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ABSTRACT

Probiotic bacteria can protect immunodeficient mice from orogastric candidiasis but cause some pathology of their own.
Severely immunodeficient patients may be at risk if fed viable probiotics, so this study evaluated the probiotic potential of
nonviable probiotic bacteria to protect immunodeficient mice from Candida albicans infections. Heat-killed probiotic bacteria
were fed to gnotobiotic bg/bg–nu/nu and bg/bg–nu/1 mice to ascertain if they could protect the mice from mucosal and
systemic candidiasis. Both heat-killed Lactobacillus acidophilus (HKLA) and heat-killed Lactobacillus casei (HKLC), in
comparison to control mice not fed the probiotic bacteria but challenged (oral) with C. albicans, suppressed the severity of
orogastric candidiasis in bg/bg–nu/nu mice at 2 weeks after colonization with C. albicans, inhibited disseminated candidiasis
in C. albicans-colonized bg/bg–nu/1 mice at 4 weeks after colonization, and suppressed the number of viable C. albicans in
the alimentary tract. HKLA, but not HKLC, treatment inhibited disseminated candidiasis in bg/bg–nu/nu mice at 2 weeks after
oral challenge and enhanced the proliferative responses of splenocytes from C. albicans-colonized bg/bg–nu/1 mice to C.
albicans antigens. Neither HKLA nor HKLC were able to prolong the survival of gnotobiotic bg/bg–nu/nu mice after oral
challenge with C. albicans. These results demonstrate that heat-killed lactobacilli can induce some (limited) protection (pro-
biotic effect) against candidiasis in mice.

Probiotic bacteria are used as viable feed supplements
to modify the microbial balance in a host to a more bene-
ficial composition. An important hypothesis to test is
whether probiotic bacteria must be viable to promote ben-
eficial effects to the host. Immunodeficient patients are sus-
ceptible to foodborne infections, including infections by
Candida albicans. We have shown previously that viable
bacteria, including Lactobacillus acidophilus and Lacto-
bacillus casei could protect immunodeficient mice from
orogastric candidiasis (16). The benefits to immunodeficient
patients from experimental evidence that inactivated non-
viable lactobacilli could protect immunodeficient mice from
candidiasis would be to provide a food additive that would
help them resist opportunistic C. albicans infections.

Previously, we demonstrated that immunodeficient bg/
bg–nu/nu mice colonized with viable L. acidophilus or L.
casei, in comparison to germfree (GF) mice, survived lon-
ger, had less disseminated candidiasis, and fewer viable C.
albicans in their intestines after oral challenge with C. al-
bicans (16). In general, viable probiotic bacteria appear to
exert their biotherapeutic effects by mechanisms that in-
clude inhibition of adherence to mucosal tissues, production
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of antimicrobial compounds, competition for nutrients, and
enhancement of host immunity (5, 10).

Although little is known about the capacity of heat-
killed probiotic bacteria to produce prophylactic or bio-
therapeutic effects, a few studies suggest that they can pro-
tect hosts from infectious agents. For example, heat-killed
Enterococcus faecalis fed to immunosuppressed mice pro-
longed their survival after intraperitoneal challenge with C.
albicans (14). Bacterial surface or cell wall components
have been used successfully as adjuvants (e.g., monophos-
phoryl lipid A), and their immunostimulatory activities
have been documented (4). Surface components of non-
pathogenic bacteria can stimulate the immune system by
inducing proinflammatory cytokines (1). Thus, viable pro-
biotic bacteria may not be necessary to produce biothera-
peutic effects.

There are several good reasons to delineate the pro-
biotic effects of heat-killed bacteria. In order to understand
how probiotic bacteria produce their beneficial effects it is
necessary to ascertain which probiotic effects require the
presence of viable bacteria in the alimentary tract. Heat-
killed probiotic bacteria would be easier to incorporate into
food products than viable bacteria and because viable pro-
biotic bacteria have the potential to cause infections (11),
translocate from the gut to internal organs (8), or cause
autoinflammatory diseases, heat-killed probiotics may be
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safer than viable probiotics (7, 12). If beneficial probiotic
effects can be produced by heat-killed bacteria, they would
likely prolong the shelf-life of probiotic products made for
consumption. Although, probiotic bacteria (live or heat-
killed) rarely cause diseases in immunocompetent hosts,
they could present a threat to immunodeficient hosts (2, 17).

In this study, we fed immunodeficient GF mice heat-
killed L. acidophilus (HKLA) or heat-killed L. casei GG
(HKLC), to determine if the dead probiotics could protect
mice from mucosal and systemic candidiasis. GF mice were
used in this study to optimize host interactions with the
heat-killed probiotic bacteria and viable C. albicans by vir-
tue of their lack of interfering intestinal flora.

