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Candida albicans, normally found as a commensal in the gut, is a major human fungal pathogen responsible for both mucosal
and systemic infections in a wide variety of immunocompromised individuals, including cancer patients and organ transplant
recipients. The gastrointestinal tract represents a major portal of entry for the establishment of disseminated candidiasis in
many of these individuals. Here we report the development of a diet-based mouse model for disseminated candidiasis acquired
via the gastrointestinal tract. Using this model, as well as an appropriate immunosuppression regimen, we demonstrate that dis-
semination of C. albicans from the gastrointestinal tract can result in mortality within 30 days postinfection. We also show a
significant increase in fungal burden in systemic organs, but not gastrointestinal tract organs, upon immunosuppression. Im-
portantly, we demonstrate that the administration of two widely used antifungals, fluconazole and caspofungin, either pre- or
postimmunosuppression, significantly reduces fungal burdens. This model should prove to be of significant value for testing the
ability of both established and experimental therapeutics to inhibit C. albicans dissemination from the gastrointestinal tract in
an immunocompromised host as well as the subsequent mortality that can result from disseminated candidiasis.

Candida albicans, the most commonly isolated human fungal
pathogen, accounts for about 50% of candidiasis cases and can

cause a wide range of both mucosal and life-threatening systemic
infections (1, 2). Immunocompromised individuals, including
HIV/AIDS patients, recipients of prosthetic devices, cancer pa-
tients, and organ transplant recipients, are particularly vulnerable
to infection (3–6). About 70% of solid tumor patients develop
Candida infections, many of whom have either received chemo-
therapy and/or undergone surgery in the month prior to infection
(7). Candidiasis is also a major cause of death among leukemia
patients (7, 8). Approximately $1 billion is spent annually on the
treatment of patients with hospital-acquired Candida infections
in the United States alone (9).

C. albicans is normally found as a commensal in the gastroin-
testinal (GI) tract as well as oral and vaginal cavities of healthy
individuals (10–12). In immunocompromised patients, the GI
tract is a major portal of entry for the establishment of dissemi-
nated candidiasis (13–15). However, little is known about the
mechanisms that C. albicans uses to invade and translocate across
the gastric mucosa as well as the effect of both established and
experimental antifungal therapies on these processes. This is
largely due to the fact that very few viable animal models are cur-
rently available to specifically assess disseminated candidiasis ac-
quired via the GI tract. One previously reported model involves
the depletion of normal intestinal flora with antibiotic treatment,
colonization with C. albicans, and subsequent administration of
the immunosuppressant cyclophosphamide (Cytoxan; Baxter,
Deerfield, IL), which leads to complete mortality (16). In this
model, dissemination and mortality resulted from the selective
depletion of neutrophils along with disruption of the GI mucosa.
However, significant increases in liver fungal burden were not
observed following the administration of a variety of immunosup-
pressive regimens. Unlike that of adult mice, the GI tract of neo-
natal mice has an altered composition of gut immune effectors

and antimicrobial peptides and is more amenable to Candida col-
onization and dissemination (17–21). A major drawback of most
neonatal Candida GI models, however, is that colonization and
dissemination are transient and rapidly reduced as the mice age
(21). GI Candida models involving gnotobiotic, or germfree,
mice, including mice with immune deficiencies, have also been
reported, although these models require specialized germfree an-
imal facilities, which are not always readily available (21–25).

A number of models have also been established for commensal
colonization of the GI tract by C. albicans (16, 26–31). Inoculation
is usually performed by oral gavage, and colonization is moni-
tored by determining the fungal burden in fecal pellets at various
postinoculation time points. Several of these models have been
very useful in the characterization of transcriptional regulators,
such as Efh1 and Sfu1, that are involved in controlling the level of
C. albicans GI colonization in response to host environmental
cues. However, one limitation of these models is that antibiotics,
which can have an impact on the level and composition of natural
bacterial flora, are used to achieve C. albicans colonization.

