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II.

ABSTRACT

Stability studies of liquid diet solutions maintained
under a variety of environmental conditions reveal,

based on both chemical and bioassay the following facts:

1. Refrigerated diets continue to retaim full utility

for periods observed to be in excess of twelve months.

2. Radiaztion exposure to Co., Jgamma rays at dose levels
of 5x106 Rad, ana 5x10° Rad respectively, reveals
that a slight loss in biological activity occurs

only at the higher radiation level.

3. Marked lcss in biological activity occurs in diets
storec at room or higher temperatures. Animals fail
to grow when fed a diet held at room temperature for
four months, while death occurs quite rapidly among
rats fed diet solution previously held at 60°C for

12 days time.

4. Loscs of biological ectivity and the developmernt of a
toxic character in the diet sclution are invariably

accompaniad by tne appearance of "browning".

Studies of the "browning phenomenon" reveal the hitherto
unrecognized fact that the key step in this rezction is

a diffusion controlled process invelving molecular oxygen
23 the determining factor in the generation of peroxides
within the diet media. By both simultanecus destruction
of preformed peroxides and *he prevention of their for-
mation, the browning phenomenon can be arrested. On the
basis of these findings, a new mechanism for the "browning
reaction" has been proposed. Further, it is believed that

the toxic character of heat aged diet soluticons is the
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consequence of both the formation of hydroxylated amino
acid antagonists as well as linoleate hydroperoxides.
Both products result from attack by peroxides upon the

diet amino acids and unsaturated fatty esters.

From the economy standpoint, liguid chemical diets have
been prepared using acid protein hydrolysates supple-
mented by the addition of necessary quantities of amino
acids. These solutions have further been shown to be
completely compiarable to diets prepared from pure indi-

vidual amino acids.

From the efficiency standpoint, liquid chemical diet
formulations have now been prepared with amino acid
patterns which yield a growth rate of 6.0 gm/rat/day

comparable to that obtained with protein diets.

Water balance studies in which "heavy water" was sub-
stituted in part for water present in the diet, reveal
from determinations of the DZO content in the urine
that two thirds of the animal body water turns over.
The remaining one third water represents water immo-
bilized with the cell structures. The time reguired
for water equilibrium to be established is of the order

of one week.

Study of total electrolyte distribution and diet osmo-
lality indicates that diet concentrations which result
in a kidney loading in excess of 1,00C milliiosmoles/
liter produce kidney failure and ultimately death.
This was found to be the case in the use of diet con-
centration of 40% and 50% fed to animals which were

denied ad libitum water. Diets of 30% concentration
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are found to be optimal in terms of both osmolality
and caloric content. Diets of concentrations lower
than 30% while osmotically safe, fail to meet effi-
ciently the caloric requirements of the rat, vis.
55/cal/rat/day.
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INTRODUCTION

Earlier investigations on our part1 as well as those
of Greenstein and coworkers2 with liquid diets, revealed that
the best chemical nutrient solutions while adequate to pro-
mote the growth of weanling rats (3-4 gm/day) and te maintain
adult animals in positive nitrogen balance, were not optimal
nutritionally. Judged in comparison with standard animal
chows, the liguid diet formulations were only between 50%-60¥%
as effective in promoting growth. It was not known to what
extent amino acid patterns were contributory or whether other
features of the diet such as osmolality were factors in im-—
peding the attainment of their ultimate nutritional potential.
Further, it had been observed previously that ligquid diet
solutions "browned" when exposed to ambient or hicher tempera-
tures and that these changes were accompanied by loss in part
of the nutritional content of the diet. The quantitative es-
pects of these nutrient losses and the related environmental
conditions responsible for inducing these changes had still
to be evaluated. Generally speaking, therefore, the earlier
studies had solved successfully the short term problems asso-

ciatad with liquid diet formulation.

