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Effect of Dietary Essential Amino Acid Limitations upon the
Susceptibility to Salmonella typhimurium and the Effect
Upon Humoral and Cellular Immune Responses in Mice
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We investigated the effects of dietary essential amino acid limitations on the
susceptibility of mice to Salmonella typhimurium infections and on humoral and
cellular immune (cell-mediated immune) responses of mice. Mice fed synthetic
diets limited (significantly less than optimum concentration) in a single essential
amino acid (leucine, isoleucine, valine, or lysine) for 3 weeks after they were
weaned exhibited significantly enhanced susceptibility to S. typhimurium infec-
tion, as evidenced by the higher levels of mortality and spread of the bacterial
cells in their livers and spleens compared with mice fed the control diet. Compared
with mice fed the control diet, mice fed the diet limited in leucine had a lower
ability to clear S. typhimurium cells from the peritoneal cavity 5 min after
intraperitoneal injection, whereas mice fed the diet limited in lysine had a greater
ability. The in vivo phagocytosis and in vitro bactericidal kinetics against S.
typhimurium cells by peritoneal macrophages were not significantly different in
the control group and the groups of mice fed experimental diets. Certain experi-
mental groups exhibited significantly lower resistance and antibody response
against S. typhimurium SL3770 on day 5 after immunization with heat-killed S.
typhimurium SL3770. On day 8 after immunization, the levels of serum antibody
against S. typhimurium in the mice fed the experimental diets were comparable
to the levels in mice fed the control diet. However, the levels of serum transferrin
and complement C3 were significantly lower in mice fed certain experimental
diets. The cellular immune capacities of mice fed any of the experimental diets
were not impaired compared with the capacities of mice fed the control diet, as
measured by spleen cell responsiveness to phytohemagglutinin and the ability to
clear infecting Listeria monocytogenes cells from livers and spleens.

Clinical studies have shown that children who
lack adequate protein in their diets (protein
malnutrition) are more susceptible to infection,
disease, and death (22). Similarly, dietary pro-
tein deficiencies have rendered experimental an-
imals more susceptible to infection with Staph-
ylococcus aureus (5), Mycobacterium tubercu-
losis (23), Streptococcus pneumoniae (27, 28),
Trichinella spiralis (24), Escherichia coli (28),
and Salmonella typhimurium (18). The in-
creases in susceptibility to M. tuberculosis and
S. aureus infections were reversed when the
deficient diets were supplemented by a mixture
of essential amino acids (5). Dietary limitations
of essential amino acids also render hosts sus-
ceptible to infection (24). Dietary deficiencies of
specific essential amino acids may result from
consumption of low-quality proteins, such as
gluten or soya a-protein, which are deficient in
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one or more essential amino acids (5), or con-
sumption of certain proteins in limited quanti-
ties, such as 8% casein (11).

Infection itself may also result in or augment
amino acid malnutrition (17). Wannemacher has
hypothesized that low levels of serum branched-
chain amino acids during some infections are
due to increased catabolism of these amino acids
by muscle tissue as sources of energy (26). Shi-
gella enterotoxin (1) and diarrhea (7) have been
implicated in the inhibition of transport and
malabsorption of amino acids by intestines, as
well as in the creation of deficiencies of minerals
and vitaxmins. Therefore, a host may become
deficient in essential amino acids due to diet or
infection.
The resistance of a host to infections, includ-

ing S. typhimurium infections, is dependent
upon the humoral (8, 9) and cell-mediated im-
mune systems (2, 25), as well as several nonspe-
cific factors, such as complement (12), transfer-
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rin (15), lysozyme, and the phagocytic abilities
of blood and tissue macrophages (6, 8). There-
fore, any increased susceptibility of mice fed
diets limited in proteins or essential amino acids
may be due to an impairment in one or more of
these host defense systems. Recently, we re-
ported that female mice fed from weaning sem-
isynthetic diets that were limited in leucine,
isoleucine, valine or lysine had normal levels of
serum immunoglobulin G but higher than nor-
mal levels of serum immunoglobulin A and im-
munoglobulin M (19). However, the specific hu-
moral immune response against S. typhimurium
and the cell-mediated immune system were not
evaluated in mice fed the experimental diets.

Until now, most investigators have used pro-
tein-deficient diets which were not defined with
respect to the total nitrogen balance or the op-
timum concentration of essential amino acids for
a specific host or both. Also, most experimental
studies have used adult hosts without taking
into account the levels of resistance (native or
acquired) that already existed in such hosts. The
purpose of the present investigation was to de-
termine the effects ofindividual dietary essential
amino acid limitations upon the susceptibility of
mice to experimental infections with S. typhi-
murium and the effects of these limitations upon
the specific humoral immune and cell-mediated
immune systems in mice.