MATERIALS AND METHODS

Bacteria. L. acidophilus NCFM (Rhone-Poulenc, Madison,
Wis.) and L. casei GG (Valio, Ltd., Helsinki, Finland) were cul-
tured for 24 h in 500 ml of deMan, Rogosa, Sharpe medium (Dif-
co, Detroit, Mich.) at 378C in an anaerobe jar with AnaeroPack
System (Carr-Scarborough Microbiologics, Decatur, Ga.). The
bacterial suspensions were diluted to 1 3 1010 CFU/ml with water
and autoclaved at 1218C for 15 min to kill the bacteria. Aliquots
were cultured on plates of deMan, Rogosa, Sharpe agar (Difco)
to assess viability, and Gram stains were made to assure the pres-
ence of bacterial cells in the autoclaved suspensions that were
added to the drinking water of the mice.

To evaluate the effect of heat treatment on the number of
bacteria in the suspensions, and to ensure complete inactivation
of the bacteria, serial dilution plate counts were done on the mix-
tures prior to and after heat treatment. Enumeration of the bacterial
cells in the suspensions after heat treatment was done by counting
in a Petroff–Hausser chamber. The viable suspensions contained
1.2 3 1011 CFU/ml L. acidophilus and 3.2 3 1011 CFU/ml L.
casei, respectively. The suspensions were diluted to 1 3 1010

CFU/ml prior to heat treatment. After heat treatment, neither sus-
pension had any cultivable bacteria. The Petroff–Hausser chamber
counts were 1.4 3 1010 HKLA/ml and 1.7 3 1010 HKLC/ml.

Mice. The beige–athymic (bg/bg–nu/nu) mouse has dysfunc-
tional phagocytic cells, deficient natural killer cell activity, lacks
thymus-matured T cells, and is susceptible to lethal candidiasis
under gnotobiotic conditions (16). The isogenic bg/bg–nu/1
mouse has functional T-cell-mediated immunity and is resistant to
lethal candidiasis under gnotobiotic conditions (16). In this study,
GF bg/bg–nu/nu and bg/bg–nu/1 mice were fed 1 3 1010/ml
HKLA or HKLC in their drinking water (mice consume approx-
imately 5 ml/day) for 7 days prior to oral challenge with C. al-
bicans. Water bottles were shaken twice daily to maintain the
bacteria in suspension. Water bottles, feed, environmental surfaces
within the isolators, and mouse feces were cultured for viable
bacterial and fungal contaminants throughout the experiments.

C. albicans inoculation (oral colonization) was carried out by
swabbing the oral cavities of the mice with a pure culture of (1
3 107 CFU/ml) viable C. albicans. Under gnotobiotic conditions,
this technique is sufficient to colonize mice with C. albicans and
is analogous to the overgrowth of C. albicans that can occur in
immunodeficient animals under conventional conditions (16). The
numbers of C. albicans in feces were determined by culture to
verify colonization. The feeding of HKLA or HKLC in the drink-
ing water was continued throughout the experiment and the mice
were fed sterile rodent chow (Purina 5010C; Ralston Purina, St.
Louis, Mo.) ad libitum. A control group consisted of GF mice

that were not treated with HKLA or HKLC but were orally chal-
lenged with C. albicans.

The mice were maintained in the experimental groups for 4
or 8 weeks, at which time they were euthanized and evaluated for
the effects of HKLA or HKLC on mucosal and systemic candi-
diasis. Survival of the test and control mice was assessed at 2, 4,
and 8 weeks after oral challenge with C. albicans.

At 2 weeks after oral C. albicans challenge, some bg/bg–nu/
nu mice appeared to be infected and moribund. Some of the bg/
bg–nu/nu mice were euthanized at 2 weeks after C. albicans chal-
lenge to ensure collection of important data. Past studies (16, 17)
have shown that bg/bg–nu/1 mice do not succumb to orogastric
candidiasis and show little evidence of infection before 4 weeks
after oral challenge. Thus, in this study, bg/bg–nu/1 mice were
not euthanized and evaluated at 2 weeks after challenge.

C. albicans colonization of the alimentary tract. C. albi-
cans colonization of the alimentary tract of mice was assayed by
enumerating CFU of viable fungi recovered from feces and from
the contents of the stomachs, small intestines, ceca, and colons of
euthanized mice. Contents were washed out of the intestines with
sterile water, serially diluted, and 50-ml aliquots were inoculated
onto Sabouraud’s dextrose agar (BBL, Becton-Dickinson, Cock-
eysville, Md.) plates that were incubated overnight at 378C. A 1-
ml aliquot of each 5-ml suspension of intestinal contents was dried
overnight at 808C in a tared aluminum weighing dish. The dried
dishes were cooled to room temperature and weighed. The number
of C. albicans on Sabouraud’s dextrose agar plates is reported as
CFU/g dry weight of contents that corrects for variable intestinal
moisture contents in individual mice.

