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The activities of the mouse liver enzymes tryptophan oxygenase, tyrosine amino-
transferase, and pyruvate kinase were measured after infection with three dose levels
of Salmonella typhimurium strain SR-11. Infection occurred in all groups as evi-
denced by an increase in bacterial numbers and by death of the animals. The
activities of the enzymes increased in all groups during the course of the infection.
The results obtained during infection are compared with those obtained after

endotoxin injection.

Considerable progress has been made in recent
years in describing the metabolic events that fol-
low injection of gram-negative endotoxin into
animals (13). Berry and Smythe (3) reported a
decrease in liver tryptophan oxygenase (TO) ac-
tivity in animals given endotoxin; this decrease
was maximal at the time the animals succumbed.
The decrease in the activity of this enzyme and
death of the animals could be prevented by ad-
ministration of cortisone at time of endotoxin in-
jection (4); but the activities of some other en-
zymes were increased. Rapoport et al. (15) have
shown that induction of TO occurs early in the
course of pneumococcal infection but returns to
normal levels 1 day after infection. Berry et al.
(5) demonstrated that the activity of tyrosine
aminotransferase (TAT) increases and suggested
that the associated loss of glycogen in endotoxin-
injected animals might be related to inability of
these animals to utilize glyconeogenic intermedi-
ates. Snyder et al. (17) associated the increased
activity of pyruvate kinase (PK) in endotoxin-
injected animals with the depletion of liver
glycogen.

LaNoue et al. (12) measured three gluconeo-
genic liver enzymes in rats infected with Pseudo-
monas aeruginosa and in animals injected with
endotoxin. These investigators did not distinguish
differences in the activity of either phosphoenol
pyruvate carboxykinase or fructose-1,6-diphos-
phatase after infection or endotoxin injection.
However, the activity of glucose-6-phosphatase
in endotoxin-treated rats was about 809, of con-
trol animals, whereas the activity in infected ani-
mals dropped to less than one-half that of control
animals.

The effect of infection with Salmonella typhi-

murium on the activities of host enzymes has not
been measured and the significance of these bio-
chemical events during infection with a gram-
negative organism is unknown at this time. The
purpose of this report is to relate the changes ob-
served in the activity of the enzymes TO, TAT,
and PK in mice infected with S. typhimurium to
the results of prior studies with endotoxin.

MATERIALS AND METHODS

Preparation of organisms. S. ryphimurium strain
SR-11 was maintained by weekly transfer on Brain
Heart Infusion-agar slants. Brain Heart Infusion broth
(Difco) was inoculated with organisms from an over-
night culture. After incubation for 12 hr at 37 C, the
organisms were centrifuged and washed 3 times with
0.15 M NaCl. The bacterial suspension was adjusted
to an optical density of 0.3 at 600 nm with a Bausch &
Lomb Spectronic 20 colorimeter. Duplicate plate
counts of this suspension showed 1.5 X 10® or-
ganisms/ml.

Inoculation of animals. Female Swiss-Webster mice
(18 to 20 g; Rockland Farms, Boyertown, Pa.) were
used. The mice were allowed to rest 1 week after
arrival before experimental use. Infection was es-
tablished by intraperitoneal injection of 0.5 ml of the
appropriate dilution of the standardized culture.

Preparation of mouse liver. The animal was sacrificed
by cervical dislocation, and the entire animal was
immersed in 70¢; ethanol for about 1 min. The liver
was removed aseptically and placed in a homogeniz-
ing tube containing sterile 0.15 M KCL. The organ was
homogenized for 2 min and samples were taken for
bacterial counts, enzyme determinations, and de-
termination of dry weight or protein content.

Bacterial counts. The numbers of organisms were
determined by serial 10-feld dilution of the liver
homogenates in sterile 0.15 M NaCl. A 0.1-ml amount
of each dilution was spread on the surface of SS agar
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plates. After 24 hr of incubation, colonies were
counted.

Liver dry weight and protein. Three milliliters of
the homogenate was placed in a preweighed porcelain
crucible and dried at 90 C for 16 hr. The crucibles
were again weighed. Correction for the KCl in the
homogenizing medium was made. Dry weight de-
terminations were used for calculation of TO and
TAT activity. Protein was measured by the Folin-
Ciocalteau procedure described in Kabat and Mayer
(9). This measurement was used in calculation of PK
activity.