MATERIALS AND METHODS
Mice and bacterial strain. Female CF1 and CD1

weanling mice (10 to 12 g) were obtained from the
Charles River Breeding Laboratories, Inc., Wilming-
ton, Mass. Female Swiss Webster weanling mice were
obtained from Cox Farm, Indianapolis, Ind. Unless
stated otherwise, CF1 mice were used in most experi-
ments.

S. typhimurium SR11 (courtesy of S. W. Rockwood)
and S. typhimurium SL3770 (courtesy of R. W. Treick)
were maintained on nutrient agar medium and grown
overnight in nutrient broth before each experiment.
Listeria monocytogenes (courtesy of A. A. Blazkovec)
was cultured initially in Trypticase soy broth. Cells
from stock suspensions were grown for 12 h in broth
at 37°C before each injection. The cells were harvested
by centrifugation at 27,000 x g, washed twice, sus-
pended in sterile saline, adjusted spectrophotometri-
cally (optical density at 550 nm) against a McFarland
number 1 BaCl2 standard to a concentration of ap-
proximately 3 x 108 cells per ml, and diluted to the
appropriate concentrations needed for injections. The
exact number of viable cells was determined by count-
ing the number of colony-forming units (CFU) on an
appropriate agar medium after incubation at 37°C for
24 h.

Diets. Each group of weanling mice was fed ad
libitum one of five semisynthetic diets (limited in
leucine, isoleucine, valine, or lysine or not limited
[control]) for 3 weeks (19). These mice were used in

the experiments described below. The control diet
contained all of the essential amino acids at the levels
needed to achieve maximum growth, as described by
John and Bell (11). The growth response of the mice
to each diet was determined by weighing the animals
at 4-day intervals for 3 weeks; the growth response
was similar to the weight gain previously described
regardless of the strain used (19).
Experimental infection and immunization.

After the mice in each dietary group were fed the
specific diets for 3 weeks, each mouse was injected
intraperitoneally (i.p.) with approximately 300 cells of
S. typhimurium SR11 or 104 cells of S. typhimurium
SL3770. In a pilot study, we determined that a dose of
300 S. typhimurium cells killed 50% of CF1 mice fed
the control diet in 10 days after i.p. injection. A total
of 108 washed and heat-killed (1 h at 100°C) S. typhi-
murium SL3770 cells were used for immunization of
each mouse. On days 5 and 8 after immunization, at
least 5 mice from each dietary group were bled via the
branchial plexus, and their sera were collected, and at
least 15 mice from each dietary group were each
challenged i.p. with approximately 1.3 x 10' viable S.
typhimurium SL3770 cells (10 times the 50% lethal
dose) at that time. Mortality was monitored for 14
days. The days for collection of sera and challenge of
mice after vaccination were based on a pilot experi-
ment that determined the time of peak antibody re-
sponse in control mice.
Enumeration of bacterial cells in spleens and

livers. Groups of 15 to 20 mice were each fed one of
the diets for 3 weeks. Every mouse in each dietary
group was injected i.p. with approximately 300 S.
typhimurium SR11 cells or 104 L. monocytogenes cells.
The number of S. typhimurium or L. monocytogenes
cells present in the livers and spleens of the mice in
each dietary group was determined by a procedure
described previously (2). At least five injected mice
per dietary group (barring mortalities) were selected
randomly on days 1, 3, and 5 after injection with S.
typhimurium and on days 3, 5, and 7 after injection
with L. monocytogenes and were sacrificed. The
spleens and livers were individually removed, weighed,
and homogenized in saline with a motorized Teflon
pestle tissue homogenizer (Thomas). The tissue ho-
mogenates were diluted in saline, and 0.2 ml of each
dilution was spread in duplicate onto an appropriate
agar medium. The numbers of S. typhimurium and L.
monocytogenes cells per milligram of organ were de-
termined on the basis of the numbers ofCFU on EMB
and Trypticase soy agar, respectively, after 24 to 48 h
at 370C.

Phagocytic and bactericidal activities of peri-
toneal macrophages. The bactericidal activity of the
peritoneal macrophages from each dietary group of
mice was determined by a previously described pro-
cedure (2), with slight modifications. Five mice from
each dietary group were each injected i.p. with ap-
proximately 106 S. typhirnurium SR11 cells. After 5
min, the mice were sacrified, and each peritoneal
cavity was flushed twice with 2 ml of Hanks balanced
salt solution that contained 10% calf serum, 5 U of
heparin, and 6 ,ug of chloramphenicol per ml to inhibit
the intracellular multiplication of S. typhimurium dur-
ing the in vitro bactericidal assay. The peritoneal
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washes of five mice from each dietary group were
pooled in a siliconized tube and kept at 0°C. The
suspension was washed twice, the initial supernatant
fraction was diluted in saline, and 0.2 ml of each
dilution was spread onto EMB agar to determine the
number of nonphagocytized CFU.
The pellet of peritoneal exudate cells (PEC), which