In order to address this issue, Yamaguchi et al. described a
mouse GI model that uses a purified diet consisting of cornstarch,
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casein, sucrose, soybean oil, cellulose, L-cystine, choline bitartrate,
as well as vitamin and mineral mixes rather than a standard com-
mercial diet (32). The purified diet leads to reduced levels of lac-
tobacilli in the gut as well as a reduction in the organic acids that
these bacteria produce. Organic acids, in turn, were shown previ-
ously to inhibit the growth of C. albicans. In addition, a previous
study suggested that commercial rodent diets contain substances
that neutralize fatty acid toxicity against lactobacilli (33), thus
raising the levels of these bacteria (and most likely raising organic
acid levels in the gut as well). The purified diet thus facilitates C.
albicans initial colonization of the GI tract without the added
complications of antibiotic use.

In this study, we modify the diet-based approach described
above to develop a new mouse model that can be specifically used
to examine disseminated candidiasis acquired via the GI tract. We
demonstrate that our model can assess both mortality and colo-
nization of the GI tract as well as fungal dissemination to various
systemic organs upon immunosuppression. Most importantly, we
show that this model can be used to determine the efficacy of
multiple antifungals for halting C. albicans dissemination from
the GI tract.

MATERIALS AND METHODS
Strain. C. albicans SC5314 was the strain used in this study, which was
previously described (34). We used strain SC5314 because it is the most
commonly used wild-type C. albicans strain and the reference strain from
which most other C. albicans strains are derived, therefore allowing for a
better comparison of our results with those from other studies. In addi-
tion, the virulence of this strain has been evaluated in numerous previous
studies (11, 35, 36). C. albicans SC5314 was streaked from a glycerol stock
at �80°C and grown on yeast extract-peptone-dextrose (YEPD) plates at
30°C for 2 days. Cells were then used to inoculate 50 ml of YEPD liquid
medium, and the culture was grown overnight (�16 to 24 h) at 200 rpm in
a 30°C incubator prior to inoculum preparation.

Diet-based mouse GI model of disseminated candidiasis. (i) Dis-
semination assay. The model used in this study is based on a model
described previously by Yamaguchi et al. (32). Four- to six-week-old male
BALB/c mice from Harlan or Charles River Laboratories (weighing 21 to
23 g) were placed on purified rodent diet AIN-93G (catalog number
110700; Dyets, Inc.) for 14 days prior to inoculation. This diet is com-
prised of �-cornstarch (529.5 g/kg of body weight), casein (200 g/kg),
sucrose (100 g/kg), soybean oil (70 g/kg), cellulose (50 g/kg), mineral mix
(AIN-93G-MX) (35 g/kg), vitamin mix (AIN-93G-VX) (10 g/kg), L-cys-
tine (3 g/kg), and choline bitartate (2.5 g/kg), as described previously (32,
37). Mice were also placed into wire-bottom cages with paper liners for 24
h so that feces could be collected immediately prior to inoculation (day 0)
and every 7 days thereafter until the end of the experiment in order to
determine the level of colonization. Food and water were removed from
the cages �16 and 4 h, respectively, prior to infection. Inoculum prepa-
ration and confirmation of inoculum viability were performed as de-
scribed previously (38) (http://www.sacmm.org/pdf/SOP_MurineModel
_GI_Disseminated_Candidiasis_by_Candida_albicans.pdf). Briefly, cells
were centrifuged at �2,000 rpm for 10 min and washed three times in
sterile phosphate-buffered saline (PBS). A loopful (10 �l) of cells was then
placed into 2 ml of sterile PBS, spun in a microcentrifuge for 3 min, and
resuspended in 2 ml of sterile PBS. Cells were then serially diluted, and the
number of cells per milliliter was determined by using a hemocytometer.
The inoculum was adjusted to 1.2 � 108 cells/ml in sterile PBS, and 0.5 ml
(6.0 � 107 C. albicans cells) was used to inoculate each mouse, similar to
the inoculum size described previously by Yamaguchi et al. (32). Inocu-
lum viability was confirmed by carrying out serial dilutions of the inocu-
lum in sterile PBS, plating 100 �l of these dilutions onto Sabouraud dex-
trose agar, and counting the number of colonies following growth at 37°C

