stirring for one hour,

the solid product was filtered off and washed three times with 20 ml
portions of cold water.

Upon drying in vacuum at 50 , 11. 6-12.Og

(45-47%) of yellow-orange crystals were obtained.

The crude pro-

duct (5 . Og) was neutralized with 3. 5N NaOH, diluted to 50 ml with
water, and precipitated by slow addition of N HCl with rapid stirring,
to yield 3. 7g (74%) of nearly white crystals.

The once-precipitated

77product (3. 7g) was neutralized with 3. 5N NaOH, diluted to 30 ml with
water, and added to two volumes of MeOH.

To the hot, aqueous

MeOH solution, 150 ml of boiling acetone was added slowly.

After

allowing to cool slightly, the solution was filtered rapidly with suction. Crystallization at room temperature yielded 3.3g (65%) of
nearly white crystalline sodium salt.

Recrystallization from the

aqueous MeOH-acetone solvent system was repeated twice and then
the free acid was precipitated from aqueous solution (5g/50 ml) by
addition of N HCl to yield a nearly white, crystalline product.
product melted with decomposition at 157-158 .

This

Titration with NaOH

revealed 1.007 equivalents per 129. 114g (theoretical molecular
weight of the aldimine derivative).

Reaction with 2-thiobarbituric

acid (Yu and Sinnhuber, 1957; Sinnhuber, Yu and Yu, 1958) cleaved
the product and yielded 1. 003 moles of MA per theoretical molecular
weight.

The semicarbazone (McElvain, 195 3) of this compound mel-

ted at 225-227 .

The ultraviolet absorption spectrum (Beckman,

Model DU) showed a maximum in water at 271-272 mjj. (e 22,434)
(Figure 18).

An infrared spectrum (Beckman, Model IR-5A) in a

KBr pellet revealed a single N-H stretching absorption at 3255 cm
(Figure 19).

Analysis (Galbraith Laboratories, Inc., P.O. Box

1187, Knoxville 21, Tenn. ) calculated for CcH_0,N: C, 46.51; H,
5.46; N, 10.85.

Found: C, 46. 34; H, 5. 35; N, 10.78.

Reaction Kinetics: The reaction of MA with glycine to form
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oo

79

240
Figure 18.

250

260

270 280
290 300
Wavelength (mp.)

310

320

Ultraviolet absorption spectrum of G-MA in
water

80
N-prop-2-enal amino acetic acid (G-MA) under acidic conditions, results in a bathochromic shift in the ultraviolet absorption spectrum
of the reaction mixture (Figure 20) from that of predominately the
chelated enol of MA at 245 m\± (e 12,960) (Saunders and May, 1963)
to that of G-MA at 272 mfx (e 22,434). The formation of G-MA and its
hydrolysis was spectrophotometrically followed under the conditions
of pH and reactant concentration listed in Tables 18 and 19 using a
Beckman, Model DK1 recording spectrophotometer equipped with a
constant temperature cell holder.
20

The reactions were carried out at

in a one cm silica cell with distilled water as the reference.

The

concentration of G-MA in the reaction mixture at any time (t) during
the reaction was based on A,
(272 mu.) and the molecular absor1cm
bancy.

The observed rate constants were determined graphically

from the appropriate first or second-order plots of the data.

The pH

of the reaction mixture was determined using a Beckman, Zeromatic
pH meter.
from water.

Glycine used in the experiment was recrystallized once
MA in the form of the enolic sodium salt, sodium beta-

oxyacrolein (MA-Na) (Hiittle, 1941), was prepared according to the
modified procedure of Protopopova and Skoldinov (1958) described
previously.
Kinetic experiments showed that the over-all reaction of MA with
glycine to form G-MA conforms to a S,T2 mechanism and that the reaction rate is highly dependent on the hydrogen ion concentration
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Spectral changes associated with the formation
of G-MA
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(Table 18) (Figures 21 and 22).
served near pH 4. 20.

A maximum reaction rate was ob-

The rate of the reaction decreased rapidly at

hydrogen ion concentrations greater or less than at pH 4. 20.