contained the phagocytized S. typhimurium cells, was
suspended in 4 ml of Hanks balanced salt solution and
divided equally among three siliconized test tubes,
which were rotated at 9 rpm at 37°C. After 0, 30, or 60
min, the macrophages were lysed by freezing and
thawing the suspension three times, using liquid nitro-
gen and a 37°C water bath, respectively. This suspen-
sion was diluted in saline, and 0.2 ml of each dilution
was spread onto EMB agar to determine the number
of CFU that remained inside the PEC after 0, 30, and
60 min. The bactericidal activity of the PEC was
determined for only the 60-min preparation since
Blanden et al. (2) demonstrated that maximum bac-
tericidal activity of PEC occurs by 60 min and sug-
gested that observations after 60 min might not be
valid because of multiplication of surviving S. typhi-
murium cells inside the PEC.
Serum bacterial agglutination. At 5 and 8 days

after immunization with 10' heat-killed S. typhimu-
rium SL3770 cells, the sera of mice from each dietary
group were examined for the relative concentration of
agglutinating antibody specific for SL3770. Serial di-
lutions of the sera were reacted with a constant con-
centration (7.5 x 107 cells per ml) of heat-killed S.
typhirnurium SL3770 for 10 h at 37°C. Serial twofold
dilutions (25 p1) were made by using a microtiter
dilution system (Dynatech Laboratories, Inc., Alex-
andria, Va.). The reciprocal of the highest dilution of
a serum to agglutinate the S. tphimurium cells was
considered to be the titer.

Evaluation of serum complement C3 and
transferrin levels. On days 5 and 8 after immuniza-
tion with 108 heat-killed S. typhinurium SL3770 cells,
the sera of mice from each dietary group were exam-
ined for the relative levels of complement C3 and
transferrin. We used the radial immunodiffusion tech-
nique of Mancini et al. (16), as previously described
(19), to determine the relative levels of these serum
proteins.
Transformation of splenic T lymphocytes by

PHA The ability of phytohemagglutinin (PHA) to
stimulate the spleen cells of mice was assayed by a
previously described procedure (10), with minor mod-
ifications. After the 21-day feeding regimen, spleens
were removed from at least five mice per dietary group
and placed into pH 7.2 RPMI 1640 medium (GIBCO
Laboratories, Grand Island, N.Y.) which contained 100
U of penicillin per ml and 100 ug of streptomycin per
ml to inhibit bacterial multiplication. Cells were
washed twice, and the erythrocytes were lysed with
tris(hydroxymethyl)aminomethane-0.16 M ammo-
nium chloride (pH 7.2) buffer at 37°C for 2 min and
suspended in RPMI 1640 medium containing 10% fetal
calf serum. More than 95% viability was obtained, as
determined by the trypan blue exclusion procedure.
Each final suspension was adjusted to a concentration
of 2.0 x 106 cells per ml in 2 ml of RPMI 1640 medium
containing 10% fetal calf serum. This concentration of

spleen lymphocytes and 10 mg of PHA-P (Difco Lab-
oratories, Detroit, Mich.) yielded a maximum re-
sponse. Control suspensions were not exposed to any
PHA-P. AFter 72 h of incubation at 37°C in a 5% CO2
atmosphere, 1 MACi of [methyl-3H]thymidine (20 Ci/
mmol; lot 1258.136) was added to the PHA-P-stimu-
lated and control cultures. After 24 h, the reactions
were stopped by plunging each culture tube into a cold
ice bath, and cells were filtered onto membrane filter
disks (pore size, 0.4 ,um; Nuclepore Corp., Pleasanton,
Calif.) and washed with 5 ml of 5% cold trichloroacetic
acid to lyse the cells and precipitate the deoxyribo-
nucleic acid onto the filter disks. The disks were rinsed
in absolute ethanoL and the amount of radioactive
[3H]thymidine incorporated into deoxyribonucleic
acid was determined by using a scintillation spectrom-
eter (Beckman Instruments, Inc., Fullerton, Calif.) and
toluene-ethanol scintillation fluid.

Statistical evaluation of the data. We used the
chi-square test to determine any significant differences
in the mortality experiment and the Student t test to
determine any significant differences between the con-
trol values and experimental values in the other ex-
perimenta. P values of c0.05 were considered to be
significant.