overnight. Immunosuppression was carried out by administering cyclo-
phosphamide at 150 mg/kg intraperitoneally (i.p.) and prednisolone so-
dium succinate (Solu-Delta-Cortef; Pfizer, New York, NY) (32) at 50
mg/kg subcutaneously (s.c.) on days 14 and 17 postinfection. Previous
studies have shown that similar cyclophosphamide administration in
mice leads to a significant reduction in white blood cell counts and neu-
tropenia (39, 40). In addition, starting on day 14, mice were placed on
drinking water with enrofloxacin (Bayer, Shawnee Mission, KS) at 50 ppm
(or 50 �g/ml) until the end of the study. Following inoculation, mice were
monitored at least twice daily to prevent and minimize unnecessary pain
and distress. Moribund animals were euthanized by using 5% isoflurane
followed by cervical dislocation. As controls, animals were sacrificed im-
mediately prior to both inoculation (day 0) as well as immunosuppression
(day 14). All other mice were sacrificed on day 21. Livers, kidneys, spleens,
forestomachs, and small intestines were harvested from all animals, ho-
mogenized, and used to assess fungal burden (see http://www.sacmm.org
/pdf/SOP_MurineModel_GI_Disseminated_Candidiasis_by_Candida
_albicans.pdf). A total of 100 kU/liter penicillin and 100 mg/liter strepto-
mycin were added to the sterile saline used to homogenate the organs in
order to prevent bacterial contamination. To evaluate the effects of pre-
and postimmunosuppression therapy, antifungals were administered
starting 3 days prior to and 4 days following, respectively, the first immu-
nosuppression dose. Commercially available intravenous formulations of
fluconazole (Diflucan; Pfizer) and caspofungin (Cancidas; Merck) were
administered at 5 mg/kg/day and 1 mg/kg/day, respectively, by i.p. injec-
tion.

(ii) Survival assay. Survival experiments were performed in a manner
identical to that for the dissemination experiments described above, using
an inoculum of 4.2 � 107 C. albicans cells, with the following exceptions:
(i) four doses of the immunosuppression treatment, each consisting of
150 mg/kg cyclophosphamide (i.p.) and 65 mg/kg prednisolone (s.c.),
were administered on days 14, 17, 21, and 24 postinfection, and (ii) sur-
vival was monitored over the course of 30 days, and all surviving mice
were sacrificed on day 30. Fungal burdens in livers, kidneys, spleens, fores-
tomachs, and small intestines were assessed as described above for the
dissemination assay.

This animal protocol was approved by the Institutional Animal Care
and Use Committee at the University of Texas Health Science Center at
San Antonio, and all animals were maintained in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care.

RESULTS
Establishment of a diet-based mouse model for disseminated
candidiasis acquired via the GI tract. We have developed a diet-
based mouse model for GI disseminated candidiasis. The overall
experimental strategy for this model is shown in Fig. 1A, and fur-
ther details are provided in Materials and Methods. Using this
model, we observed extensive GI colonization throughout the
course of our experiments with fungal burdens generally in the
range of 104 to 107 CFU/g feces (Fig. 2A). Initial experiments
indicated that GI colonization reached these levels by as early as 3
days postinfection (data not shown). In addition, the level of GI
colonization did not appear to be significantly affected by our
immunosuppressive treatment. Consistent with these findings,
fungal burdens in the GI organs (small intestine and forestomach)
also did not appear to show significant differences in immunosup-
pressed versus control mice (Fig. 2B). In contrast, we observed
markedly increased fungal burdens in the systemic organs (livers,
kidneys, and spleens) of immunosuppressed versus control ani-
mals (Fig. 2C), indicating that immunosuppression was sufficient
to promote disseminated infection. Interestingly, while no fungal
CFUs were observed in the spleens of nonimmunosuppressed
control mice, we still detected fungi in the livers and kidneys of
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these mice (albeit at lower levels than those observed for the im-
munosuppressed groups). This observation suggests that there is a
low level of background dissemination to these organs that can
occur even in the absence of immunosuppression. During the
course of optimizing the model described above, we performed
experiments using a variety of alternative immunosuppressive
regimens. These regimens involved mice receiving a greater num-
ber of doses of immunosuppressive treatments prior to sacrifice
and/or mice receiving 250 mg/kg cortisone acetate, rather than 50
mg/kg prednisolone sodium succinate. In many of these cases, we
found that several mice died prior to the final sacrifice day, com-
plicating our fungal burden analysis. With a large majority of these
alternative regimens, we also observed mice dying in our unin-
fected immunosuppressed control group, indicating that deaths