The

rate constants listed in Table 18 should be considered as observed
rate constants since under the acidic conditions of the reaction the
amino function of glycine exists largely as the protonated amine,
which does not possess nucleophilic character.

The actual concen-

tration of the nucleophile (-NH ) can not be determined accurately,
but it should remain constant at concentrations in the order of magnitude of 10

-6

to 10

-7

molar.

The acid catalyzed hydrolysis of G-

MA yielding MA and glycine exhibited kinetics which appeared to conform to a SI mechanism (Table 19) (Figures 23 and 24).

Table 18.

Reaction
No.
1
2
3
4
5
6
7
8
9
10
11
12
13

MA

^M r
40. 0
40. 0
40. 0
40. 0
40. 0
40.0
40. 0
40. 0
5. 0
10. 0
20.0
30.0
40. 0

Experimental conditions for the reaction of MA
with glycine and observed rate constants
Reaction Conditions
Glycine
HC1
kxl
?l
-1
-3
2
10"
'
PH
M.M 1~ x 10"
1 \iM min.
|JLM 1
x
10. 0
10. 0
10. 0
10. 0
10. 0
10..0
10. 0
10..0
50. 0
50. 0
50. 0
50. 0
50. 0

75.00
25.00
10.00
5.00
3.00
2.50
1.25
0.62
7.80
7.90
8.00
8. 10
8.20

2. 60
3.20
3.60
3.90
4. 10
4.24
4. 64
5.00
4.20
4.20
4.20
4.20
4.20

0.57
0.90
1. 15
1.45
1.69
2.07
1.67
0.51
1. 67
2. 02
2.33
2.59
3. 01
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Rate of the reaction of MA with glycine as
a function of pH

84

0. 3

0.2--

i

X
I

Cuo

O

0. 1 --

20
30
Time (minutes)
Figure 22.

Rate of the reaction of MA with glycine as a
function of MA concentration
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Rate of hydrolysis of G-MA as a function of pH
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10

Figure 24.

20

3(
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Rate of hydrolysis of G-MA as a function of
concentration

Table 19.

Experimental conditions for the hydrolysis
of G-MA and observed rate constants

Reaction .Conditions
Reaction
No.

G-MA

HC1

nM r

MM 1

14
15
16
17
18
19

40.0
40.0
40. 0
40. 0
60. 0
80.0

-1

x 10

15.6
62.0
250. 0
1000.0
1000.0
1000.0

-2

PH

4
k x 10
min. -1

3.03
2. 35
1.82
1. 25
1. 25
1. 25

14. 1
47.9
77.9
186. 7
197.4
184.2

Discussion:

Chemical and spectral evidence indicates that MA and glycine
react to form the enamine, G-MA.

The presence of one titratable

carboxyl function and one mole of MA per theoretical molecular
weight indicates a condensation in a 1:1 molar ration.

This conclu-

sion is further verified by the formation of a semicarbazone of the
free carbonyl group.

The strong absorption (Log £4. 35) in the ultra-

violet region at 272 m(i. reveals the strong ir-fTr* electronic transitions
of a conjugated system in the molecule.

This would preclude the

presence of an imine linkage between MA and glycine.

This
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conclusion is verified by a sharp, single N-H stretching absorption
band at 3255 cm

.

Elemental analysis confirmed the above conclu-

sions made on the basis of chemical and spectral evidence.
The proposed mechanism of the reaction of MA and glycine involves the nucleophilic attack of the amino nitrogen of gylcine upon
the enol carbon atom of the alpha, beta-unsaturated carbonyl system
of the enol on MA which is followed by loss of water to form the enamine :

l}c-CH.= CH-OH + H2N-CH -xf-OHHO
^

^rp

Hfc'-'CH'-'CH- NH- CH - (/- OH

Ov
p
I^C-CH=CH-NH-CH -C-OH

The hydrolysis of G-MA, although kinetically conforming to a SI
mechanism, probably proceeds by a S 2 mechanism involving the
nucleophilic attack by water on the protonated enamine.