Those studies which at this stage still remained, were
of longer range. Thecse were related to defining the limits
of utility of chemically constituted ligquid nutrient media in
terms of the sbility of their component nutrients to withstand
a variety of imposed environmental stresses, It was appreciated
that in crder to accomplish this objective of quantitatively
determining the magnitude of the induced chemical changes, a
number of analytical and bioassay technigues would be required
to be 4. veloped. Once having defined the intrinsic limitations

of iiquid diet systems as presently constituted, an effort then
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would need to be directed to understanding the nature of the
chemical changes thus induced so that an attempt could ke

made to mitigate in part their full nutritional impact.

in this connection specifically, questions relating
to vitamin or microbiological stability or of whether during
browning the amino acids within the diet reacted with glucose
with equal speed, all remained to be explored. Further, data
as to whether a ligquid diet could be formulated which was
optimal in terms of satisfying both nutrient and water require-

ments of an individual were lacking.

Thus, 1t is with problems sucht as these, as well as
with attempts at answering some of the questions posed by
the indicated chemical changes occurrinc within the ligquid
diet that the major portion of this report is concerned in the

sections that follow.

ii.
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NATURE OF CHEMICAL INTERACTIQONS OCCURRING
WITHIN LIQUID DIET SOLUTIONS

NON-ENZYMATIC BROWNING

The stability studies performed on liquid diet
preparations which had undergone a wide range of environ-
mental exposures, in some instances for periods extending
up to a year .a duration, revealed that intrinsically
solutions of this type were nutritionally adequate as
well as chemically stable provided that adequate care was
taken to insure that these scolutions were maintained at
4°C or less. Visual and biclogical evidence cf substantial
interactions appear, however, as the temperature of the
diet solutions is increasecd. Thus, diet sclutions which
had been allowed toc stand at room temperature in sealed
bottles for a pericd orf 4 months, failed to support normal
growth of weanling rats. The same formulation, when
heated at 60°C for 12 days, caused the death of all test

animals within a 10 day period.

The extensive "browning" noted 1m bota these diet
soluticns was thought to be due to the Maillard reaction.
This reaction, appropriately named after an early iavesti-
gator3 {1912), occurs whenever a reducing sugar (aldose)
and an amino acid or protein are permitted to interact.
Brown bread crust, as well as the Lrown appearance of corn

lakes, coffee, tobacco, ale etc. are familiar examples of

browning as it is normally encountered in everyday living.

The classical picturc of browning as it is kn

O

wn

to occur in solutions of amino acids and reducing sugar 1is
also observed with liguid diet formulations. The [lirst

indication of a reaction between, for example, gluccse and
glycine, is the observance of a drop in the pH of the solu-

tinn from an initial value of about 5.5 to abocut 4.5. This
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initial increase in solution acidity is rapidly followed
by the appearance of compounds within the solution which
possess ultraviolet absorption maxima in the region of

285 to 296 mp. Shortly thereafter, visible darkening of
the solution occurs characterized by broad absorption

over a range of several hundred millimicrons startinc at
about 408 mp. As the solution becomes progressively
darker, evidence of CO2 evolution is noted aleng with

the detection of strong characteristic aldehyde-like ocdors.
The brown solution itself becomes increasingly viscous and

ultimately sets to an inscluble hydrated gel.

Liquid diet solutions, by virtue of their composi-
tion and concentration, viz., one mole of total amino
acids and two moles of glucose are excellent vehicles for
studying the browning phenomenon. In terms of the molar
concentration of the individuzl amino acids, the molar
ratio of glucose to any given amino acid is between 20-40
times greater. Kinetically speaking, therefore, the con-
centration of glucose present within the media is essen-
tially constant. If it is assumed that 21l the amino
acids were of egual reactivity relative to reaction with
the glucose in solution, then one could expect that the
percent losses of all amino acids to be approximately
equal. This, in fact however, is not the case. The
basic amino acids, viz., histidine, lysine and arginine
are decidedly more reactive than any of the other amino
acids. So marked is thiecs difference that it would appear
chat the basic amino acids are about twice as reactive as
those aminoc ‘acids in which the R group is a simple ali-
phatic substituent, ex., valine, leucine, alanine, etc.
Thus, if one examines the data in Takle 1 it may be seen,

for example, that lysine having an amino group in the
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€-position as well as cne in the o-position disappears