RESULTS
Susceptibility ofmice to experimental in-

fection with S. typhimuriunL Mice are sus-
ceptible to infection with most strains of S.
typhimurium, and the death rates after infection
are related to the number of bacterial cells in
the livers and spleens (2). The number of mor-
talities for the CF1 mice fed a diet limited in
isoleucine, leucine, or valine was significantly
higher after injection with S. typhimurium SR11
than the number of mortalities in the control
group (Table 1). The mortality in the lysine-
limited group was higher but not significantly
so. Except for the CD1 mice fed the leucine-
limited diet, the Swiss Webster and CD1 mice
fed the experimental diets exhibited higher mor-
talities after S. typhimurium injections. How-
ever, the differences in mortality between the
CD1 control and experimental groups were not
significant. With the exception of the leucine-
limited group, the experimental groups of CF1
mice also exhibited significantly higher mortali-
ties after infection with S. typhimurium SL3770,
a less virulent strain than SR11 (Table 1). Each
dead mouse had 105 to 109 S. typhimurium cells
per liver and spleen, indicating that the higher
mortalities in the experimental groups were due
to increased susceptibilities to S. typhimurium.
Enumeration of CFU in the livers and

spleens. Another measure of susceptibility to S.
typhimurium infection is the degree of bacterial
proliferation in livers and spleens (2). On day 1
after injection, all groups of mice fed experimen-
tal diets had significantly more S. typhimurium
cells in their livers and spleens (Table 2). On day
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TABLE 1. Effects of dietary essential amino acid limitations on the susceptibility ofmice to S. typhimuriuma

CF1 mice injected CF1 mice injected Swiss Webster mice CD1 mice injected
with 300 SR11 cells with 104 SL3770 cells injected with 200 with 250 SR11 cells

Dietary limnitation SRl1 cells

No. in- % Mortal- No. in- % Mortal- No. in- % Mortal- No. in- % Mortal-
jected ity jected ity jected ity jected ity

None ....... 21 57 23 4 10 0 12 42
Leucine ... 20 95b 22 14 10 20 12 33
Isoleucine... 18 1OOb 19 21b 9 66b 13 62
Valine...... 19 84b 17 71b 6 33b 13 69
Lysine ...... ......... 22 77 22 45b 9 66b 13 54

a After 21 days on specific diets, female CF1, Swiss Webster, and CD1 mice were injected i.p. with the
indicated number of S. typhimurium cells, and mortalities were monitored for 14 days.

b Significantly different than mice fed the control diet (P c 0.05).

TABLE 2. Effects of dietary essential amino acid limitations on the proliferation of S. typhimurium SR1I in
the livers and spleens of CFI micea

No. of S. typhimurium CFU per liver and spleen

DietarylimitationNo.of mice (log,0) on: No. of
Dietary limitation inecednce deadinJected Day 1 after in- Day 3 after in- Day 5 after in- by day 5

jection jection jection

None .. ... 18 3.28 ± 0.46b 5.54 ± 0.91 5.12 ± 0.70 0
Leucine.. 19 4.84 ± 0.52c 6.29 ± 0.94 4.56 + 2.05 2
Isoleucine .......... .. .. 20 5.19 ± 1.32c 6.54 ± 0.92c 6.28 ± 1.68 3
Valine.19 5.00 ± 0.63c 6.50 ± 0.85c 6.59 ± 0.98c 4
Lysine 18 4.31 ± 0.58c 6.14 ± 0.99 4.90 ± 1.76 1

a Female CF1 mice were injected i.p. with 300 live S. typhimurium SR11 cells. The livers and spleens of six
mice were examined for CFU on days 1 and 3 postinjection, and the numbers of CFU on day 5 postinjection
were determined only for surviving mice.

bMean + standard deviation.
Significantly different than mice fed the control diet (P - 0.05).

3 after injection, mice fed isoleucine- or valine-
limited diets had significantly more CFU in their
livers and spleens than mice fed the control diet.
On day 5 after injection, all experimental groups
experienced one or more deaths, indicating in-
creased numbers of CFU in the livers and
spleens of all experimental groups. Of the sur-
vivors, only mice fed the valine-limited diet ex-

hibited higher levels of CFU in their livers and
spleens than mice fed the control diet. The day
5 CFU values for each experimental group of
mice would be much higher if the data from
dead mice were included (10' to 109 CFU per
liver and spleen of each dead mouse).
Macrophage phagocytic and bactericidal

activities. Native macrophage phagocytic and
bactericidal activities are important in native
resistance of mice against S. typhimurium infec-
tion. Mice fed the leucine-limited diet exhibited
significantly higher levels ofCFU (90%), whereas
mice fed the lysine-limited diet demonstrated
significantly lower levels (39%) of S. typhimu-
rium CFU in their peritoneal fluids, compared
with the CFU levels in the mice fed the control
diet (Table 3). The number of CFU remaining

TABLE 3. Effects of dietary essential amino acid
limitations on the ability ofmice to clear S.
typhimurium SRI I from the peritoneal cavity

S. typhimurium re-
maining (% of cells

No. of S. ty- injected) in:'

Dietary limitation phimurium
cells injected Intra-
per mouse cellu- Extracellu-

lar lar fluid
fluid

None .l..1.01 x 106 3 69 ± 10
Leucine ........ 0.94 x 106 4 0o±1 ob
Isoleucine ... 1.20 x 106 4 59 ± 32
Valine .....l....1.01 x 106 3 54 ± 16
Lysine 1.31 x 106 4 39 ± 5b

a A minimum of five mice per dietary group were
injected i.p. with 106S. typhimurium cells. After 5 min
each peritoneal cavity was washed with Hanks bal-
anced salt solution, and the number of S. typhimurium
cells associated with peritoneal cells was determined
by lysing the peritoneal cells with water and rapid
freezing and thawing. The numbers of CFU in the
extracellular fluids were determined by a quantitative
plate count technique.