Since the

attacking nucleophile is the solvent and its concentration would not
change significantly during the reaction, the kinetics only appear to
follow a S,l mechanism.
N
Cromwell (1946) has postulated a similar mechanism for the reaction of 1, 3-diketones which exist primarily in the enol form.

That

is, the 1,4-addition of the nucleophilic nitrogen of the amine to the
enolic carbon atom, yielding a hydroxy intermediate which
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subsequently loses water to form either the imine or the enamine.
Similar to the keto-enol tautomerism exhibited by carbonyls, imines
exhibit a similar imine-enamine tautomerism (Dudek and Holm,
1961) (Layer, 1962).

The enamine structure is favored inmost ca-

ses where there are possibilities for conjugation resulting in resonance stabilization of the molecule.

Imines derived from carbonyl

compounds of the type RCOCH COR, RCOCH CO R and RCOCH CN
exist as enamines, although under certain conditions they may exist
as imines (Layer, 1962).

This is supported by the reported reaction

of sodium salts of various beta-hydroxy-alpha,beta-unsaturated ketones (Benary, 1930) and beta-alkoxy-alpha, beta-unsaturated ketones
(Cromwell, 1946) with several amine hydrochlorides to form betaamino-alpha, beta-unsaturated ketones.
The marked dependency of the rate of the reaction on the hydrogen ion concentration indicates that a particular molecular species
of MA is most susceptible to nucleophilic attack by the amino nitrogen of glycine. MA exists in aqueous solution predominately in the
enol form and below pH 4. 5 largely as the cyclic chelated enol
(Saunders and May, 1963; Mashio and Kimura, I960).

The enolic

hydroxyl function has a pKa of 4. 6 (Mashio and Kimura, I960) and
forms enolic salts (Huttle, 1941; Protopopova and Skoldinov, 1958).
MA in the cyclic chelate or in the enolate ion form would tend to stabilize the enolic hydroxyl and make it difficult to displace by
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nucleophilic attack.

The protonated enolic hydroxyl of MA would be

the most acceptable leaving group.

The free enolic form of MA

would exist in highest concentration at a pH slightly below its pKa.
This appears to be in agreement with the dependency of the rate of
the reaction on the hydrogen ion concentration.
It appears that the reaction of MA and amino functions can proceed under relatively mild conditions which are not too remote from
normal physiological conditions.

Alpha, beta-unsaturated aldehydes

and ketones as well as various dicarbonyl compounds derived from
oxidized lipids can undergo similar reactions.

Conditions for the

reaction of MA, derived from oxidized lipids, with various biologically important nucleophiles exist in food products, in the mammalian gastrointestinal tract and possibly at the cellular level in various
tissues.
Enamines have chemical properties which make them of great
interest.

Stork et al. (1963)have indicated the great ease with which

enamines of aldehydes and ketones undergo alkylation and acylation
by numerous electrophiles under relatively mild conditions.

En-

amine formation by MA confers to the MA moiety of the enamine a
greatly increased degree of nucleophilic character.

This could

point to a possible mechanism for the formation of carbon-carbon
bonds between certain aldehydes and ketones derived from oxidized
lipids and various electrophiles of a biological origin.

It is possible
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that enamines of MA may be of greater physiological significance
than MA itself.
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REACTION OF MALONALDEHYDE WITH PROTEIN
The reaction of the products of lipid autoxidation with biologicaLly important materials has been of wide and varied interest; particularly their reactions with proteins.

The purpose of these experi-

ments was to investigate the conditions and mechanism of the in vitro
reaction of malonaldehyde (MA) derived from its enolic sodium salt,
sodium beta oxyacrolein,. and from autoxidized lipid with protein.

Experimental:

Reagents and Materials: 2-Thiobarbituric acid (TBA) (Eastman),
l-fluoro-2, 4-dinitrobenzene (FDNB) (Nutritional Biochemical), bovine plasma albumin (BPA) (Nutritional Biochemical; Fraction V),
and gelatin (Knox No. 1, USP) were used without further purification.
Formaldehyde was prepared by hydrolysis of paraformaldehyde
(Eastman) according to the procedure of Walker (1953).