. from solution just about twice as rapidly as glycine.
The comparative data in diet - #1 show losses of 61.5%
lysine; 30.0% alycine while in diet #2 the values are
59.2% lysine and 29.8% glycine. Interestingly enough,
diets #1 and #2 were liguid diet preparations of differ-
ent compositions, formulated by different people in dif-
ferent parts of this country, stored in different types

of containers, pclyethylene versus glass, at ambient con-
ditions which also differed and manufactured at time

interval of two years from oue anotaer. Despite these
differences, the same relationships are observed to hold

internally within each diet solution.

Thus, whereas in lysine the basic reactive addi-
tional amino functionality is derived from the €-amino
groups, in histidine this arises from the imidazole N,
whereas in arginine, the basic amino nitrogen occurs at
the 5-position, corresponding to the €-amino group in

ornithine.

Columns 3 and 4 in Table 1 show those amino acids
which are most liable to undergo C-N bond rupture and to
liberate ammonia when subjected to either ultraviolet or
ionizing radiation. This is approximately the same order
in which the amino acids react with the aldehyde functional
group of aldoses. If one, however, allows for the presence
of two functional amino groups in the basic amino acids as
well as the presence of R substituents in the amino acids
which can either promote or retard the participation of
the a-amino group in its reaction with glucose, it appears
that the rate of condensation of amino acid with glucose
is proportional to the total concentration of available

amino groups in the reaction medium. The significance of
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this fact will become evident in examination of the

browning of protein with reducing sugars.

Table 2 summnarizes the data of Lea and Hannon4.
It clearly indicates that dry casein heated with glucose
in moist air, selectively loses its basic amino acid com-
ponents in addition to methionine. (In Table 1, it has
previously been demonstrated that in a liquid diet solu-
tion, the same basic amino acids appeared to be twice as
reactive as other simple aliphatic amino acids in reacting
with glucose.) Their data tend to confirm the bifunction-
ality on the part of the amino groups of these amino acids
in regard to reaction with glucose since even when these
same amino acids are present in bound form in protein,

they are still destroyed in the browning reaction.

The browning observed by Lea and Hannon 1in the dry
state with casein along with its accompanying losses of
specific basic amino acids was also found to occur in a
sclution of serum albumin heated with glucose at 53°C§
Here too, amino acid destruction was confined to these
same four acids to tﬁe extent indicated in Table 3. The

essential pcints of these comparisons are the following:

1. That browning occurs both in the solid and

liquid state.

2. That browning is not limited to amino acids

but occurs equally well in proteins.

3. That at any given temperature the extent of
amino acid loss is related to the number of
exposed amino nitrogen or oxidizable groups

in eitherx protein or amino acid.
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NUTRITIONAL CONSEQUENCE OF BROWNING

It was previocusly indicated in discussion of
the stability of liquid diet preparations, that heat-
ing one such preparation for 12 days at 60° resulted
in the death of all experimental animals when the
browned diet was fed to weanling rats. The same formu-
lation left to brown at room temperature for 4 months
failed to produce any growth in test animals. The
physical losses in amino acids that accompany these
environmental exposures are recorded in Figure 1.

The crossbars in this figure represent the National
Research Council's recommended daily allowances of

these respective amino acids.

Despite the drastic losses sustadained by some
of the essential amino acids in the heated diet, the
observed lethality does not seem warranted by the
magnitude of the losses sustained by the affected
nutrients. Implicit in all of this is the possibility
that one or more toxic products may have been formed

during the browning process.