b Significantly different than mice fed a control diet
(P C 0.05).
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in the peritoneal cavities of mice fed the valine-
or isoleucine-limited diet was not significantly
different than the number ofCFU in the control
group. It appears that a clearance mechanism
present in the peritoneal cavity was enhanced in
the mice fed the lysine-limited diet and was
impaired in the mice fed the leucine-limited diet.
The number of S. typhimurium cells phago-

cytized after 5 min by the PEC from mice fed
any of the experimental diets was relatively
small (3 to 4%) and was not significantly differ-
ent than the number of cells found in the PEC
from mice fed the control diet (Table 3). Similar
values were obtained when the PEC were dis-
rupted with a tissue homogenizer. This suggests
that the freeze-thaw technique for disruption of
PEC was not responsible for the observed small
percentage of S. typhimurium cells in the PEC.
Between 70 and 90% of the phagocytized S.
typhimurium cells were killed in 60 min by the
PEC from the control and experimental diet
groups of mice (Fig. 1). The kinetics of the in
vitro bactericidal activities exhibited by the PEC
from mice fed the experimental diets were not
significantly different than the kinetics of the
activities exhibited by the PEC from mice fed
the control diet.
Humoral immune responses against S.

typhimurium. On days 5 and 8 after vaccina-
tion, all groups of mice fed experimental diets
had significantly higher resistance to SL3770
than mice that were fed the control diet and
were not vaccinated (Table 4). On day 5 after
vaccination, this resistance (as expressed by per-
cent mortality) was significantly lower in the
mice fed the leucine-, isoleucine-, or valine-lim-
ited diet than in vaccinated mice fed the control
diet. However, experimental groups ofmice chal-
lenged on day 8 after vaccination did not exhibit
significantly different levels of resistance than
the vaccinated control mice.
On day 5 after vaccination, mice fed the va-

line- or lysine-limited diet exhibited significantly
lower levels of serum antibody against SL3770
than vaccinated control mice (Table 5). The
lower resistance of the valine-limited group (Ta-
ble 4) was accompanied by a lower level ofserum
antibody against SL3770. On the other hand,
mice fed the lysine-limited diet exhibited normal
resistance (Table 4) and expressed significantly
lower levels of serum antibody than control
mice. The reverse was true for mice fed the
leucine-limited diet. The serum antibody levels
on day 8 compared with day 5 after vaccination
were higher, but the levels in the experimental
groups on day 8 were not significantly different
than the levels in the control mice.
The serum antibody levels against S. typhi-
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FIG. 1. Effects of dietary amino acid limitations
on the in vitro killing of i.p. injected S. typhimurium
cells by murine peritoneal cells. Mice from control
(CON) and experimental groups (leucine limited
[LEU], isoleucine limited [ILE], valine limited
[VAL], and lysine limited [LYS]) were injected i.p.
with 10' cells of S. typhimurium; after 5 min their
peritoneal cavities were flushed with Hanks balanced
salt solution, theperitoneal cells were separated, and
the in vitro killing of peritoneal cell-associated S.
typhimurium cells was determined at 0, 30, and 60
min by the procedure described in the text.

murium SL3770 in the vaccinated experimental
and control mice which survived the SL3770
challenge dose (Table 4) were examined on day
16 and 23 after challenge. The serum antibody
levels against S. typhimurium in these vacci-
nated and challenged mice were significantly
higher than the levels in the vaccinated mice.
Mice fed experimental diets had levels of anti-
body which were not significantly different than
the levels in mice fed the control diet (Table 6).
These data indicate that antibody synthesis was
impaired only in the early phase and not in the
later phase of humoral immune response in the
mice fed the experimental diets.

It was of interest to determine whether the
synthesis of antibody was at the expense of the
synthesis of other resistance factors, such as
transferrin and complement C3, in mice fed the
experimental diets. Therefore, the serum levels
of transferrin and complement C3 were meas-
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TABLE 4. Effects of dietary essential amino acid
limitations on the resistance ofmice to a challenge
with live S. typhimurium SL3770 on days 5 and 8

after vaccination with heat-killed SL3770
Day 5 after vacci- Day 8 after vacci-

nation' nation'
Dietary limita-

tioal-o % Mor-
N.

% Mor-ca- tality chal- tltlenged lenged tality
None ............ 17 0 14 0
Leucine ......... 17 23b 15 0
Isoleucine ........ 15 33b 17 18
Valine ........... 15 27b 15 20
Lysine ........... 17 0 16 13
Controlc. .... 10 lOOb

a After 21 days on a dietary regimen, female CF1
mice were injected i.p. with 108 heat-killed S. typhi-
murium SL3770 cells; mice were challenged 5 or 8 days
later with 10 times the 50% lethal dose of live SL3770,
and mortalities were monitored for 14 days.

b Significantly different than vaccinated mice fed
the control diet (P 5 0.05).