Sodium

beta-oxyacrolein (MA-Na) was prepared according to a modified procedure of Protopopova and Skoldinov (1958) previously described.
The fatty acid methyl esters of fresh anchovy oil were prepared by a
base-catalyzed methanolysis using 0. 1 N sodium methoxide (Luddy,
Barford and Riemenshneider, I960).

Silica gel G (Brinkmann) was

used as the stationary phase for thin layer chromotography (TLC) of
dinitrophenyl (DPN) amino acids.
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Reaction Kinetics: MA as MA-Na was reacted at 37

o

with BPA

in phosphate-citrate buffer under the conditions of pH and reactant
concentration listed in Table 20.

Samples were removed from the

reaction mixture at intervals and the protein precipitated by addition
of one volume of cold 10% trichloroacetic acid.

The protein was

rapidly filtered off and the filtrate was analyzed for unreacted MA
according to the micro TBA analysis described previously.

The

total MA concentration in the reaction mixture was determined by
direct micro TBA analysis of the reaction mixture.

Observed rate

constants were determined graphically.
Analysis of BPA Reacted with MA for Free e-Amino Lysine and
N-Terminal Amino Aspartic Acid: MA as MA-Na was reacted with
BPA at 37

in phosphate-citrate buffer at pH 4. 30 for 8. 0 hours un-

der the conditions of reactant concentration listed in Table 21.

Con-

trol samples of BPA were subjected to these same reaction conditions.

Total and unreacted MA in the reaction mixture was deter-

mined as in the kinetic experiment.

Total protein nitrogen was de-

termined by micro Kjeldahl analysis (Association of Official Agricultural Chemists, I960).

Reacted and unreacted BPA was reacted

with FDNB and the DNP protein was analyzed for e-amino lysine and
N-terminal amino aspartic acid according to methods described by
Frankel-Conrat, Harris and Levy (1955) and Biserte et al. (I960).
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Their methods were modified only by the use of TLC for separation
of the DNP amino acids.

The quantitative values obtained were not

corrected for losses occurring during protein hydrolysis and elution
from the chromatographic stationary phase since a control sample
was available.

Reaction of MA with Gelatin; Cross-Linking Experiment: Gelatin in aqueous phosphate or phosphate-citrate buffer was reacted with
MA, as MA-Na, and formaldehyde in Ostwald viscometric tubes under the conditions of pH and reactant concentration listed in Table
22.

The reactions were followed at 37

o , o
T 1 by determining the re-

lative viscosity values at various times up to 120 minutes.

Relative

viscosity values (ignoring kinetic energy correction constants for the
viscometer) were calculated as the ratio between the outflow time of
a 10 ml sample of the reaction mixture and the outflow time for an
equal volume of buffer in the same viscometric tube.

Interaction of MA Derived from Autoxidized Lipid with BPA:
Freshly prepared methyl esters of anchovy oil (10. 65% by weight)
were oxidized on BPA exposed to the atmosphere at 50 .

At 0,5,

and 15 days duplicate samples were extracted 6. 0 hours in a Soxhlet
extraction apparatus with chloroform.
termined gravimetrically.

The extractable lipid was de-

MA was determined in the lipid-protein

mixture before and after extraction by TBA analysis according to
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the method of Yu and Sinnhuber (1965).

Total protein nitrogen and

free e-amino lysine were determined as previously described.

Results and Discussion:

Kinetic experiments (Table 20, Figures 25 and 26) showed that
the over-all reaction of MA with BPA appeared to follow first-order
kinetics.

The reaction rate exhibited a marked dependence on the

hydrogen ion concentration with a maximum observed reaction rate
near pH 4. 30 (Table 20, Figure 25).

The decrease in free e-amino

lysine and N terminal amino aspartic acid in MA reacted protein, as
judged by reaction with FDNB, revealed that MA had reacted with
these nucleophilic functions on the protein (Table 21).

The reaction

of gelatin with MA did not appear to alter the viscometric properties
of the protein as compared to its reaction with formaldehyde (Table
22).