The distinct possibility that this may be the
case 1s evident in the work of Adrian, Petit and
Godon.©® These workers were able to cause a reduction
in growth, a drop in the protein efficiency coefficient
and decreased nitrogen balance in rats fed an adequate
casein diet to wiiich was added a solution of glucose
and glycine that had previously been heated at 90°C
for increasing periods of time. The observed toxicity
of the reaction products of glucose and glycine to

Phytophthora fragariae 1s consistent with this view.7

The possible nature of the toxic factor is considered

in a later section of this report.
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However, part of the difficulty in character-
izing "browning" has been the failure of previous
workers to recognize the free radical nature of the
browning reaction and particularly the role played by
oxygen. Viewed in this light, many of the seemingly
anomalous findings in prior browning studies are now
comprehensible. This is particularly trae in regard to

the observed marked ezffect of temperature on browning.

It is very convenient to examine the rate of
amino acid-reducing sugar interactions by measuring
the increase in optical density at either 2%96mp in the
ultraviolet or at 408mp in the visible region of the
spectrum. The similarity in the shape of the curves
at both wavelengths but absenée of identity in their
rates of formation, indicates that at each of these
wavelengths, the curves represent the genesis of dis-
tinct intermediate compounds formed in the browning
process, which may be related but are not identical.

(Figures 2, 3, 4 and 5.

Further, at the temperatures 50° and 60° the
formation of compounds which absorb at 296mp occurs
at a faster rate than for those compounds absorbing at
408mpu. It is not inconceivable that the 296mp absorbing
material is the precursor of that absorbing at 408mp.
All curves show an initial induction period which in-
creases in duration as the temperature is decreased.
At both wavelengths, however, the dramatic increase in

reaction rate with increasing temperature is apparent.

Therefore, more meaningful comparisons between
the rates of reaction of two different amino acids with

glucose can be expected at lower temperatures. Pursuing

0.

PR S PR
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this idea, a comparison of the rates of increase in
optical density at 296mu for the interaction of glucose
with both lysine and glycine at a temperature of 50°C
reveals that lysine is twice as reactive as glycine, a
conclusion that had previously been arrived at on the
basis of loss of these respective aiiino acids from

solution during browning.

Finally, in passing it should be mentioned that
the shape of all these curves is typical of reactions
in which peroxide formation and decomposition is

occurring,
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i 2. ROLE OF OXYGEN IN BROWNING

Retrospective examination of the curves re-
lating to the optical changes acccwmpanying the inter-
action of clucose with aminc acids reveals that oxygen
involvement in the browning reaction was a distinct
possibility. However, definite evidence as to the role
played by oxygen came during an examination of the oc-

currence of browning in the solid state.

In one experiment, lcllypops were prepared em-
ploying 20 parts of an amino acid hydrolysate and 80
] parts of sucrose to which was added a red food coloring.

The lollypops were cellophane-wrapped, and allowed to

age at room temperature for several months. On reexam-
ination, it was surprising to find that they had browned
only at the surface. This cbservation was contrary to
all expectations since the classical view of browning
involves the simple condensation of an aldose sugar with
an amino acid. If browning occurred at all, it could be
expected to occur uniformly throughout the specimens.
Here instead, however, browning was found to occur only
at the surface and this effect was found in all speci-

mens.

To further test th.s, tablets were prepared

consisting of 20% pure amino acids in the presence of

80% uiucose using different degrees of tablet compres-
sion. If oxygen diffusion were important to the reaction,
the loosely compressed tablet could be expected to brown
more rapidly than the densely compacted one. This result
was confirmed by finding that the densely compacted tab-
lets were oniy brown at the surface while the loosely
pressaed tablets were brown throughout. Next, compressed

tablets _onsisting of amino acids and glucose were
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prepared using various tablet lubricarts, some of
which contained saturated fatty acids; others an un-
saturated fatty acid. Here the degree or tablet com-
pression was uniform. Thosc tablets which contained
amino acides, glucose and magnesium stearate remained
white after three months at room temperature whereas
those in which a linoleate ester had been used as the
tablet lubricant, had browned. 1In these tablets, the
extent of browning was related tc the amount of un-

saturated peroxidizable fatty acid present.