Enzyme assays. TO was assayed by the method of
Knox and Auerbach (10) as modified by Berry and
Smythe (3, 4). TAT was measured by the method of
Rosen and Milholland (16). Both of these enzyme
assays used liver homogenates. For determination of
PK, the homogenates were centrifuged at 144,000 X g
for 30 min, and the supernatant fluid was used as the
source of enzyme in the assay procedure of Weber
et al. (21).

RESULTS

Relationship between infectious dose and tissue
numbers. To obtain quantitative data that might
reflect the severity of infection, groups of mice
were inoculated with 7.5 X 10!, 7.5 X 104, and
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FiG. 1. Viable bacterial counts of mouse liver after
injection with Salmonella typhimurium strain SR-11.
Infected with 7.5 X 10° (@), 7.5 X 10* (A), 7.5 X 10
(M). Each point represents mean value for eight mice.

0

SNYDER

=
\
/
\b
N

N

/

\
AN

INFEC. IMMUN.

X 2 38 3 7 5 7 7
T ey ! L
-
[ ]

Number of Organisms Per Gram of Tissue

SX
1

A IR U PR B B
6 0 12

4 8
Time After Infection(days)

FiG. 2. Viable body counts of mice infected with
Salmonella typhimurium strain SR-11. Infected with
7.5 X 10° (@), 7.5 X 10* (M), 7.5 X 10* (W). Each
point represents mean value for eight mice.

7.5 % 10° organisms. Groups of eight mice were
sacrificed at various intervals and the numbers of
organisms in the liver were evaluated (Fig. 1).
In a separate experiment, whole body counts were
done as described by Berry et al. (10). The animals
were sacrificed, skinned, and eviscerated. The car-
cass was homogenized in a blender, and bacterial
numbers were determined (Fig. 2). In both ex-
periments, a relationship between infecting dose
and kinetics of in vivo growth of the organism
was apparent. Only a few animals inoculated with
7.5 X 10% organisms survived longer than 3 days
after infection, whereas few of the animals inocu-
lated with 7.5 X 10* organisms survived longer
than 8 days. The numbers of organisms (about
2 % 108) in the tissues were maximal at the time
of death. The number of organisms recovered
from animals inoculated with 7.5 X 10! organisms
was lower than that obtained from groups in-
jected with the larger doses. However, some of
these animals survived the infecting dose and their
lower counts resulted in the lower mean value.
Microbial counts on the whole body tended to be
slightly higher than liver counts.

Infection and TO activity. Mice infected with
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Fic. 3. Changes in liver tryptophan oxygenase
activity of mice infected with Salmonella typhimurium
strain SR-11. Infected with 7.5 X 10¢ (@), 7.5 X 10¢
(A), 7.5 X 10 (). Fasted animals indicated by
dashed line. Each point represents mean value for eight
mice.
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FiGc. 4. Changes in liver tyrosine aminotransferase
activity of mice infected with Salmonella typhimurium
strain SR-11. Infected with 7.5 X 10% (@), 7.5 X 104
(A), 7.5 X 10* (W). Fasted animals indicated by
dashed line. Each point represents mean value for eight
mice.
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the three different doses of S. typhimurium all
showed an increase in TO activity over control
animals (Fig. 3). Animals infected with the higher
inoculum showed a greater increase in TO activity
after inoculation than was obtained in those in-
fected with lower doses of organisms. Regardless
of the infecting dose, the liver enzyme activity
increased to maximal activity about the last ex-
perimental day.

Infection and TAT activity. Measurement of
TAT activity yielded results similar to experi-
ments on TO (Fig. 4). Enzyme activity increased
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Fic. 5. Changes in liver pyruvate kinase activity of
mice infected with Salmonella typhimurium strain
SR-11. Infected with 7.5 X 10° (@), 7.5 X 10* (A),
7.5 X 10* W. Fasted animals indicated by dashed
line. Each point represents mean value for eight mice.

after infection with maximal activity obtained at
about the time the animals succumb to infection.

Infection and PK activity. As was observed in
experiments on TO and TAT, the level of PK ac-
tivity increased in mice infected with S. typhi-
murium (Fig. 5). The activity of the enzyme was
higher in mice infected with the smaller numbers
of S. typhimurium.

Bacterial contribution to enzyme activity. To de-
termine whether the increased liver enzyme activ-
ity was a direct contribution of the infecting
organism, organisms (equivalent in number to
that found in infected tissue) were added to un-
infected liver homogenates. No enzyme activity
was detected above that of the normal ho-
mogenate.