Viscometric hardening of gelatin sols has been used as a meth-

od for observing intermolecular cross-linking reactions of formaldehyde and various other carbonyl compounds (Milch, 19 63).
It is obvious that the reaction of MA with BPA was more complicated than the simple first-order kinetics would indicate and involved
several nucleophilic functions on the protein which may or may not
have been equally reactive.

The reaction rate exhibited nearly the

same marked dependence on hydrogen ion concentration as did the
reaction of MA and glycine.

It seems probably that this reaction(s)
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Table 20.

Reaction
No.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Experimental conditibhs for the reaction of
MA with BPA and observed rate conditions

MA
(mM/l)
31.0
31.0
31.0
31.0
31.0
31.0
44.7
58.7
88.6

Table 21.

BPA
(g/l)

MA
(mg/l)

20.0
20. 0
20.0
20.0
20.0
20.0

0. 0
84.5
150. 2
296.0
580.8
1140.8

BPA

(g/D
10. 0
10. 0
10. 0
10. 0
10. 0
10.0
10. 0
10. 0
10.0

R(saction
M ixture PH
3. 30
3.65
4. 15
4.30
4.45
5.20
4. 30
4.30
4.30

3

k x 10
/vain.
4. 15
6.24
6.79
8.43
7.92
4. 19
8.23
8. 15
8,29

% MA
Reacted
at 120 min.
41.9
53.8
55.8
62.9
54. 7
38.2
61. 1
60.9
61.4

Analysis of BPA reacted with MA for free
e-amino lysine and N-terminal amino
aspartic acid

Reacted
mM MA .mM e-Amino mM Aspartic
MA
% MA
/l6g
Lysine/l6g Acid/l6g
(mg/l) Reacted BPA N BPA N
BPA N
0.0
72.9
134.7
264.4
496. 1
871. 7

0.0
86. 3
89- 7
89. 3
85.4
76.4

0. 0
5.8
9.6
18.9
35.4
62.2

70.5
67. 1
59. 6
56.3
45. 0
28.8

1. 3
0.5
0. 3
T
-

20

Figure 25.

40

60
80
Time (minutes)

100

Rate of the reaction of MA with BPA as a function of pH

120

20

Figure 26.

60
8'0
Time (minutes)

Rate of the reaction of MA with BPA as a function of MA
concentration
oo
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Table 22.

Gelatin
(R/I),

MA-Na
(M/l)

2.5
2.5
2.5
2.5

0. 1
0. 1
0. 1
~

Table 23.

Viscometric properties of gelatin in the
presence of MA and formaldehyde

Formaldehyde
(M/l)

Relative
Relative
Viscosity Viscosity
(zero time) (120 min. )

Buffer
pH

_
0. 08

4. 0

2.00
2.00
2.13
2.08

6.0

8. 0
8.0

2.00
2.08
2.13
3.62

Interaction of MA derived from oxidizing
lipid with BPA

Time of Oxidation (days)
% Lipid Extractable
mM MA/l6g Non-Extracted BPA N mM MA/l6g Extracted BPA N
% MA "Bound" to BPA
mM e-Amino Lysine/l6g BPA N
% Loss of e-Amino Lysine

0

5

100.0

94.5

0.0
0.0

1.0
0.7

0. 0
68. 1
0. 0

62.8
63.3
7.2

15

94. 6
2. 1
1.4

69. 3
57.6
15.4
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involved a similar mechanism resulting in formation of an enamine
linkage between MA and the primary amino functions of the protein.
The quantitative relationship between the amount of MA reacted
with the protein and the loss in e-amino lysine and N terminal amino
aspartic acid appears to indicate that, at least to a large extent, only one reactive function on the protein is reacting with each mole of
MA under the conditions of the reaction.

Further evidence for this

conclusion is the apparent inability of MA to participate in an intermolecular cross-linking reaction with gelatin.

Approximately 70%

of the MA reacted with BPA appears to have reacted with the e-amino
lysine and N-terminal amino aspartic acid.

The remaining 30% may

have reacted with the nucleophilic sulfhydryl functions of cysteine,
the guanidino function of arginine and the imidazol nitrogen of histidine.
The data listed in Table 2 3 show that a large portion of the MA
derived from oxidized lipid in the BPA-lipid system was "associated"
with the exhaustively extracted protein fraction and that this was accompanied by a loss of free e-amino lysine.

