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ABSTRACT

140 -propionate utilization was found to be a useful in vivo indicator of the
severity of burn or irradiation injuries and the extent of Fecovery from such
injuries. Flash burns (9.2 ca.l/cmz, 30 percent of body area) or gamma irra-

diation (750 rad) produced a significantly reduced rate of 14CO2 production from

|14

from nonlethal injuries was associated with recovery of ability to oxidize pro-

C-propionate during the initial shock phase following exposure. Recovery

pionate within 1 to 2 weeks. In the case of animals exposed to irradiation plus
flash burns, a greater initial decrease in propionate oxidation was noted, and
recovery did not occur. The persistence of decreased rates of propionate oxi-
dation often was correlated with early mortality.

Analysis of urinary organic acid excretion patterns showed that healthy rats

14C ~-propionate. Following

excreted mainly 14C-citra,te after being injected with
exposure to injury, the excretion of 1'!'C—cii:rate- was reduced markedly. Recov-
ery of citrate excretion to normal ensued in 2 to 7 days in animals exposed to
nonlethal flash burns or gamma irradiation alone, but little recovery was noted
in animals exposed to both injuries.

It was concluded that a deficiency of Krebs’ eycle intermediates was a
significant characteristic of the initial metabolic state or "ebb' phase following
injuries and that biochemical events sensitive to irradiation were involved in
recovery, Measurements of the rate and pathway of propionate utilization
appeared to be a useful physioclogical monitor for estimating the extent of

recovery from thermal burns.
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INTRODUCTION

One of the acute problems in clinical biochemistry remains how to detect
variations in normal metabolic patterns which may result ifom a given type of
injury, thus enabling one to assess at early time periods which individuals have
sustained critical injuries requiring intensive care. The development of auto-
mated, high-resolution methods of analysis (reference 13), in which all or many
of the constituents of body fluids may be separated and quantitated, appears to
offer a new approach for investigating metabolic responses to traumatic injuries
and the extent of recovery from such injuries. By use of high-resclution organic
acid analyses, propionate accumulations in the bloodstream often were observed
to be a feature of critical injuries in animals (reference 6), but it was necessary
to resort to loading tests or isotopic labeling of metabolic pools in vivo in order
to obtain sufficient sensitivity for studying metabolic responses to nonlethal
injuries (references 6 and 7). Various authors have found an increase in early
mortality when animals have been exposed to nonlethal levels of ionizing radiation
and burn (references 1, 2, 5, 6, and 10). The mechanism appears to result in a
more pronounced early shock phase from a given level of thermal injury. This
combination of injuries thus might provide an excellent model for investigating
metabolic abnormalities occurring at early times following burn injury in experi-
mental animals. Previous studies have shown that 14002 production in vivo
from 1-14C-propionate was significantly depressed by injuries resulting from
exposure of rats to airblast, flash burns, or 6OCco-garnma irradiation (reference
7), but no studies of combined injuries have been reported.

The initial metabolic response to trauma was termed the "ebb” phase by
Cuthbertson (references 4 and 16). This term was used to describe a period of
red. zed body temperature (small animals) and diminished vitality and metabolism
wit .irculatory deficiency as a central feature. In animals or patients that
succumb, the "ebb' phase appears to deepen progressively until a terminal stage
of necrobiosis is reached. Individuals recovering from injury appear to progress
into a "flow' phase within 24 to 48 hours after injury. The "flow" phase was
characterized as a2 return of body temperature to normal and increased pulse



and respiration along with a marked catabolism of protein. Although it would be
useful to estimate the state of recovery from the "ebb' and "flow" phases, no
chemical indicators have been found.