Having observed the relationship between oxygen
diffusicn and oxidation with the occurrence of browning
in the solid state, it was decided to examine whether
browning in solution also involvoed oxygen participation.
To our knowledge, this relationship had never been re-
ported. Since the browninjy reaction at moderate tempera-
tures of soclution is sufficientiy slow as toc extend over
a considerable period of time, the diet solutions were
placed in long ampuls, sealed at the tep with parafilm,
aged at both room temperature and 38° and the resulting
changes recorded in time lapse movies. In the resulting
£film, it was seern that browning, as predicted, occurred

)
£ o

in sclution by proceeding from the

o))

ir-liquid interface

into the body of thz liquid.

The role of oxygen diffusion in triggering the
appearance of visual browning in solutions of amino

acid-glucose was reconfirmed in diffusion studies run

jol]

t ambient temperatures. Here, a ligquid diet solution

O
h

50% concentration was prepared containing 0.15%
agar and 0.02% butyl parzben. The diet solutions were
placed in long cylinders which were »lugged with ster-
ile cotton to keep cut microorganisms and then over-

layered with a thin polvethylene film to prevent
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evaporation of the sclution and yet allow the passage

of oxygen into the solution. The presence of agar
prevented the development of convection currents which
might cause mixing within the solution. These solu-
tions were left standing at ambient temperatures in

the cylinders. Within several weeks, a dark zone ap-
peared at the a2ir-liquid interface which, with increas-
ing time, increased in intensity and in magnitude. Here
too, the penetration c¢f browning into the interior of
the diet solution from the surface was obviously proceed-

ing in the wake of oxygen diffusion.

The picture that began to emerge from this study
was that browning occurred as the result of peroxide
attack upon the product resulting from the initial con-
densation of reducing sugar with amino acid. Frurther,
it appeared that where peroxides were already extant
in the amino acid-reducing sugar mixture, browning pro-
ceeded immediately. In those media where peroxides do
not ‘exist initially, the magnitude of the induction
period observed prior to appearance of browning repre-
sents the time required for peroxide formation. The
length of this induction period is markedly shortened

with 1ncreasing temperature.

Figure 6 clearly shows the relationship between
the number of peroxide molecules in the liquid diet
solution and the degree of browning observed at three

different temperatures at a given moment in time.

Specifically, Figure 6 represents liguid diet
solutions maintained at 4°, 24° and 37 and to which
dmM/1 of peracetic acid were added. To tubes of each

of these solutions at all three :"emperatures, various

10
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amounts of glutathione (reduced) were added and the
optical densities of the resulting solution read at
408mp. The resulting figure clearly indicates the
stoicheometry involved in the chemical browning of the

glucose-amino acid sclutions.

The point of intersection of the tangents of
the two slopes of the curve represents a stoicheometry
such that 8 millimoles of reduced glutathione have de-
composed 4 millimoles of peracetic acid. As one pro-
ceeds along the curve to the right of this point of
intersection, the concentration of glutathicne in-
creases with no corresponding increase in optical
density {(browning}. All values on the curve to the
left of the point of interaction represent concentra-
tions of peracetic acid in solution egual to the dif-
ference between the 4 millimoles of peracetic acid
and one-half the value of the molar concentration of

thiol on the X-axis.

The ability of thicls to inhibit browning
\defined here as the increase in absorption 408mp) in a
solution of glucose anéd amino acid is clearly seen in
Figure 7. With increasing concentration of thioglyc-
erol the magnitude of the increased length of time of the
induction period over that cf the control of glucose
and lysine alone at 60°, is progressively extended.

In the presence of freely available oxygen, the thiol
is able to inhibit browning only to the extent that
it is able to destroy peroxides formed in solution.
The parallel nature of the curves following the in-
duction period indicates that once all of the thiols

have been exhausted by chemical interaction with

1l.
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peroxides, the rate of browning is governed solely by
the rate at which peroxides formed within the given

solution react with the amino acid-a2ldose condensate.