Disseminated candidiasis of endogenous origin. The
spleens, livers, and kidneys of C. albicans-colonized mice were
aseptically excised, homogenized in glass tissue grinders with 5
ml sterile distilled water, serially diluted, cultured on Sabouraud’s
dextrose agar plates, and incubated overnight at 378C to assess
systemic dissemination of C. albicans. A 1-ml aliquot of each
homogenate was dried overnight at 808C in a tared aluminum
weighing dish. The dried dishes were cooled to room temperature
and weighed. The average number of viable C. albicans in the
internal organs is reported as log10 CFU/g (dry weight) tissue.

Histological evaluations. The tongues, esophagi, stomachs,
hard palates, rectums, and the major internal organs of the mice
were fixed in 10% formaldehyde in pH 7.4 phosphate-buffered
saline. The fixed tissues were dissected, embedded in paraffin, and
sectioned onto slides for staining with hematoxylin and eosin,
Gomori’s methenamine silver stain for fungi, and for a Gram stain.
Tissue samples from all sections of the alimentary tract and from
the major internal organs were evaluated by a pathologist for ev-
idence of infection using the following criteria: Histopathology
score (0 to 5) in infected tissues—(0) no infected tissue observed;
(1) 1 to 10 microorganisms (yeast and hyphae of C. albicans)/
high-power field (HPF, 4003); (2) 10 to 50 microorganisms/HPF;
(3) 50 to 100 microorganisms/HPF; (4) confluent microorganisms/
HPF; and (5) confluent microorganisms/HPF with hyphal pene-
tration of viable tissues (yeast and hyphae of C. albicans).

Lymphocyte proliferation assay. Lymphocytes from the
spleens of C. albicans colonized bg/bg–nu/1 mice treated with
HKLA or HKLC were assayed for proliferative responses to B-
and T-cell mitogens, and to antigens from C. albicans, L. aci-
dophilus, and L. casei GG, as previously described (1). Briefly,
lymphocyte proliferation assays were performed with the CellTiter
Aqueous 96 assay (Promega, Corp., Madison, Wis.). Lymphocytes
were isolated from the spleens of GF mice, C. albicans-monoas-
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TABLE 1. Inability of heat-killed probiotic bacteria to protect
bg/bg–nu/nu mice from lethal candidiasis

Mouse
genotype

Heat-
killed

probiotic
treatmenta

Total
no. of
mice

% survivors after
colonization with

C. albicans at:

2 wk 4 wk 8 wk

bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1

None
HKLC
HKLA
None
HKLC
HKLA

24
8

10
24
11
10

42
25
0

100
100
100

12
0
0

100
100
100

8
0
0

100
100
100

a Mice were fed 1 3 1010 heat-killed L. acidophilus (HKLA) or
heat-killed L. casei (HKLC)/ml of drinking water (;5 ml con-
sumed/day) 1 week prechallenge and continuously postchallenge
with C. albicans.

TABLE 2. Disseminated candidiasis of endogenous origin in
mice fed heat-killed probiotic bacteria (HKLA or HKLC)

Mouse
genotype

Heat-killed
probiotic

treatmenta

Weeks
colon-
ized

(C. al-
bicans)

Dissem-
ination
(%)b

No. of viable
C. albicans
in organsc

bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1

None
HKLC
HKLA
None
HKLC
HKLA
None
HKLC
HKLA

2
2
2
4
4
4
8
8
8

78
75
33d

36
17d

20d

60
60
67

6.6 6 0.6
4.5 6 0.5e

4.0 6 0.2e

7.7 6 0.7
3.6 6 0
3.7 6 0
5.5 6 1.4
3.5 6 0.3e

4.1 6 0.6e

a Mice were fed 1 3 1010 heat-killed L. acidophilus (HKLA) or
heat-killed L. casei (HKLC)/ml of drinking water (;5 ml con-
sumed/day) 1 week prechallenge and continuously postchallenge
with C. albicans.

b Number of mice with disseminated candidiasis/number of mice
tested.

c No. of C. albicans 5 mean 6 SEM log10 CFU C. albicans/g
homogenized tissues (⅓ spleen, ⅓ liver, ½ kidney combined).

d Significantly less C. albicans dissemination than untreated con-
trol, P , 0.05.

e Significantly fewer C. albicans in internal organs than untreated
control, P , 0.05.