A principal change in the concepts of the metabolic responses to trauma is
that recent workers have challenged the assumption that decreased lieat production
in the "ebb"” phase was due to anoxia or decreased availability of glucose (refer-
ences 14 and 15). Although there was agreement that oxygen transport failed
during the terminal stages of fatal injury, it was argued that essential organs
were oxygenated adequately during the ""ebb’ phase as indicated by maintenance
of the redox state and the phosphorylation state of adenine triphosphate (reference
15). The defect in the ''ebb’ phase has been ascribed to interruption of the Krebs'
cycle at the stage of citric-acid synthesis resulting in decreased heat production.
Similar responses were reported in experimental animals exposed to hind-limb
ischaemia or thermal injury, but the causes of disruption of oxidative metabolism
during the initial metabolic responses to traumatic injuries and the nature of the
recovery processes were not explained (references 14, 15, and 16).

The metabolism of organic acids and of propionate, in particular, appears to
be the best chemical indicator of the severity of traumatic injuries and the extent
of recovery which has been found (references 7 and 8). While the catabolism of
labeled compounds in vivo to 14002 and the elimination of 14CO2 through the air-
ways is a complicated process, the metabolism of 1—14C-propionate is consider-
ably simpler than most compounds since only very low pools of propionate appear
to exist in vivo, and the transport of propionate into the liver and oxidation in the
mitochondria is very rapid {(reference 7). As an additional control, it is possible

to confirm the significance of reduced rates of 14C02 production by use of 2-14C-

14C from 1-14C-propionate is released as

propionate. While 100 percent of the
14C02 in one passage through the Krebs' cycle (reference 7), only 50 percent of
the 14C from 2-140-propionate is released as 14CO2 in the second passage
through the Krebs' cycle, and 50 percent of the remainder on each additional
passage. If there were any metabolic blocks in organic-acid metabolism, 2~14C-
propionate injections probably would label the intermediates that accumulate and
offer a means of detecting changes in the pattern of organic-acid excretion

(reference 7).

2



Thus, by utilizing highly sensitive radioisotope methods in conjunction with
high-resolution analyses of organic-acid excretion patterns, it was hoped to gain
insight into the nature of the metabolic problems in traumatic or irradiation
injuries and the nature of the recovery mechanisms.

Although radicisotope methods generally may not be a’ﬁi:ﬁ‘c‘able to human
patients, the progress being made in the synthesis and analysis of compounds
containing the stable isotope, 130, may allow the same approaches to be used
in patients with relative safety (reference 12). The synthesis of 1-130-pr0pionate
is relatively simple, and it should be available in the near future.



METHODS

Female, 150-200 g Sprague-Dawley rats were obtained from Bio-Science
Laboratories, Qakland, California, and maintained in 2 constant-témperature
room at 25°C and 70 percent relative humidity, with wa: r and Purina Rat Chow
supplied ad libitum. When the animals reached a weight of 225-250 g, they were
divided randomly into groups of 12 for exposure to thermal, irradiation, or both
forms of injury. Irradiation exposure was carried out while animals were
restrained in plastic baby-nursing bottles mounted on Masonite panels, with 750
rad of GDCO-gamma irradiation being delivered at a dose rate of 50 rad/minute.
After irradiation or sham immobilization for a similar period, the dorsal and
lateral surfaces were clipped. Then all animals were put into a state of deep
anesthesia with 4 percent Halothane in oxygen, delivered from an anesthesia
machine. The thermal and thermal-plus-irradiation groups were exposed to
flash burns from a pulsed quartz-lamp source while anesthesized (reference 5).
A thermal dose of 9.2 ca.l/cm2 over a body area of 88 crn? of the lateral and dor-
sal surfaces corresponded to a full-thickness burn over approximately 30 percent
of the body area. At this level of thermal injury, there was minimal penetration
of radiant energy into muscle tissue. By omitting air jets which cool the quartz
plates over the lamp sources, the output was increased to approximately 10 cal/
sz, a thermal dose which penetrated through the skin and muscle of the rats
but did not penetrate into the abdominal cavity.