Extrapolation of the linear pcrtion of this
family orf curves to the X axis yields a« value which
is a measure of the magnitude of protection afforded
by any given concentration of inhibitor within the
given system under study at the temperature in ques-
tion. These points replotted in Figure 8 show that
not much additional protection is tc be attained

beyond a 1% level of thioglycerol.

Figure 9 represents a linear plot obtained
when a fixed quantity of peracetic acid was added to
various diet solutions stored at 4°C and which also
contained different levels of glutathione. The fact
that these solutions had been previously stored for
several weeks prior to the addition of the peroxide
raises doubt as to the accuracy of the thiol value
recorded on the X axis. However, this fact does
not alter the linearity of this plot, only its slope

1s subject to change.

Having firmly established the role of both
oxygen and peroxides within the framework of the
browning reaction, it remained to be established at
what stage oxygen entered into the browning mechanism.
The observation of an induction period at temperatures
of 50°C or lower in plots relating the magnitude of
changes induced with time in systems containing both
active aldehyde and amino functions indicates that
the rate of peroxide formation within the media is

limiting at least initially.

Restated, the presence of a measurable




Contract NASw-517
Annual Report
October 1965

Scrwarz BloRESEARCH, INC

induction period indicates that under the stated
conditions the rate at which, for example, glucose
reacts with amino acid to form a peroxidizable
substrate is faster than the rate at which oxygen

is able to diffuse into the medium and form ap-
preciable quantities of peroxidé. However, as addi-
tional studies which will be presented in subseguent
reports will further reveal, a steady state of peroxide
formation and decomnosition is attained during the
browning reaction following the induction periocd. At
this stage, peroxidation no lcnger is the limiting
factor. Now the rate determining step becomes the

rate at which amino acid is able to react with reducing
sugar. The absence of an observed induction period in
solution of amino acid-glucose heated to temperatures
above 60°C confirms this fact. The slope of the plots
of OD versus time {Figure 7) is a measure of the rate
of glucose-lysine interaction. The identity of these
ciopes indicates that they are all measuring the

same reaction.
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REACT;ONS OF MODEL COMPOUNDS
Part of the difficulties, it was felt, 1in at-

tempting to trace the course of the browning reaction,
arise from the fact that the carbohydrate involved is
able to undergo a number of transformations which may
not be related to the browning reaction at all. A

case in point is the appearance within a mixture of
glucose and amino acid undergoing browning cf S5-hydroxy-
methyl furfural (5HMF). Therefore, it was of decided
interest to us to attempt to ascertain whether glucose
per se was essential to the browning process or whether
its function was simply to provide a water soluble
aldehyde (5-HMF). To examine this possibility, the
reaction of amino acid with a-pyrrolaldehyde (the N-
containing analoq of furfural) was studied. This
compound, which itself obligingly absorbs at 293my,
undergoes browning in the presence of amino acid forming

a reaction product which absorbs at 426mpu.

The measurement of the increase in optical
density at this wavelength with time permits a study
of its rate of browning. The characteristic absorption
spectrum of this compound both alone and subsequent to
reaction with lysine are seen in Figure 10. The rate
of browning of a-pyrrolaldehyde is depicted in Figure 11.
where a plot of increase of OD at 426mp with time 1is
represented. The principal advantages of using Q-pyrrol-
aldehyde in place of glucose are the thermodynamic
stability of the pyrrol nucleus and the ability to
determine the number of aldehyde groups participating
in the reaction by a measurement of the nitrogen content
of the product formed. Thus, on the basis of elemental
analyses of the product, the requirement of an exten-

sively conjugated system to account for its brown color

14,
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and the need to explain the role of oxygen in the
browning prccess, the folliowing mechanism is of-

fered; (see Mechanism 1).

The essential features of this mechanism are
first, a stoicheometry calling for two moles of alde-
hyde to react with one mole of amino acid to form an
N,N, disubstituted amino acid. Two of these molecules
are thought to be able by condensing and eliminating
two moles of water, to form a carbon - carbon bond.