Although there was no

direct chemical evidence for the existence of a chemical bond between MA and protein, this evidence supports the assumption of a
similar reaction of MA, derived from oxidized lipids, with the amino
functions of protein.
Desai and Tappel (1963) have presented evidence for the
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formation of a peroxy bond between oxidized linolenic acid and
cytochrome c in an aqueous system via a proposed free radical attack.

A mild acid hydrolysis of this oxidized lipid-protein complex,

specific for breaking peroxide linkages in lipid polymers (Chang and
Kummerow, 195 3), yielded a ether soluble material, presumably
lipid, and distillable MA as determined by reaction of the distillate
with TBA.

Before acid hydrolysis no distillable MA was present,

although a relatively high concentration of peroxides were found.
Their evidence can be interpreted as indicating that MA, as determined by direct TBA reaction, is derived from a lipid peroxide-protein complex precursor.

However, the acid hydrolysis used in their

experiments could have also easily hydrolyzed an enamine linkage
liberating free MA.
The elucidation of the nature of the interaction of the products
of lipid autoxidation in vitro and more importantly in vivo with protein is of great importance.

It is clear that this interaction is com-

plex and should be considered as multiple in nature.

It could involve

all types of products of lipid autoxidation in some degree.

Free ra-

dicals, which are highly reactive could cause considerable damage
to biological systems involving attack of the protein fraction.

It

should be pointed out, however, that free radicals are intermediates
in the chain reaction of autoxidation and would exist in low concentrations compared to the other products of lipid autoxidation.

Their
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attack on protein could also be considered as termination reaction,
thus breaking the chain mechanism of autoxidation.
Hydroperoxides, the primary products of lipid autoxidation, possess considerable nucleophilic character and attack electrophilic
centers to displace an existing group or a pair of electrons (substitution via a S,l or S,T2 mechanism or addition to an unsaturated carN
N
bon) (Bunton, I960).

Proteins on the other hand, do not possess

centers which are very strongly electrophilic in their character as
compared to the many nucleophilic centers.

However, certain nu-

cleopiles in the presence of peroxides are oxidized.

Of particular

interest with proteins are the sulfhydryl and free amino functions.
The mechanism of this type of reaction is still in question, for a polar-type (nonradical) (Edwards, I960) and a free radical chain mechanism (De La Mare, I960; Coppinger and Swalen, 1961) have been
proposed.

Regardless of the mechanism, it has been shown that hy-

droperoxides are reduced to alcohols by primary and secondary
amines poses sing at least one alpha hydrogen, yielding substituted
ketimines (or aldimines) as the principle nitrogenous product when
the reaction is carried out with excess amine (De La Mare, I960).
Formation of the substituted ketimine (or aldimine) in this reaction
was thought to involve, as an intermediate, a primary imine and/or
a carbonyl derived by hydrolysis of the primary imine.

Peroxide

oxidation of a protein primary amine would not only create a
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relatively strong electrophilic center on the protein, but in addition
could result in the formation of an intermolecular imine cross-link
between protein molecules.
Carbonyl compounds, the major secondary products of autoxidation, possess considerable electrophilic character and are known to
be susceptible to attack by a wide variety of nucleophiles.

Their re-

action with the amino functions are of particular interest.

The ma-

jority of these reactions involve an initial condensation of a carbonyl
function with an amine to form a imine type of linkage which then may
undergo further reaction leading to formation of brown "pigments"
and often intermolecular cross-linking of protein.

This series of

rather complicated reactions are sometimes collectively referred to
as the "browning reaction. " Reactions of this type in vivo between
carbonyls, derived from in vivo autoxidation of lipid material, and
protein or other biological material with nucleophilic character
would be of definite physiological significance.

It is possible that

these reactions may be participating in the formation of the previously described ceroid pigments accompanying in vivo lipid autoxidation.
The possible importance of in vivo carbonyl interactions has been
recently demonstrated by the apparent in vivo cross-linking of aortic
wall protein by certain carbonyl compounds (Milch, Jude and Knaack,
1963).
MA as a product of lipid autoxidation, could participate in the
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type of interactions described above.