were a consequence of adverse effects/toxicities of the immuno-
suppressive agents rather than infection.

The diet-based model can be used to assess survival specifi-
cally in response to disseminated candidiasis acquired via the GI
tract. In order to assess survival in our GI candidiasis model, a
more prolonged immunosuppression regimen than that used to
test dissemination was required. The experimental strategy for the
survival experiment is shown in Fig. 1B, and additional details are
provided in Materials and Methods. Briefly, mice were adminis-
tered four, rather than two, doses of the immunosuppressive
treatment and monitored for survival over a course of 30 days. As
shown in Fig. 3, about half (five) of the mice in the infected group
died by day 26, and all remaining mice in this group were dead by
day 29. In contrast, nearly all mice were alive at the end of the

FIG 1 Schematic of diet-based models for candidiasis acquired via the gastrointestinal tract. (A) Outline of the model used to assess C. albicans dissemination
from the GI tract. Mice were placed on purified diet AIN-93G for 2 weeks and then inoculated by oral gavage (intragastric inoculation [i.g.]) with a wild-type C.
albicans strain. After an additional 2 weeks, one group of mice was administered two doses of immunosuppressive treatment, and a second control group was not
immunosuppressed. All mice were sacrificed at 21 days postinfection, and both gastrointestinal and systemic organs were harvested for fungal burden analysis.
(B) Outline of the model used to assess survival in response to C. albicans gastrointestinal dissemination. A protocol similar to that described above for panel A
was followed, except that mice were administered four doses of immunosuppressive treatment and monitored for survival over the course of 30 days. All
surviving mice were sacrificed on day 30. FLU, 5 mg/kg fluconazole (i.p.); CSP, 1 mg/kg caspofungin (i.p.); Cyclo, 150 mg/kg cyclophosphamide (i.p.); Pred suc,
50 mg/kg prednisolone sodium succinate (Solu-Delta-Cortef) (s.c.); Pred, 65 mg/kg prednisolone (s.c.); pre, preimmunosuppression; post, postimmunosup-
pression; D0, day 0.
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experiment (day 30) in an uninfected group that had received the
same immunosuppressive regimen, indicating that very few, if
any, deaths resulted from the immunosuppression regimen alone.
In order to confirm dissemination, both systemic (liver, kidney,
and spleen) and GI (small intestine and forestomach) organs were
harvested from all animals either at the time of death or at the day
30 sacrifice point, homogenized, and used to determine fungal
burdens. Both infected control and infected immunosuppressed
groups of mice showed strong GI colonization (see Fig. S1A in the
supplemental material) and nearly comparable fungal burdens in
the forestomach, although small intestine fungal burdens were
somewhat lower in the immunosuppressed group (see Fig. S1B in
the supplemental material). As expected, significantly higher fun-
gal burdens were observed in livers, kidneys, and spleens from
immunosuppressed mice than in those from nonimmunosup-
pressed controls (see Fig. S1C in the supplemental material).
Overall, these results are consistent with our above-described
findings (Fig. 2) and strongly suggest that our model can be used
to assess survival in an immunocompromised host specifically in
response to disseminated candidiasis acquired via the GI tract.