If this reaction occurs in a head ‘to head fashion as
indicated in the above eguation, the likelihood exists
for the formation of a dihydropyrazine ring structure
such as the type indicated in the outlined scheme.
Whereas this explanation accounts for all of the known
facts, the possibility also exists for the occurrence
of a lateral coupling of a number of the N,N, disub-
stituted a-amino acids to form a substituted poly-

ethylene azine type polymer.

Adapting the mechanism proposed for the con-
densation of pyrrolaldehyde with amino acid to that of
glucose and amino acid yields the scheme shown in

Mechanism 2.

The significant modification introduced here
is an additional step involving the.peroxidation of
the a-C-H bond of the amino acid. This latter peroxi-
dized molecule is thought then to break down under the
influence of thermal energy to liberate, via an a-keto
acid, CO2

aromaticization of the dihydropyrazine ring to pyrazine.

and an aldehyde, with the simultaneous

Here too, in addition to the option of forming pyrazine

ring structures the possibility of forming polyethylene
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azine polymers, isoelectronic with pyrazine molecules,
is very likely.
Without directly contravening the essential

correctness of the pyrazine ring mechanism proposed

it is felt that in actuality, two polymeric pathways

leading to browninj exist and may be the more important.*

These two types of browning reactions are thought to
differ only with respect to whether the brown poly-
ethylene azine polymer fcormed is mono or disubstituted,
with substituents occurring at either carbon atom 1 or
2 or both of the chain backbcne which itself is derived
from the carbohydrate moiety. Although polymer ZIforma-
tion by both pathways is most likely to be a simultan-
eous occurrence, the choice of the two routes is
probably dependent upon the ratic of carbohydrate car-
bonyl groups to that of free amino groups within the
reaction medium. Thus, a high ratio for example, of
glucose to amino acid, would favor the formation of
the disubstituted polymer while a lower ratic favors

the monosubstituted polymer.

Superimposed on all of this is the fact that
competitive with the formation nf substituted poly-
ethylene azines is the cyclization reaction leading
to the synthesis of substituted pyrazines. The latter
are only thought to form at fairly aigh temperatures by
direct reaction of sugar and amino acid or from the

cracking of poclyethylene ._ine polymers.

There are several significant implications
! of the browning mechanisms propoged herein. The first

| of these is that browning is a free radical process,

! diffusion controlled at the lower temperatures w~aere

the rates of oxygen diffusion into the susceptible

*See following pages

el G i oo |
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medium and subseguent peroxidation are relatively slow.
At higher temperatures or when preformed peroxides are
present, the reaction begins immediately and 1s only
related to the concentration of amino and carbonyl
functicns within the media. The liberation of hydrogen
peroxide as a reaction product makes this reaction
autocatalytic. The control of browning, therefore, is
dependent upon the prevention of oxygen penetraticn
intc the medium as well as the destruction of extant
peroxides. The favorable influence cof low temperatures
in retarding browning is related to the absence of suf-
ficient energy to cause either peroxidation or the sub-

sequent decomposition of peroxides.

19.
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L.

BROWNING MECHANISM VIA MONOSUBSTITUTED POLYETHYLENE

AZINE ROUTE

A,

GLUCOSE-AMINO ACID SYSTEM

In this mechanism, the C1 aldehyde agroup is thought
to condense with the a-amino nitrogen to place a hydroxyl
'OH) group at the C, position. Subsequent loss of this
group in conjunction with @ hydrogen atom from C2 through
the elimination of water, creates a double bond between

C1 and C2. Enolization of the hydroxyl group at C., forms

the ketosamine or so-called Amadori rearrangement ;roddct.
Self-condensation of several Amadori products leads to
the polymers shown in equations (2) and (3). Dehydration
within these polymers by removal of OH and H groups from
carbon (2) and carbon (1) respectively generates a double
bond. Oxygen attack at the site of the a-C-H bonds of
the amino acid within these unsaturated polymers causes
peroxidation. Thermal destruction of tnese peroxides
leads to extensive conjugation of the unsaturated bonds
along the polyethylene azine polymer backbone with the
simultaneous liberaticon of CO2 and aldehyde from the
a-keto acid formed as well as an accompanying liberation
of hydrogen peroxide. Whereas glucose is depicted here
as the carbohydrate substrate, any carbohydrate moiety
with ¢ minimum of a HO%—?zO group 1is capable by this

H R
mechanism of undergcing browning.