The reaction of MA with the

free amino functions of BPA with the probably formation of an enamine linkage was demonstrated indirectly in this experiment.

En-

amine formation by the reaction of MA with primary amines would
be rather unique in relation to the probably predominate imine reaction product of the majority of other carbonyls derived from autoxidized lipids.

An enamine derivative of protein would confer to the

protein a carbon atom which would possess definite nucleophilic
characteristics which possibly would be capable of attacking various
electrophilic centers on lipid materials and form carbon-carbon
bonds between protein and lipid.
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SUMMARY AND CONCLUSIONS

In this investigation a micro 2-thiobarbituric acid (TBA) analysis for malonaldehyde (MA) in various biological materials was developed; the acute toxicity, subacute toxicity and associated physiological responses were determined; and the reaction of MA with glycine and bovine plasma albumin was investigated.

These investiga-

tions lead to the following results and conclusions:
(1) A micro adaptation of the original quantitative TBA procedure of Sinnhuber and Yu (1958) applicable for analysis of blood,
urine and homogenates of liver and brain tissue was developed. This
micro analysis permitted the quantitative determination of as little
as 0.45 |JLM MA/kg.
(2) The median lethal dose (LD

50

) of MA administered to rats

as the ethoxy derivative, 1, 1, 3, 3-tetraethoxypropane (TEP), was
found to be 5 27 mg MA/kg body weight (equivalent to 1610 mg TEP/
kg body weight) with a slope function of 1. 67.
from 30 minutes to four days.

Death occurred in

Lethal oral doses of MA administered

as TEP elicited a series of typical reactions which included:

a gene-

ral weakened condition between severe muscular contractions; respiratory failure as indicated by dyspnea immediately prior to death
and a general cyanotic appearance after death.

The LD

of MA ad-

ministered as the enolic sodium salt, sodium beta-oxyacrolein
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(MA-Na), was 632 mg MA/kg body weight (equivalent to 824 mg MANa/kg body weight) with a slope function of 1. 23.
from 96 minutes to 24 hours.

Death occurred in

Lethal oral doses of MA administered

as MA-Na elicited a series of typical reactions which included: a
general weakened and inactive condition; a yellow mucoid anal excretion; respiratory failure as indicated by dyspnea immediately
prior to death and a general cyanotic appearance after death; a hypothermal condition immediately upon death; inflammation of the ileum
area of the small intestine; and an edematous condition of the peritoneal cavity.
The LD_

of MA determined with TEP was probably somewhat

complicated by the effect of ethanol and various possible hydrolysis
products.

The LD _ of MA determined with MA-Na can be consi-

dered as the more accurate estimation of its acute toxicity.
(3) MA was fed to rats as the ethoxy derivative, TEP, or as the
sodium salt of an enamine derivative of glycine, sodium N-prop-2enal amino acetate (G-MA), in their diets. The animals consumed
levels ranging from about one-half to slightly over the LD
body weight.

/day/kg

Nearly 95% of the MA ingested as TEP wai? metabo-

lized or altered so that it was no longer detectable by reaction with
TBA.

Excretion continued for a considerable length of time after

cessation of feeding.

Ingested MA was absorbed and distributed

throughout the body and concentrated particularly in the blood and
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glandular tissue.

In the blood stream, MA was concentrated in the

erythocytes where it had apparently reacted in vivo with the protein
of the intracellular contents, tentatively with hemoglobin.

The ani-

mals exhibited an anemia ranging from a slight non-specific type to
a marked microcytic hypochromic type depending on the level of MA
derivative fed and tentatively upon the nutritional value of the basal
ration.

This anemia was only partially correctable by intramuscular

injections of iron.

Intramuscular injections of pyridoxal or pyri-

doxine had no apparent effect.