sociated mice, and C. albicans-colonized mice treated with HKLA
or HKLC. A cell suspension consisting of spleen cells (5 3 105

in 0.2 ml) in complete RPMI-1640 medium with 5% fetal calf
serum (Sigma Chemical Co., St. Louis, Mo.) was added to the
wells of a flat-bottom 96-well culture plate (Falcon 3072, Becton-
Dickinson, Lincoln, N.J.). Each mitogen or antigen was added (in
0.01 ml of complete RPMI-1640 medium) to duplicate wells at
the following concentrations: 10 mg lipopolysaccharide (Sigma)/
well, 0.5 mg concanavalin A (Sigma)/well, 10 mg cytoplasmic
antigen preparation from C. albicans, or 2 mg of cytoplasmic an-
tigen preparation from L. acidophilus or L. casei. Antigen prep-
aration procedures were conducted as previously described (1).
Control wells contained the spleen cell suspensions only. After
incubation at 378C in an atmosphere containing 5% CO2 for 72
h, 0.02 ml of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfonyl)-2H-tetrazolium/phenazine methosulfate so-
lution (Promega) was added to each well. The plates were incu-
bated at 378C for 2 h and the proliferation of lymphocytes in
response to mitogens or antigens was measured with an enzyme-
linked immunosorbent assay plate reader (Dynatech Laboratories,
Inc., Chantilly, Va.) as reduced 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium at an opti-
cal density of 490 nm (OD490). Three mice per group were used
to calculate the mean 6 SEM OD490 for each control, mitogen,
or antigen tested.

Statistical analyses. Repeated-measures analysis of variance
was used to test for differences in numbers of viable C. albicans
in the alimentary tract and internal organs of mice from the C.
albicans-colonized controls and HKLA- or HKLC-treated and C.
albicans-colonized groups. Analysis of variance with the rank sum
test was used to evaluate the significance of differences in histo-
pathology scores of C. albicans-infected mice. The culture data
were log10 transformed to better meet the assumptions of analysis
of variance.

RESULTS

HKLA or HKLC do not protect bg/bg–nu/nu mice
from lethality after oral colonization. Neither HKLA nor
HKLC prolonged the survival of bg/bg–nu/nu mice, in
comparison to gnotobiotic controls that were challenged
orally with C. albicans but not fed HKLA or HKLC (Table
1). Mortality of bg/bg–nu/nu mice at 2 weeks after chal-
lenge and the overall debility of the survivors prompted the

early euthanasia of these mice. Thus, data on bg/bg–nu/nu
mice are not available for comparison with bg/bg–nu/1
mice at 4 and 8 weeks after oral challenge with C. albicans.

HKLA and HKLC inhibit disseminated candidiasis
of endogenous origin. The bg/bg–nu/nu mice given HKLA
had a significantly (P , 0.05) reduced incidence of C. al-
bicans dissemination from the alimentary tract to internal
organs at 2 weeks after oral challenge with C. albicans
(Table 2). The latter probiotic effect was not evident with
mice fed HKLC. In contrast, both HKLA and HKLC de-
creased the incidence of systemic candidiasis in bg/bg–nu/
1 mice in comparison to gnotobiotic mice challenged oral-
ly with C. albicans but not fed HKLA or HKLC, at 4 weeks
after oral challenge with C. albicans (Table 2). In addition,
bg/bg–nu/nu and bg/bg–nu/1 mice fed either HKLA or
HKLC had significantly fewer viable C. albicans in their
internal organs at 2 and 4 weeks, respectively, after colo-
nization compared with untreated gnotobiotic control mice
that were monoassociated with C. albicans but not fed
HKLA or HKLC. At 8 weeks after C. albicans challenge,
neither HKLA nor HKLC inhibited dissemination in bg/bg–
nu/1 mice, but the numbers of C. albicans in their internal
organs were still lower than in organs of untreated control
(i.e., C. albicans-monoassociated, but not fed HKLA or
HKLC) mice.

Effect of HKLA and HKLC on orogastric candidi-
asis. Histopathological analyses were used to determine
whether feeding mice HKLA or HKLC altered the severity
of orogastric candidiasis in the mice. In bg/bg–nu/nu mice,
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TABLE 3. Probiotic effect of heat-killed lactobacilli (HKLA or
HKLC) on candidiasis in gnotobiotic mice

Mouse genotype
and heat-killed

probiotic treatmenta

Weeks
colon-
ized

with C.
albi-
cans

Inci-
dence

of oro-
gastric
candi-
diasis
(%)b

Orogastric
candidiasis

scorec

Sto-
mach

Eso-
phagus Tongue

Pal-
ate

bg/bg–nu/nu
bg/bg–nu/nu 1 HKLC
bg/bg–nu/nu 1 HKLA
bg/bg–nu/1
bg/bg–nu/1 1 HKLC
bg/bg–nu/1 1 HKLA
bg/bg–nu/1
bg/bg–nu/1 1 HKLC
bg/bg–nu/1 1 HKLA

2
2
2
4
4
4
8
8
8

100
75

100
60

100
100
71

100
100

4
2d

3
3
3
3
3
3
3

4
3
3
0
0
0
0
0
0

4
3
4
0
0
0
0
0
0

4
2d

3
0
1
1
0
0
0

a Mice were fed 1 3 1010 heat-killed L. acidophilus (HKLA) or
heat-killed L. casei (HKLC)/ml of drinking water (;5 ml con-
sumed/day) 1 week prior to and continuously after oral coloni-
zation with C. albicans.