20.
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II. BROWNING MECHANISM VIA DISUBSTITUTED POLYETHYLENE AZINE
ROUTE

A. GLUCOSE-AMINO ACID SYSTEM

In this mechanism, the C1 aldehyde group condenses
with the G-amino nitrogen to place a hydroxyl (OH) group
at the Cy position, identical to the initial step in the
monosubstituted polyethylene azine mechanism. However,
this chemical entity now reacts with a second molecule
of aldehyde to form (I) an N,N, disubstituted amino acid.

Dehydration of this intermediate at the C, and C, posi-

tions in each of the former aldehyde moieties respectively
produces the diunsaturated compocund II. Successive con-
densation of the latter via a free radical initiated
process yields (III) and (IV), higher polymeric units.
Thermally induced dehydration of IV produces V, an un-
saturated polymer believed responsible for ultraviolet
absorption observed during browning. The peroxidation

of V by O, at the site of the C-H bonds of the amino

2
acid and subsequent thermal decomposition by a radical

process of the peroxides thus formed, leads to formation
of a disubstituted polyethylene azine polymer along with

CcO hydrogen peroxide and an aldehyde.

2l
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TABLE 2

DESTRUCTION OF AMINO ACID RESIDUES 1ii CASEIN ON
REACTION WITH GLUCOSE AT 37°C
{70% RELATIVE HUMIDITY)*

5 DAY 30 DAY
AMINO ACI) % LOSS’ - % LOSS
LYSINE 67.0 91.C
ARGININE £.15 71.0
HISTIDINE 2.¢ 26,
METHIONINE .8 57

*Data of Lea C H., and Hannan R.S., Biochem.
et Biophys. acta, 5. 433 {1$50)

25.
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TABLE 3

SIGNIFICANT LOSSES I AMINO ACID CONTENT CF AN £%
SOLUTION OF BOVINE SERUM ALBUMIN HEATED WITH 3C%
GLUCOSE FOR 6 DAYS AT 53°C*

AMINGC ACID % LOES
LYSINE 57
ARGININE 55
HISTIDINE 149
METHIOLIIINE 12

*Data of Monammad A., Frankel-CTcnr:
Olcott H.S., Arch. Biochem. 24, 157 {(1242).




1
IH

-
]

dH1
dHd
S

D09

91 ¢4

Dy
1CULNOD

“:;m: (o] :o_v
FONINOIS ¥V4

TRLLE
| __ _

T T Y ) M
1
!
o
-
6

NOILISOdINOD dIOV ONIANY

e

i3ld NO JHNSOdX3 TVLINIANOHIANIG 40 1034-3

T ANDIA




4-09

()
r -+ 08

NOPLDOVHAINE (WD INIDATS
AG) 4SO 0MNTD NO JINIVHIdNIG L 1O 1D3 147







HYG.

,"

299

NOILOVHILNI (AL) ANIDAD

T Og

(WZ) 3SO0NT9O NO FHNLIVHIdNGL 40 103444

£ TdNOId

ON| 'HOUVE3LL

IUBQY




-\

SINOH

Vv a0




L Ll L T LT AN e

FILRFAN LI -

FIGURE 4

EFFECT OF TEMPERAT
LYSINE (W)

a0+ f
66C

301+

Q. D, AT A08mu
N
o
+

101+

/ 50 :




URE ON GLUCOSE (2V)
INTERACTION

—
100 150

OURS g




FIGURE 5

EFEECT OF TEMPERAF!

LYSINE (1M) |

80+

60 -

Q. D AT 296 mY
o
i

20

\
(8]
o

HQO!




J<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>