DISCUSSION

The investigation of changes in host enzyme
activity after infection with S. typhimurium did
not confirm prior studies on TO which showed
an inhibition of this enzyme after injection of
endotoxin (3, 4). But the observed increases in
TAT and PK are compatible with reported data
5, 17).

The apparent paradox in activity of TO after
infection with S. ryphimurium and after injection
with heat-killed cells derived from the same or-
ganism might be attributed to differences in cell
inoculum. In other experiments (3, 4), 10 heat-
killed organisms were used, whereas the largest
inoculum used to produce infection was 7.5 X 108
organisms. Viable microbial counts of tissue show
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that at the time of maximum enzyme activity ap-
proximately. 10%° live organisms were present in
the tissue. Since some organisms would die in the
tissues, one might assume that amounts of endo-
toxin sufficient to cause inhibition of TO were
present. However, host detoxification may have
reduced the amount of endotoxin to levels below
that required for inhibition of TO.

The use of three different infectious doses was
intended to measure host response to infection
leading to death at different rates. The decline of
host enzyme activity bztween day 10 and 12 in
animals with the smallest inoculum suggests dif-
ferences in the pathogenesis of these complex
infections.

The initial inoculation of an amount of S. ty-
phimurium that represents an amount of endo-
toxin insufficient to cause death or inhibit enzyme
activity might have resulted in production of a
state of tolerance. However, studies by Greisman
et al. (8) have clearly demonstrated that tolerance
is not demonstrable during infection.

Both TO and TAT are induced by cortisone,
and stimulation of glucocorticoid secretion might
have induced these enzymes. Berry and Smythe
(4) showed that administration of cortisone either
before or at the time of endotoxin injection pre-
vents a decrease in TO. Rapoport et al. (14) mea-
sured the excretion products after tryptophan ad-
ministration to human volunteers infected with
S. typhimurium. The finding of increased conver-
sion of tryptophan to Kkynurenine and other
products in the TO pathway corroborate our
findings, by direct enzyme assay, that the activity
of TO is increased during infection. These workers
suggest that an increase in glucocorticoid secre-
tion is followed secondarily by an induction of
TO and an increase in the rate at which trypto-
phan enters the kynurenine pathway. The sugges-
tion that glucocorticoid secretion is responsible
for induction of TO and TAT is not, however,
applicable as an explanation for the increase in
PK activity since PK activity is not increased by
injection of cortisone (20).

The increase in activity of TAT during infec-
tion with S. typhimurium is consistent with pub-
lished work on the effect of endotoxin on this
enzyme (5). The increase in PK activity observed
during infection is compatible with other work
from our laboratory which shows an increase in
PK activity after endotoxin injection (17).

The enzymes TO and TAT can be induced by
starvation, and some of the increase in enzyme
activity may be related to failure of the animals
to eat. Inanition has been shown to be produced
in mice infected with S. typhimurium or injected
with endotoxin (2, 18). The role of starvation for
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more than 48 hr could not be determined because
mice will not survive without food for the time
periods used in this study. However, Berry and
Smythe (2) have shown that mice infected with
105 S. typhimurium consume 289, of a nutritive
solution 24 hr after inoculation. By the second
day, they consume 809, as compared with con-
trols. Thus, one would not expect starvation to
be responsible for the rise in enzyme activity. In
our experiments, the PK enzyme activity of in-
fected mice increases, an effect opposite that
caused by starvation (11).

These and other studies show that alterations
in host metabolism do occur during infection with
S. typhimurium and after injection of endotoxin.
It is clear from the data presented that not all of
the metabolic effects produced by endotoxin injec-
tion can be demonstrated in the infected animal.
The reasons for this are unclear and require fur-
ther study.

The depletion of carbohydrate stores in animals
infected with S. typhimurium or injected with
endotoxin has been described (6). The increase
in activity of TAT during infection and after
endotoxin injection suggests that glyconeogenic
intermediates can be produced but that the host
is unable to convert them into carbohydrate (7).
Weber et al. (19) have shown the importance of
PK control during glyconeogenesis. The ratio of
the sum of phosphoenol pyruvate carboxykinase
and pyruvate carboxylase activity to PK activity
is 0.04. For glyconeogenesis to occur, the activity
of PK must decrease and phosphoenol pyruvate
carboxykinase and pyruvate carboxylase must in-
crease. Thus, if PK control is lost, a net synthesis
of glycogen cannot be obtained. The importance
of these changes and the mechanisms by which
they are produced are unknown and require addi-
tional study.

ACKNOWLEDGMENTS

This investigation was supported by grant GB-8363 from the
National Science Foundation and by a Public Health Service
General Support Research Grant to the University of Iowa College
of Medicine.