b Percentage of mice with candidiasis in orogastric tissues.
c An orogastric candidiasis severity score for the indicated tissue

was assessed by the following criteria; (0) no infection, (1) 1 to
10 microorganisms/high power field (HPF, 4003), (2) 10 to 50
microorganisms/HPF, (3) 50 to 100 microorganisms/HPF (yeast
and hyphae of C. albicans), (4) confluent microorganisms/HPF
(yeast and hyphae of C. albicans), (5) confluent microorganisms/
HPF with hyphal penetration of viable tissues (yeast and hyphae
of C. albicans). Three to nine mice/group.

d Significantly lower severity scores (averaged over the four tis-
sues), compared to untreated controls, P , 0.05.

TABLE 4. Inability of heat-killed probiotics to prevent coloni-
zation of bg/bg-nu/nu and bg/bg-nu/1 mice by C. albicans

Heat-killed
probiotic
treatmenta

Days after
C. albicans
challenge CFU C. albicansb

None
HKLC
HKLA
None
HKLC
HKLA

1
1
1
3
3
3

7.8 6 0.1
1.8 6 0.9c

5.0 6 1.0c

9.3 6 0.2
8.8 6 0.1
9.6 6 0.3

a Mice were fed water (none; no probiotics), 1 3 1010 heat-killed
L. acidophilus (HKLA) or heat-killed L. casei (HKLC)/ml of
drinking water (;5 ml consumed/day) 1 week prior to and con-
tinuously after colonization with C. albicans.

b Mean 6 SEM log10 CFU C. albicans/g feces (dry weight), for
six to nine mice/group. Results from bg/bg–nu/nu and bg/bg–
nu/1 mice were combined because there were no significant (P
, 0.05) strain-related difference in the degree of colonization.

c Significantly fewer C. albicans compared to monoassociated
mice not fed HKLA or HKLC, P , 0.05.

HKLC decreased (at 2 weeks) the severity of orogastric
candidiasis in the stomachs, esophagi, tongues, and hard
palates, whereas HKLA reduced the severity of candidiasis
in the stomachs, esophagi, and hard palates (Table 3). In
contrast, feeding either HKLA or HKLC did not inhibit the
severity of gastric candidiasis in bg/bg–nu/1 mice (in com-
parison to Candida-colonized mice that were not fed
HKLA or HKLC) at 4 weeks or at 8 weeks after oral chal-
lenge with C. albicans (Table 3).

Effects of HKLA or HKLC on C. albicans coloni-
zation (fecal shedding) of the gastrointestinal tracts.
Feeding HKLA or HKLC to bg/bg–nu/nu or bg/bg–nu/1
mice did not prevent colonization (measured as fecal shed-
ding) of the alimentary tract by C. albicans. The number
of yeast in the feces reached levels similar to untreated (no
nonviable probiotics) C. albicans-challenged mice by 3
days after oral challenge with C. albicans (Table 4). Col-
onization of the mice by C. albicans may have been slowed
by heat-killed bacteria, because the number of viable C.
albicans in feces of mice treated with HKLA or HKLC
were significantly less at 1 day after oral challenge with C.
albicans than counts from C. albicans-monoassociated
mice that were not fed HKLA or HKLC (Table 4).

In some parts of the intestinal tract, HKLA or HKLC
feeding suppressed, in comparison to untreated (not fed

heat-killed probiotics) C. albicans-monoassociated controls,
the number of viable C. albicans in the gastrointestinal
tracts of bg/bg–nu/nu and bg/bg–nu/1 mice (Table 5). For
example, significantly fewer viable C. albicans were iso-
lated from the small intestines and ceca of bg/bg–nu/nu
mice being treated with HKLA or HKLC at 2 weeks after
oral C. albicans challenge. Fewer viable C. albicans were
isolated from the colons of bg/bg–nu/1 mice being treated
with HKLA, at 4 and 8 weeks after oral C. albicans chal-
lenge. Significant inhibition of C. albicans was evident in
stomachs of HKLC-treated bg/bg–nu/1 mice at 4 weeks
and in small intestines and ceca at 8 weeks after oral chal-
lenge with C. albicans (Table 5).

Effect of HKLA and HKLC on body weights of
mice orally challenged with C. albicans. In this study,
decreased body weights, induced by C. albicans coloniza-
tion, were significantly curtailed by HKLC, but not by
HKLA, at 2 weeks after oral challenge with C. albicans
(Table 6). The body weights of bg/bg–nu/1 mice colonized
for 4 and 8 weeks with C. albicans were not significantly
affected by HKLA or HKLC feeding (Table 6).