Ingestion of MA as these derivatives

elicited the following series of additional anatomical, physiological
and/or biochemical changes over control animals: a decreased feed
efficiency; an increased maintenance requirement; a decreased
growth rate; varying degrees of dermatitis with numerous skin lesions; excretion of excess xanthurenic acid after administration of
an oral J_-trytophan load even with intramuscular administration of
therapeutic doses of pyridoxal or pyridoxine (only animals receiving
3% TEP in a commercial ration); increased excretion of free urinary
ammonia (only animals receiving 3% TEP in a purified diet); incisor
depigmentation indicative of a vitamin E deficiency dependent upon
the nutritional value of the basal ration; symptoms similar to those
described for xerophthalmia indicative of a vitamin A deficiency;
increased spleen, heart, liver and kidney weights; a somewhat decreased plasma protein level; extensive macroscopic changes in
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kidney and liver tissue; and extensive histomorphological damage to
liver tissue including what appeared to be a lytic necrosis of parenchymal cells, increased cell and nuclear size, extensive bile ductular proliferation with fibrosis in the portal tract and extensive vacuolation of parenchymal cell cytoplasm, tentatively from a fatty
change, with cyst formation.
The responses to dietary MA was quite varied and probably involved both a direct toxic action and an interaction with some fraction(s) of the diet to alter its nutrient value.

Both toxic actions, on

a purely chemical basis, may be traced to the great susceptibility
of MA to undergo nucleophilic attack.

It is highly probable that

dietary MA reacts before it reaches sensitive areas at the cellular
level and exists there as a derivative of numerous nucleophilic biological compounds including proteins.

These derivatives of MA

could well be the major source of direct toxic action at the cellular
level.
(4) The reaction of MA with glycine was found to yield the enamine, N-prop-2-enal amino acetic acid.
to conform to a S,T2 mechanism.
N

The reaction was shown

The rate of the reaction was shown

to be highly dependent on the hydrogen ion concentration and a maximum observed reaction rate was found near pH 4. 20.

The suscep-

tibility of the enamine toward acid catalyzed hydrolysis was established.

The postulated mechanism for formation involved the
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nucleophilic attack of the amino nitrogen of glycine on the electrophilic end carbon atom of the alpha, beta-un saturated carbonyl system of the enol of MA.
(5) The reaction of MA with BPA was shown to involve the eamino lysine and the N-terminal amino aspartic acid functions as
judged by the loss of these groups to reaction with 1 -fluoro-2, 4-dinitrobenzene.

The over-all reaction appeared to conform to first-

order kinetics.

The reaction was shown to be markedly dependent

on the hydrogen ion concentration with a optimum observed reaction
rate near pH 4. 30.
linking reaction.

MA did not appear to participate in a cross-

No viscometric hardening of gelatin sols was ob-

served as compared to the significant hardening produced by formaldehyde.

Presumptive evidence for the reaction of MA, derived

from oxidized lipid, and the e-amino lysine functions of BPA was obtained .
The similarity between the pH dependency of the reaction of MA
with BPA and glycine under aqueous conditions suggests that the product of the reaction with the free amino functions of BPA is probably
an enamine.

A similar reaction product was postulated for the re-

action involving MA derived from oxidized lipid.
In this investigation the biological properties of MA were found
to be varied and marked.

Its acute and subacute toxicity, although

not as pronounced as many compounds, would seem to be significant
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when one considers that MA, as a product of lipid autoxidation, may
be consumed continually in the human diet.

Its contribution to the

total toxicity of dietary autoxidized lipids and biological effects of in
vivo autoxidation cannot be evaluated.

However, its biological effects

are somewhat similar to dietary autoxidized lipids indicating that its
mode of toxic action(s) may be similar.
The ease with which MA reacted with primary amino functions
points out its pronounced electrophilic chemical properties.

The re-

action of MA with primary amines to form an enamine is rather
unique in relation to the predominate probable imine reaction product of the majority of other carbonyl compounds derived from
autoxidized lipids.

Formation of enamine derivatives by reaction of

MA with various biological nitrogenous compounds could be of considerable significance since these compounds can participate in alkylation and acylation reactions under relatively mild conditions.

MA

could then act as a potent electrophile and as an enamine derivative posessing nucleophilic character in its action on essential biological
systems.

Ill
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