C Mice were fed the control diet and injected with-
out vaccination with 10 times the 50% lethal dose of
live SL3770; all mortalities occurred by day 6.

TABLE 5. Effects of dietary essential amino acid
limitations on the humoral immune response

against S. typhimurium SL3770
Agglutination titer (log2) at:'

Dietary limitation 5 Days after 8 Days after
vaccination vaccination

None ................ 3.09 ± 0.94b 3.88 ± 0.92
Leucine .............. 3.00 ± 1.26 3.60 ± 1.17
Isoleucine ............ 2.20 ± 1.48 3.85 ± 1.34
Valine ............... 2.00 ± 1.32c 4.00 ± 1.06
Lysine ............... 1.71 ± 1.25c 4.00± 1.69

a After 21 days on a dietary regimen, female CF1
mice were injected i.p. with 10' heat-killed S. typhi-
murium SL3770 cells; sera were collected 5 and 8 days
later, and antibody against SL3770 was assayed by
bacterial agglutination.

b Mean ± standard deviation.
'Significantly different than mice fed the control

diet (P c 0.05).

ured 5 and 8 days after vaccination with 10'
heat-killed SL3770 cells. On day 5 after vacci-
nation, the serum levels of transferrin and com-
plement C3 were not significantly different in
mice fed the experimental diets compared with
mice fed the control diet (Table 7). On day 8
after vaccination, the levels of serum transferrin
increased slightly in the mice fed the control diet
or the leucine- or isoleucine-limited diet com-
pared with the levels observed on day 5. How-
ever, mice fed the valine- or lysine-limited diets
had significantly lower levels of serum transfer-
rin on day 8 after vaccination than mice fed the

control diet. Similarly, mice fed the leucine-,
valine-, or lysine-limited diet exhibited signifi-
cantly lower levels of serum complement C3 on
day 8 after vaccination than mice fed the control
diet. Only mice fed the isoleucine-limited diet
expressed a normal level of complement C3 on
day 8 after vaccination.
Cellular immunity. The T lymphocytes are

the central lymphoid cells of cellular immune
resistance. The total number of spleen cells
found in the mice fed the isoleucine-, valine-, or
lysine-limited diet was significantly lower than
the number of spleen cells in the mice fed the
control diet (Table 8). However, when the con-
centration of the spleen cell suspension from
each dietary group was adjusted to 2 x 106 cells
per ml, no impairment of PHA stimulation was
observed in any of the experimental groups (Ta-
ble 9). The spleen cells from mice fed the isoleu-
cine- or lysine-limited diet had significantly
higher responsiveness to PHA than the spleen
cells from mice fed the control diet.
The cellular immunity of the host was also

determined in vivo by evaluating the clearance
of L. monocytogenes from livers and spleens (3).
On day 3 after injection mice fed the isoleucine-
limited diet and on day 5 after injection mice fed
the valine-limited diet demonstrated a decrease
in liver and spleen L. monocytogenes CFU levels
(Table 10). No experimental group of mice dem-
onstrated significantly higher levels ofCFU than
the mice fed the control diet. On day 7 after
injection, all experimental groups of mice expe-
rienced some mortality. Dead mice had 10i to
109 CFU per liver and spleen at the time of
death. The CFU values from dead mice were
not included in the day 7 data. The surviving
mice fed experimental and control diets experi-

TABLE 6. Effects of dietary essential amino acid
limitations on the murine antibody response against

S. typhimurium SL3770
Agglutination titer (log2) at:'

Dietary limitation 16 Days after 23 Days after
secondary secondary
challenge challenge

None ................ 4.20 ± 1.09b 6.00 ± 1.00
Leucine .............. 3.60 ± 0.89 5.40 ± 1.14
Isoleucine ............ 4.00 ± 0.81 6.20 ± 1.09
Valine ............... 4.60 ± 0.89 6.50 ± 1.57
Lysine ............... 5.50 ± 1.00 6.20 ± 1.48

a After 21 days on a dietary regimen, CF1 mice from
each dietary group were vaccinated with 10' heat-
killed SL3770 cells; 8 days later they were challenged
with 10 times the 50% lethal dose of live SL3770, and
the survivors were bled for sera on days 16 and 23 and
assayed for bacterial agglutination against SL3770.