Splenocyte proliferation of HKLA- or HKLC-treat-
ed mice. In vitro proliferative responses of spleen cells to
C. albicans, L. acidophilus, and L. casei antigens was as-
sessed to determine if feeding HKLA or HKLC had a stim-
ulatory effect on cell-mediated immunity in bg/bg–nu/1
mice. Splenocyte proliferation in bg/bg–nu/nu mice was not
evaluated because the latter mice are athymic. HKLA- and
HKLC-fed mice (bg/bg–nu/1) had significantly increased
proliferative responses of splenocytes to C. albicans anti-
gens at 8 weeks after colonization with C. albicans (Table
7). In contrast, control mice monoassociated with C. albi-
cans but not fed a heat-killed probiotic had significantly
less of a proliferative response to C. albicans antigens at 8
weeks than at 4 weeks after oral challenge. Feeding HKLA
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TABLE 5. Inhibitory effects of heat-killed probiotics on C. albicans in the gastrointestinal tracts of bg/bg–nu/nu and bg/bg–nu/1 mice
after colonization with C. albicans

Mouse
genotype

Probiotic
treatmenta

Weeks
colonized
with C.
albicans

CFU C. albicansb

Stomach
Small

Intestine Cecum Colon

bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1

None
HKLC
HKLA
None
HKLC
HKLA
None
HKLC
HKLA

2
2
2
4
4
4
8
8
8

8.9 6 0.3
7.6 6 0.7
7.7 6 0.2
8.5 6 0.2
7.5 6 0.2c

7.9 6 0.2
8.2 6 0.3
7.3 6 0.2
8.2 6 0.8

9.1 6 0.2
7.7 6 0.4c

7.4 6 0.1c

8.1 6 0.3
7.5 6 0.4
7.4 6 0.4
8.5 6 0.1
6.8 6 0.3c

6.9 6 0.2

9.4 6 0.1
9.2 6 0.1
8.1 6 0.4c

9.1 6 0.2
8.6 6 0.2
8.8 6 0.1
9.3 6 0.4
7.7 6 0.5c

8.9 6 0.2

9.1 6 0.1
7.9 6 0.4
8.3 6 0.4
8.3 6 0.2
8.3 6 0.3
7.4 6 0.2c

7.8 6 0.4
6.9 6 0.2
6.6 6 0.1c

a Mice were fed water (none; no probiotics), 1 3 1010 heat-killed L. acidophilus (HKLA) or heat-killed L. casei (HKLC)/ml of drinking
water (;5 ml consumed/day) 1 week prior to and continuously after colonization with C. albicans.

b Mean 6 SEM log10 CFU C. albicans/g (dry weight) contents from three to six mice/group.
c Significantly fewer viable C. albicans than untreated control group, P , 0.05.

TABLE 6. Effects of heat-killed probiotics on body weights of C.
albicans-colonized male mice

Genotype

Heat-killed
probiotic

treatmenta

Weeks
colon-
ized

Age
(weeks)

Body weight
(g)b

bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/nu
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1
bg/bg–nu/1

Germfree
None
HKLC
HKLA
Germfree
None
HKLC
HKLA
None
HKLC
HKLA

2
2
2

4
4
4
8
8
8

12
12
12
12
18
18
18
18
18
18
18

28.0 6 2.0
19.1 6 0.9
26.9 6 3.3c

2.2 6 0.3d

32.7 6 2.8
28.6 6 1.3
32.0 6 1.8
33.1 6 0.6
30.0 6 1.1
31.5 6 1.1
32.7 6 0.9

a Mice were fed water (none; no probiotics), 1 3 1010 heat-killed
L. acidophilus (HKLA), or heat-killed L. casei (HKLC)/ml of
drinking water (;5 ml consumed/day) 1 week prior to and con-
tinuously after colonization with C. albicans.

b Mean 6 SEM body weight (g), three to six mice/group.
c Treated mice had significantly greater body weights than C. al-

bicans monoassociated controls, P , 0.05.
d Treated mice had significantly lower body weights than germfree

controls, P , 0.05.

also increased the lymphoproliferative response of spleen
cells to L. acidophilus antigens (Table 7); however, feeding
HKLC did not significantly affect the proliferative respons-
es of splenocytes to L. casei or C. albicans antigens.

DISCUSSION

A number of prophylactic or biotherapeutic effects,
such as interference with the adherence of pathogens and
immunostimulation of host defenses, have been attributed
to viable probiotic bacteria (9, 10). Viability of probiotic
organisms is assumed to be an important aspect of their
biotherapeutic efficacy (5, 9); however, some reports have

shown probiotic effects with heat-killed bacteria (14, 18).
In this study, we assessed whether HKLA or HKLC would
protect mice from mucosal and systemic candidiasis of en-
dogenous origin. Although it would be useful to separate
the bacterial cells and supernatant after the heat treatment
to determine whether probiotic components were water sol-
uble, we studied both components in this initial study be-
cause of limited numbers of mice available for the study.