Metabolic studies were carried out by injecting animals intraperitoneally
with 10 e of 1- or 2-14C- propionate and maintaining them overnight in glass

metabolic cages with water ad libitum. Methods of 14

CO2 collecnion and counting
were as described previously (reference 7). The 1-14C-propionate (NEC-093H,
20mCi/mmol) and 2-14C-propionate (NEC-051, 5mCi/mmol) were obtained from
New England Nuclear Corp., Boston, Massachusetts.

Overnight urine samples were collected in glass metabolic cages in the
presence of toluene. No food was given for this period due to difficulties in
separating food particles from urine. Samples from six animals were pooled

and lyophilized, then dissolved in 1 ml of 10N H280 4 The solution and



suspended matter were absorbed in 5 g of dried silicic acid (Mallinckrodt No.

2847), and a weighed aliquot of 1/3 to 1/2 of the total sample was added to the top
of 2 0.9 x 150 cm column containing 25 g of hydrated silicic acid packed in CHCl4
as described previously (references 7, 8, 8, and 11). e

After the sample powder was added to the column, a gradient elution cycle
(references 7 and 9) was started to separate labeled organic acids. The gradient
consisted of four Varigrad chambers connected in series as described by Kesner
and Muntwyler (reference 9), and the gradient was pumped through the column
at a rate of 100 ml/hr. The gradient consisted of the following solvent mixtures:
{a) 150 g of 2 percent v/v 2-methyl-2-butanol in CHCl,; (b) and (c¢) 150 g of 10
percent v/v 2-methyl-2-butanol in CHCIS; and (d) 150 g of 100 percent 2-methyl-
2-butanol. Five-minute fractions were collected directly into 20-ml liquid
scintillation vials with a Unifrac Fraction Collector (Savant Instruments,
Hicksville, New York). One milliliter of saturated ammonium carbonate
solution was added to each vial before use to prevent loss of volatile organic
acids. After analysis was complete (approximately 6 hours), the vials were
dried overnight at 70°C to remove the organic solvents and excess ammonium
carbonate. The residue was dissolvedin 1mlof 0.1 M H2$0 4 and counted as
described previously (reference 7).

Figure 1 shows a chromatogram of standard organic acids run by the above
methods. It is seen that these acids are well separated with the exception of
lactate and succinate. Since succinate, but not lactate, is an immediate metabo-
lite of propionate in the mitochondria, radioactive peaks eluting in this region
probably are succinate. Thus the organic acids involved in the immediate
metabolic sequence from propionate are well separated by the gradient developed
for this purpose. Extensive tables exist of the relative order in which organic
acids elute from silicic acid columns (references 7, 8, 9, and 11), so that, when
unknown peaks appear, a good guess can be made of their identity and proper
standards then run as tentative proof. The recovery of organic acids by this
procedure ranges from better than 75 percent for pumole quantities of labeled or-
ganic acids to better than 95 percent for labeled organic acids chromatographed in
the presence of 0.1 wmole of unlabeled carrier. A major factor affecting the recov-
ery of organic acids is that the sample must be acidified to a pH of 2 or below, as

the partition chromatography is based on separation of the undissociated acids.
5
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Figure 1. --Separation of standard 14C-organic: acids by partition
chromatography. [ For details, see methods section.
Sample contained about 0. 02 pCi of each of the follow-
ing acids: succinic acid-1, 4-14¢C (20 mCi/mmol);
LD-lactic acid-1-14C (38. 3 mCi/mmol); acetic acid-
1-14C (57 mCi/mmol); propionic acid-1-14C (20 mCi/
mmol); citric acid-1, 5-14¢ (22 mCi/mmol); and
2-methyl-3H-malonate (50 mCi/mmol).]



RESULTS

A comparison of the effects of flash burns and gamma irradiation, singly and
in combination, on mortality in rats is shown in table 1, ‘There was no detectable
early mortality in rats exposed to 750 rad, and the 30-day mortality was less
than 10 percent. The standard flash-burn injury resulted in a mortality of 20
percent or less in the first 7 days after exposure, and only an occasional rat
died at later time periods. Conversely, rats exposed to irradiation plus flash
burns exhibited approximately 90 percent mortality «fter 7 days, and none were
alive 14 days after exposure. These results show that exposure of rats to com-
binations of injuries may greatly increase mortality compared to rats exposed
to single injuries.