LITERATURE CITED

1. Berry, L. J. 1955. Effect of malonate on growth rate of
Salmonella typhimurium in mice. Ann. N.Y. Acad. Sci.
62:327-348.

2. Berry, L. J,, and D. S. Smythe. 1960. Some metabolic aspects
of host-parasite interactions in the mouse typhoid model.
Ann. N.Y. Acad. Sci. 88:1278-1286.

3. Berry, L. J, and D. S. Smythe. 1963. Effects of bacterial
endotoxins on metabolism. VI. The role of tryptophan
pyrrolase in response of mice to endotoxin. J. Exp. Med.
118:587-603.

4. Berry, L. J., and D. S. Smythe. 1964. Effects of bacterial
endotoxins on metabolism. VIII. Enzyme induction and
cortisone protection. J. Exp. Med. 120:721-732.



VoL. 4, 1971

S.

10.

11.

Berry, L. J., D. S. Smythe, and L. S. Colwell. 1966. Inhibition
of inducible liver enzymes by endotoxin and actinomycin
D. J. Bacteriol. 92:107-115.

. Berry, L. J., D. S. Smythe, and L. J. Young. 1959. Effects of

bacterial endotoxin on metabolism. I. Carbohydrate deple-
tion and the protective role of cortisone. J. Exp. Med.
110:389-405.

. Berry, L. J., D. S. Smythe, and L. J. Young. 1959. Effects of

bacterial endotoxin on metabolism. II. Protein-carbo-
hydrate balance following cortisone inhibition of intestinal
absorption and adrenal response to ACTH. J. Exp. Med.
110:407-418.

. Greisman, S., R. B. Hornick, F. A. Carozza, Jr., and T. E.

Woodward. 1963. The role of endotoxin during typhoid
fever and tularemia in man. I. Acquisition of tolerance to
endotoxin. J. Clin. Invest. 42:1064-1075.

. Kabat, E. A,, and M. M. Mayer. 1961. Experimental immuno-

chemistry. Charles C Thomas, Publisher, Springfield, Ill.
Knox, W. E., and V. H. Auerbach. 1955. The hormonal con-
trol of tryptophan peroxidase in the rat. J. Biol. Chem.
214:207-313.
Krebs, H. A., and L. V. Eggleston. 1965. The role of pyruvate
kinase in the regulation of gluconeogenesis. Biochem. J.
94:3c4c.

. LaNoue K. F., A D. Mason, Jr,, and J. P. Daniels. 1968.

The impairment of glucogenesis by gram negative infection.
Metabolism Clin. Exp. 17:606—611.

S. TYPHIMURIUM-INFECTED MICE LIVERS

—

14.

16.

17.

19.

20.

21.

3.

415

Nowotny, A. 1969. Molecular aspects of endotoxin reactions.
Bacteriol. Rev. 33:72-98.

Rapoport, M. I, W. R. Beisel, and R. B. Hornick. 1970.
Tryptophan metabolism during infectious illness in man.
J. Infec. Dis 122:159-169.

. Rapoport, M. I, G. Lust, and W. R. Beisel. 1968. Host

enzyme induction of bacterial infection. Arch. Int. Med.
121:11-16.

Rosen, F., and R. J. Milholland. 1963. Glucocorticoids and
transaminase activity. VI. Comparison of the adaptive in-
creases of alanine and tyrosine aminotransferase. J. Biol.
Chem. 238:3725-3729.

Snyder, L. S., M. Deters, and J. Ingle. 1971. Effect of endotoxin
on pyruvate kinase activity in mouse liver. Infec. Immun.
4:138-142.

. Turner M. M., and L. J. Berry. 1963. Inhibition of gastric

emptying in mice by bacterial endotoxins. Amer. J. Physiol.
205:1113-1116

Weber, G., J. H. Convery, M. A. Lea, and N. B. Stamm. 1966.
Feedback inhibition of key glycolytic enzymes in liver:
action of free fatty acids. Science 154:1357-1360.

Weber, G., R. L. Singhal, N. B. Stamm, M. A. Lea, and E. A.
Fisher. 1965. Synchronous behavior pattern of key gly-
colytic enzymes: glucokinase, phosphofructokinase and
pyruvate kinase. Advan. Enzyme Reg. 4:59-81.

Weber, G., N. B. Stamm, and E. A. Fisher. 1965. Insulin:
inducer of pyruvate kinase. Science 149:65-67.