Our previous study (16) demonstrated that colonization
of the alimentary tracts of bg/bg–nu/nu mice with viable L.
acidophilus protected them (prolonged their survival) after
oral colonization with C. albicans, in comparison to C. al-
bicans-monoassociated controls (17). Feeding HKLA or
HKLC to bg/bg–nu/nu mice did not prolong their survival
after oral challenge with C. albicans. Thus, heat-killed pro-
biotic bacteria were unable to protect bg/bg–nu/nu mice
from lethal candidiasis.

An important attribute of viable probiotic bacteria is
their capacity to interfere with systemic infections of en-
dogenous (from the alimentary tract) origin (3, 6). We pre-
viously demonstrated that viable L. acidophilus and L. casei
GG inhibited the dissemination of C. albicans from the gut
to internal organs in bg/bg–nu/nu and bg/bg–nu/1 mice
(16). In this study, HKLA, but not HKLC decreased the
incidence of disseminated candidiasis in bg/bg–nu/nu mice
at 2 weeks after colonization with C. albicans, and treat-
ment with either HKLA or HKLC decreased disseminated
candidiasis in bg/bg–nu/1 mice at 4 weeks after coloni-
zation with C. albicans. In bg/bg–nu/1 mice, dissemination
of C. albicans from the gut was not significantly inhibited
by either HKLA or HKLC at 8 weeks after C. albicans
colonization. Conversely, mice colonized with live L. aci-
dophilus or L. casei suppressed the dissemination of C. al-
bicans from the gut for 12 weeks (16). Thus our study
suggests that viable probiotic bacteria can inhibit systemic
candidiasis of endogenous origin better, and longer, than
heat-killed bacteria. The mechanism(s) involved in the pro-
biotic inhibition of C. albicans dissemination has not been
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TABLE 7. Enhancement of in vitro splenocyte proliferation to C. albicans antigens by heat-killed L. acidophilus (HKLA) or L. casei
(HKLC)

Heat-killed
probiotic

treatmenta

(weeks
colonized)

Proliferative responseb to

Lipopolysaccharide Concanavalin A
C. albicans

antigen
L. acidophilus

antigen
L. casei
antigen

None (4)
None (8)
HKLA (4)
HKLA (8)
HKLC (4)
HKLC (8)

0.25 6 0.05
0.93 6 0.13
0.16 6 1.00
0.93 6 0.06
0.10 6 0.06
0.81 6 0.12

0.34 6 0.04
0.82 6 0.18
0.34 6 0.002
0.83 6 0.06
0.11 6 0.01
0.81 6 0.10

0.30 6 0.07
0.15 6 0.03
0.42 6 0.02
0.50 6 0.01d

0.10 6 0.10
0.30 6 0.05d

0.06 6 0.05
NDc

0.25 6 0.21
0.26 6 0.03d

NDc

NDc

0.20 6 0.04
NDc

NDc

NDc

0.32 6 0.03
0.23 6 0.04

a Mice were fed water (none; no probiotics), 1 3 1010 heat-killed L. acidophilus (HKLA) or heat-killed L. casei (HKLC)/ml of drinking
water (;5 ml consumed/day) 1 week prior to and continuously after colonization with C. albicans.

b Proliferative response 5 mean 6 SEM OD at 490 nm for four mice/group.
c ND, not done.
d Significantly greater proliferative response (P , 0.05), as measured by an increased reduction of MTS (OD490) compared with the

untreated control cells.

identified but could involve either a metabolic product of
the viable bacteria or a surface antigen that may interfere
with C. albicans adherence to tissues and/or induce protec-
tive immune responses.

In a previous study, neither viable L. acidophilus nor
viable L. casei were able to inhibit significantly the inci-
dence and severity of orogastric candidiasis in bg/bg–nu/nu
mice (16). In this study, feeding HKLA or HKLC (Table
3) attenuated the overall severity of candidiasis in the mu-
cosal tissues of bg/bg–nu/nu mice at 2 weeks but did not
protect bg/bg–nu/1 mice from gastric candidiasis at 4 and
8 weeks after oral challenge with C. albicans. Feeding heat-
killed bacteria has been reported to protect immunocom-
petent mice from experimental systemic (intravenous chal-
lenge) candidiasis (14), but we are not aware of any other
reports that heat-killed probiotics can protect immunodefi-
cient mice from orogastric candidiasis.