'Mean ± standard deviation.
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TABLE 7. Effects of dietary essential amino acid limitations on the serum levels of transferrin and
complement C3 after vaccination with heat-killed S. typhimurium SL3770

Area of RID precipitation pattern (MM2) a

Dietary.imitation Transferin Complement C3Dietary limitation
5 Days after vacci- 8 Days after vacci- 5 Days after vacci- 8 Days after vacci-

nation nation nation nation

None ....... 29.3 ± 2.9b 38.1 ± 15.4 85.7 + 10.1 93.3 ± 7.7
Leucine .... .... 31.8 ± 7.7 36.3 ± 8.1 95.6 ± 16.9 75.5 ± 14.3c
Isoleucine .......... .... 33.7 ± 3.0 46.6 ± 7.2 92.0 ± 16.1 91.4 ± 19.0
Valine ........... 28.5 ± 7.7 25.6 ± l.lc 75.6 ± 20.0 73.5 ± 12.8c
Lysine ........ .......... 24.0 ± 7.5 21.3 ± 8.3c 72.1 ± 17.5 49.2 ± 10.9c

a After 21 days on a dietary regimen, mice were injected with 108 heat-killed S. typhimurium SL3770 cells;
sera were collected on days 5 and 8, and transferrin and complement C3 levels were measured by the radial
imrlmunodiffusion (RID) technique.

b Mean ± standard deviation.
c Significantly different than mice fed the control diet (P 5 0.05).

TABLE 8. Effects of dietary essential amino acid
limitations on the number ofmurine spleen cells

No. of spleen cells
Dietary limitation per mouse

(X107)a
None ........................... 9.47 ± 1.60b
Leucine... 8.42 ± 1.37
Isoleucine .. ...... 3.13 ± 1.85c
Valine ............. 3.59 ± 0.97c
Lysine .. .......... 2.84 ± 0.74c

a Mice were fed a dietary regimen for 21 days,
spleens were removed and forced individually through
a 60-gauge screen, and numbers of cells were enumer-
ated with a hemacytometer.

b Mean ± standard deviation.
'Significantly different than mice fed the control

diet (P c 0.05).

enced decreases in the number of CFU per liver
and spleen. This clearance was probably due to
the development of cell-mediated immunity
against L. monocytogenes, which has been
shown to develop at about day 5 after injection
(3). The surviving mice fed the leucine-limited
diet had significantly lower numbers of CFU per
liver and spleen than the mice fed the control
diet.

DISCUSSION
On the basis of the data described above, we

can state that CF1 female mice fed diets limited
in single essential amino acids are more suscep-
tible to infection with S. typhimurium SR11 and
SL3770, as determined by the levels of mortality
and the numbers of S. typhimurium cells in
livers and spleens. Increases in susceptibility
were also observed in the experimental groups
of Swiss Webster mice.
Not much is known regarding the nature of

preimmune (native or nonspecific) defense

TABLE 9. Effects of dietary essential amino acid
limitations on the responsiveness ofmurine spleen

cells to PHA
[3H]thymidine incorporation

Dietary limitation (cpm, x103) a
With PHA Without PHA

None .. ...... 22.2 ± 17.6b 1.00 ± 0.33
Leucine .... .... 27.3 ± 26.4 2.20 ± 1.31
Isoleucine 44.4 ± 21.6c 2.99 ± 2.23
Valine .. .... 44.3 ± 28.8 3.36 ± 1.04
Lysine 46.5 ± 16.4c 2.93 ± 1.46

a The spleens of mice from each dietary group were
homogenized to a cell suspension and adjusted to 2 x
106 cells per ml in RPMI 1640 medium containing 10%
fetal calf serum and 10 jig of PHA-P per ml. The
culture was incubated for 4 days, and the incorporation
of [3H]thymidine into deoxyribonucleic acid was meas-
ured for the last 24 h.

b Mean ± standard deviation.
' Significantly different than mice fed the control

diet (P < 0.05).

mechanisms in early resistance to S. typhimu-
rium. However, acquired resistance to S. typhi-
murium infection in mice has been associated
with macrophage activation, a cellular immune
function (2), and specific antibodies (a humoral
immune function) (13). Therefore, the observed
increases in the susceptibilities of the mice fed
the diets limited in essential amino acids may
have been the result of an impairment in the
development ofpreimmune defense mechanisms
or the result of an impairmnent in the develop-
ment of specific defense mechanisms of the im-
mune systems against S. typhimurium or both.
The PEC of all dietary groups in this investi-

gation exhibit low degrees of in vivo phagocytic
activity against S. typhimurium, as would be
expected in nonimmunized mice (2). However,
there is a clearance phenomenon in the perito-

VOL. 32, 1981



258 PETRO AND BHATTACHARJEE

TABLE 10. Effects of dietary essential amino acid limitations on the proliferation and clearance ofL.
monocytogenes in the livers and spleens of micea