A comparison of the effects of single or combined injuries on the initial rate
of 1-14C -propionate oxidation in vivo is shown in figure 2. All injuries signifi-
cantly reduced the rate of propionate oxidation when the animals were tested 4
hours after exposure. However, animals exposed to both flash burns and irradi-
ation showed an impaired recovery from the initial injury and remained outside
the 2 standard deviation line from controls at all time intervals until death,
Animals exposed to single injuries exhibited a considerable degree of recovery
by 24 hours post exposure.

These results indicate that the initial rate of 1-14C- propionate oxidation
in vivo is a useful screening method for determining the times after injury that
oxidative metabolism is depressed and the extent of recovery therefrom.

As 2 confirmatory test, we have investigated the metabolism of 2-140-
propionate, which is oxidized at a slower rate than 1-14C—propionate. If any
significant metabolic blocks existed in organic-acid metabolism, any interme-
diates that accumulated probably would be labeled and excreted in the urine in
increased amounts.

When the rate of 2-14C-propionate oxidation to 14CO2 was measured in rats
exposed to single or combined injuries, a greater depression was noted in animals
exposed to combined injury (figure 3). An additive effect of flash burns and

gamma irradiation was found at 4 hours after injury compared to the reduction

7
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in propionate oxidation rate due to either injury alone. Since the initial rate of

14
C02

observation, this is evidence that the utilization of propionate through the Krebs'

production was reduced and the effect persisted over the entire period of

cycle was altered. If this effect of thermal and/or gamn'iz-t. irradiation were
simply due to slow absorption or slow release of 14002, one would expect to see
a lesser efiect on 2—14C -propionate oxidation than on 1-140- propionate because
of a slower rate of oxidation.

When urine samples were collected overnight from rats after injection with
2_14
excretion before and after injury. Approximately 0.5 percent of the injected

C~propionate, marked differences occurred in the patterns of organic-acid

dose was excreted in the urine of contregl animals; approximately 75 percent of
this radioactivity was in the form of citric acid, and smaller amounts were
associated with propionate and methylmalonate peaks (figure 4). The remainder
of the radioactivity eluted from the silicic acid column was not associated with
noticeable peaks and was assumed to be miscellaneous compounds only slightly
soluble in CHCI3
After exposure to injuries, the excretion of labeled organic acids decreased

-2-methyl-2-butanol mixtures.

markedly in all instances. A typical example is shown in figure 5, where rats
exposed to flash burns exhibited only a slight citric-acid excretion and small
amounts of propionate and methylmalonate when tested 24 hours after injury.
Animals that survived experimental injuries tended to return to pre-exposure
excretion patterns in 2 to 3 weeks, but secondary peaks were irequently noted
in the interim.

The variations in 14C-citrate excretion after propionate injection by animals
at varwous times after injury are summarized in figure 6. Either irradiation or
thermal injury reduced 1‘lc-citz'atte excretion, as did exposure of animals te both
injuries. Irradiation and flash burns alone did not result in as marked a decrease
in 14C-citrate excretion, and a considerable degree of recovery was noted by 48
hours to 1 week after injury. There was no sign of recovery in the combined~
injury animals, the 1‘q‘(.‘,-t:itrate excretion remaining about 1/20 of control values
from injury until death. Not only was the total 14C-citrate excretion decreased,
but the 14C-c:itra.te excretion as a pgrcentage of total counts recovered from

silicic-acid columns decreased. In the case of combined-injury animals,

11
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14C-citrate was only 17 percent of the total eluted counts at 24 hours after injury;
while in fasted, irradiated, or burned animals 24 hours after injury, 14C-citrate
was 55 percent, 33.5 percent, and 35.9 percent of the total recovered counts,
respectively. e

The levels of 14(3-citrate excretion were found to be more markedly changed
by exposure of animals to combined injury than the total citrate excretion.
Citrate concentration in urine samples from conirol animals was 5.18 + 1,78
umoles/ml, whereas combined-injury animals exhibited a urinary citrate level
of 1.64 + 1,04 pmoles/ml in the first 24 hours after injury. Thus the citrate
pool in liver mitochondria which becomes labeled in vivo and escapes into the
urine showed approximately a twentyfold change following combined injury,
while the citrate derived from the total cellular pool only showed a threefold
change in the same time period.