Another probiotic attribute of viable L. acidophilus and
L. casei that we reported previously (16) was their capacity
to suppress the number of viable C. albicans in the ali-
mentary tracts of bg/bg–nu/nu and bg/bg–nu/1 mice. Feed-
ing bg/bg–nu/nu or bg/bg–nu/1 mice HKLA or HKLC also
significantly reduced the numbers of viable C. albicans in
the stomachs and intestines, compared with viable C. al-
bicans populations in the same organs from untreated (no
HKLA or HKLC) but C. albicans-challenged (monoasso-
ciated) mice. Thus, viable bacteria are not necessary for the
probiotic bacteria to decrease the number of C. albicans in
the alimentary tract. Being metabolically inactive, the
HKLA and HKLC could not compete with C. albicans for
nutrients. A possible mechanism by which the heat-killed
bacteria suspension inhibited C. albicans in the alimentary
tract was by blocking C. albicans tissue adherence sites or
by immunostimulation.

Viable L. acidophilus or L. casei did not prevent
weight loss, which is a manifestation of orogastric candi-
diasis in bg/bg–nu/nu mice (16). Feeding HKLC, but not
HKLA, significantly interfered with the C. albicans-in-

duced weight loss in bg/bg–nu/nu mice. It is worth noting
that viable L. casei was also unable to prevent C. albicans-
associated weight loss (16). The inhibition of C. albicans-
associated weight loss by HKLC is another example of an
improved probiotic effect of a heat-killed bacterium in com-
parison to the live probiotic. The weight loss prevention
may have occurred by blocking C. albicans infection, by a
nutritional effect on the host, or by an immunostimulatory
mechanism.

Immunostimulation is considered to be a mechanism
whereby probiotics induce biotherapeutic effects in the host
(8, 13, 15). We previously reported that viable L. casei and
a Bifidobacterium species in the alimentary tract enhanced
the capacity of spleen cells from the mice to proliferate in
response to C. albicans antigens in vitro (16). In this study,
feeding HKLA or HKLC was associated with a signifi-
cantly enhanced proliferative response of splenocytes, har-
vested at 8 weeks after bg/bg–nu/1 mice were colonized
with C. albicans, to C. albicans antigens. The proliferative
responses to C. albicans antigens by splenocytes from the
control mice (not fed HKLA or HKLC but monoassociated
with C. albicans for 8 weeks) were significantly less than
from mice monoassociated for 4 weeks, suggesting that
constant alimentary tract colonization with C. albicans may
have suppressed cell-mediated immunity to C. albicans.
The heat-killed probiotic preparations appeared to prevent
the C. albicans-induced suppression of cell-mediated im-
munity. Thus, viability does not appear to be necessary for
immunostimulation by probiotic bacteria.

Heat-killed probiotic bacteria suppressed C. albicans
in the alimentary tract, attenuated the severity of mucosal
candidiasis in tissues of bg/bg–nu/nu mice, and stimulated
cell-mediated immune responses to C. albicans antigens.
However, neither HKLA nor HKLC protected the mice
from disseminated candidiasis of endogenous origin 8
weeks after alimentary tract colonization with C. albicans.
The inability of HKLA or HKLC to sustain protection of
bg/bg–nu/nu mice from systemic candidiasis of endogenous
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origin may explain why bg/bg–nu/nu mice (fed HKLA or
HKLC) did not survive longer.

The use of GF and gnotobiotic mice in these studies
have several advantages. The lack of a competitive bacterial
flora obviously enhanced the interactions of heat-killed pro-
biotic bacteria and viable C. albicans with a mammalian
host and essentially allowed us to study the susceptibility
of all mucosal surfaces and skin of the mice to candidiasis.
Thus, we were able to identify probiotic effects without the
Candida-inhibiting complications of a complex bacterial
flora. The gnotobiotic model allowed us to characterize the
probiotic effect of a known, heat-killed microbe. How these
microbes with proven probiotic effects will perform in the
complex microbial ecosystem of a conventional, complex
flora host will have to await further experimentation. Al-
though our experiments do not model hosts with complex
intestinal flora, our model is analogous to C. albicans over-
growth in the intestines of immunodeficient hosts after
broad-spectrum antibiotic treatment that could provide a
clinical application for heat-killed probiotic bacteria.

Overall, this study provides in vivo evidence that heat-
killed lactobacilli can produce some probiotic effects
against candidiasis in mice. Some probiotic attributes, such
as protection of bg/bg–nu/nu mice from orogastric candi-
diasis, may be evoked better with heat-killed bacteria than
with viable probiotics. Heat-killed probiotics may be a use-
ful therapy for hosts susceptible to orogastric but not sys-
temic candidiasis that cannot be treated with viable bacteria.
Other, less drastic methods to kill bacteria (e.g., radiation)
could increase the effectiveness and health-promoting ef-
fects of dead probiotic bacteria. Our study suggests that
killed probiotic bacteria do bring about some probiotic ef-
fects and thus have potential for use as probiotic agents
where nonviable bacteria may be safer than live bacteria
for use in certain dietary products intended for immuno-
deficient patients.
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