No. of L. monocytogenes CFU per liver and
No. of mice spleen (log,o) on: No. ofDietary limitation . . mice deadinjected Day 3 after in- Day 5 after in- Day 7 after in- by day 7

jection jection jection

None ............................. 15 5.29 ± 0.77b 5.38 ± 0.94 4.24 ± 0.98 0
Leucine ........................... 15 4.77 ± 1.48 5.32 ± 1.60 2.49 ± 0.55c 3
Isoleucine ......................... 14 3.72 ± 0.86c 5.02 ± 0.78 3.73 ± 0.58 1
Valine ............................ 15 5.02 ± 1.14 4.34 ± 0.53c 3.70 ± 0.17 1
Lysine ............................ 15 5.66 ± 0.84 6.03 ± 1.02 4.96 ± 1.87 3

a Female CF1 mice from each dietary group were injected i.p. with 10,000 live L. monocytogenes cells, the
livers and spleens of four to five mice were examined for CFU on days 3 and 5 postinjection, and the numbers
of CFU on day 7 postinjection were determined only in surviving mice (three to five mice per group).

b Mean ± standard deviation.
c Significantly different than mice fed the control diet (P c 0.05).

neal cavity which accounts for the loss of non-
phagocytized S. typhimurium cells from the su-
pernatant fraction of the peritoneal exudate.
This clearance phenomenon is significantly en-
hanced and impaired in mice fed lysine- and
leucine-limited diets, respectively. The exact
mechanism of this peritoneal cavity clearance is
not apparent. Dietary amino acid limitations do
not affect the in vitro bactericidal activity of the
PEC.
This investigation clearly demonstrates that

significant humoral resistance to S. typhimu-
rium infection could be acquired in mice fed the
control diet, as well as the experimental diets,
when the mice were vaccinated with heat-killed
S. typhimurium, compared with mice that were
fed the control diet and were not vaccinated. It
is well known that vaccination with heat-killed
S. typhimurium elicits a strong humoral immune
response that plays a vital role in resistance
against S. typhimurium infection (9). Signifi-
cantly lower resistance in the leucine-, isoleu-
cine-, and valine-limited groups on day 5 but not
on day 8 after vaccination suggests that the early
immune response is impaired in these dietary
groups. Only the lower resistance of the valine-
limited group can be explained by a lower anti-
body level. The lower resistance of the leucine-
and isoleucine-limited groups may be explained
by the impairment of other host defense func-
tions, such as inability to clear S. typhimurium
cells from the peritoneal cavity and an impair-
ment of the quality of antibody in vivo. Indeed,
Reinhardt and Steward (20) have shown that
protein malnutrition adversely affects the affin-
ity of antibody for antigen. Significantly de-
pressed levels of serum transferrin and comple-
ment C3 in certain experimental groups by day
8 after immunization with heat-killed S. typhi-
murium suggested that these dietary groups may
have used the limited amino acid preferentially

for antibody synthesis, resulting in an impair-
ment of the synthesis of transferrin and comple-
ment. Except for the valine- and lysine-limited
groups on day 5, antibody synthesis was not
affected in the experimental groups, as well as
in the control group, after vaccination and chal-
lenge.
As reported by other investigators (4), the

parameters ofcell-mediated immunity measured
in this study indicate that this host immune
response is not affected adversely by dietary
limitations involving essential amino acid. Al-
though the total numbers of spleen cells may in
fact have been lower in three experimental
groups, the percentages of T lymphocytes pres-
ent in the spleen cell populations or the T lym-
phocyte responsiveness was greater in mice from
two of these dietary groups (isoleucine- and ly-
sine-limited mice). Khorshidi and Mohaghegh-
pour (14) have shown that an increased PHA
responsiveness of spleen cells from protein-mal-
nourished mice was due to a decrease in the
number of suppressor lymphocytes in the spleen
cell population.
The resistance to L. monocytogenes is a cell-

mediated immune function. The ability of a host
to clear L. monocytogenes starts by day 3 and is
fully developed by day 5 after infection (3). The
preimmune (before day 3 after infection) mac-
rophage phagocytic and bactericidal activities
have been associated with the early resistance
of mice to L. monocytogenes infections (29). No
experimental group exhibited higher L. mono-
cytogenes levels in livers and spleens on days 3
and 5 after injection than the control group,
indicating that the cell-mediated immune func-
tion was not impaired. On day 7 after injection,
although death occurred in experimental groups
due to acute infection, the surviving mice from
the experimental and control groups demon-
strated clearance of L. monocytogenes, except
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the leucine-limited group, which exhibited a sig-
nificantly higher clearance. However, the deaths
on day 7 in the experimental groups indicate
that the cell-mediated immune responses in
mice fed the experimental diets might not have
reached as high a level as the level in the control
group.
The increased susceptibilities of experimental

groups of mice to S. typhimurium infection were
not due to the impairment of one specific host
defense mechanism resulting from -the dietary
limitations. The levels of transferrin, C3 in se-
rum after immunization, early humoral immune
response, and peritoneal clearance were affected
adversely by certain dietary limitations. As
measured by (i) spleen cell responsiveness to
PHA and (ii) ability to clear infecting L. mono-
cytogenes cells from livers and spleens, cell-me-
diated immunity was not impaired in the mice
fed the expermental diets.
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