Although the total radioactivity excreted as propionate showed slight changes,
when calculated as a percentage of total cpm recovered from silicic acid columns,
there was a steady increase associated with the deterioration of combined-injury
animals (figure 7). Irradiation or thermal injury appeared to result in transient
changes in the percentage of organic acids excreted as propionate, but recovery

occurred rapidly.
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DISCUSSION

The association between a persistently depressed rate of propionate oxidation
and impending lethality in rats exposed to thermal injury [Sfu? gamma irradiation
is similar to that which has been observed in rats exposed to single injuries of
greater magnitude (reference 7). However, both the time to death and the extent
of inhibition of propionate oxidation appear to be different in animals exposed to
combined injury. The data presented here suggest that irradiation interferes
with recovery from the "ebb' or shocklike phase following thermal injury.

The ""ebb" phase was characterized as a reduced Krebs' cycle activity at
the site of citrate synthesis and a reduced rate of oxidation of 140 ~organic acids
by the Krebs' cycle (reference 15). Our resuits show that the "ebb" phase can
be monitored best by the rate of oxidation of 1~ or 2-labeled propionate because
the pathway of propionate intake into the Krebs' cycle is unidirectional and not
branched as it is for other acids like pyruvate (reference 7). Since propionate
appears to be rapidly transported into the mitochondria and incorporated into
Krebs' cycle intermediates (reference 18), it is reasonable to assume that the
nature of the labeled organic acids which escape and are excreted in the urine
might be related to the size of the pool of each acid in the mitochondria and the
facility with which they become labeled from propionate in vivo.

Thus, the greatly decreased excretion of 1‘;'IC—».:itra.te by rats following
injury is an indication that the citrate pools of liver mitochondria have become
low, Since no other organic acids are excreted in exaggerated amounts at early
times after injury, it is difficult to interpret the defect as one of a blockage of
the Krebs' cycle as proposed by Threlfall (reference 15). Rather, a more likely
explanation is that the "ebb' phase is characterized by a deficiency of Krebs'
cycle intermediates in the mitochondria, since a major factor affecting the rate
of citric-acid formation in rat-liver mitochondria appears to be the availability
of oxalacetate (references 17 and 19). Supplementation with Krebs' cycle inter-
mediates may be a useful adjunct to therapy in traumatic injuries, as such
administrations have been reported to reduce the mortality from hemorrhagic

shock in animals (reference 3).
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Insufficient regeneration of Krebs' cycle intermediates could account for a
deficiency of them in the liver mitochondria after injuries {reference 17). When
oxalacetate is used in the Krebs' cycle during energy production, it is regener-
ated by passage through the cycle and functions catalytically. However, when
oxalacetate is utilized in synthetic activities, such as glucose produetion by the
liver, it is not regenerated but must be replenished from other sources such as
amino acids (reference 17).

Thus, the results reported here suggest that the "ebb" phase following injury
may be characterized by a deficiency of Krebs' cycle intermediates in the mito-
chondria. The net effects would be a decreased oxidative metabolism and heat
production due to decreased citrate levels in the mitochondria (reference 15).
Recovery {rom the ''ebb" phase into the "flow' phase could be associated with
development of an increased capacity for mobilization of reserve materials such
as proteins as a source of Krebs' cycle intermediates. Since mobilization of
amino acids for energy production involves the induction of de novo enzyme
synthesis, an early effect of irradiation could result from the effects of genetic

damage on RNA synthesis.
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