Antifungals specifically inhibit C. albicans dissemination
from the GI tract. We next sought to determine the effect of cur-
rent antifungal therapies on the ability of C. albicans to dissemi-
nate from the GI tract using our diet-based model. Our standard
assay for dissemination was performed using additional groups of
mice that were administered either fluconazole at 5 mg/kg/day i.p.
or caspofungin at 1 mg/kg/day i.p. Preimmunosuppression ther-
apy was initiated 3 days prior to immunosuppression, and
postimmunosuppression treatment started 4 days following
immunosuppression (Fig. 1A). As shown in Fig. 2A, while high

FIG 2 Fluconazole and caspofungin inhibit C. albicans dissemination from
the GI tract of an immunocompromised host. Mice were infected with 6 � 107

cells of a wild-type C. albicans strain, administered antifungals, immunosup-
pressed, and sacrificed as described in the legend of Fig. 1A. (A) Mean fungal
burdens (� standard errors of the means) in feces of the indicated groups of
mice taken at the time points shown. (B) Fungal burdens in gastrointestinal
organs from the indicated groups of mice sacrificed at the indicated time
points (bars indicate medians) (n � 5 [infected groups on day 14 {D14} or day
21] or n � 10 [all other groups]). (C) Fungal burdens in systemic organs from
the indicated groups of mice sacrificed at the indicated time points (bars indi-

cate medians) (n � 5 [infected groups on day 14 or day 21] or n � 10 [all other
groups]). No fungal burdens were observed for the uninfected group. CSP, 1
mg/kg caspofungin; FLU, 5 mg/kg fluconazole; Immuno, immunocompro-
mised.

FIG 3 C. albicans dissemination from the GI tract reduces survival of an
immunocompromised host. Mice were infected with 4.2 � 107 cells of a wild-
type C. albicans strain as described in the legend of Fig. 1B. Four consecutive
doses of cyclophosphamide (150 mg/kg) and prednisolone (65 mg/kg) were
administered to both infected and uninfected control groups at the indicated
time points (down arrows), and survival was monitored for 30 days (n � 9
[infected group] or n � 10 [uninfected group]). Based on a log rank analysis,
we observed a statistically significant difference between the infected and un-
infected groups (P � 0.0002).
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levels of GI colonization were generally maintained in the pres-
ence and absence of antifungal treatment, several groups
showed slight decreases in GI colonization when mice were
administered caspofungin or fluconazole either pre- or
postimmunosuppression. Preimmunosuppression adminis-
tration of fluconazole and caspofungin also led to decreases in
forestomach and small intestine fungal burdens (Fig. 2B). Most
importantly, we observed marked decreases in dissemination to
systemic organs (livers, kidneys, and spleens) upon the adminis-
tration of either caspofungin or fluconazole (Fig. 2C). Reduced
dissemination was apparent regardless of whether the antifungals
were administered pre- or postimmunosuppression. Overall, our
results indicate that administration of fluconazole and caspofun-
gin, either pre- or postimmunosuppression, can significantly halt
C. albicans dissemination from the GI tract.

DISCUSSION

Many immunocompromised patients are susceptible and can suc-
cumb to C. albicans bloodstream infections that are acquired via
the GI tract. As previously indicated, these individuals include
cancer patients who are on chemotherapy or have undergone sur-
gery, organ transplant recipients, and neutropenic patients (3–6).
In order to most accurately test potential therapeutics that can halt
or inhibit the translocation of C. albicans across the gastric mu-
cosa, it is important to develop animal models that most closely
emulate physiological and environmental conditions that are en-
countered in the human host. Because it is difficult to colonize the
GI tract of normal healthy rodents with C. albicans, most current
models for GI colonization involve the use of antibiotics and, in at
least one case, immunosuppression as well (16, 26–31). A limita-
tion of these models, however, is that the administration of anti-
biotics can influence the level of GI colonization so that it may less
accurately simulate that encountered in the host (particularly for
hosts who are not receiving antibiotic treatment prior to infec-
tion). In addition, immunosuppression is typically used to induce
dissemination so that administration of immunosuppressive
agents for the purpose of promoting initial colonization makes it
difficult for investigators to draw the important distinction be-
tween colonization and dissemination.

A major advantage of the mouse GI model for disseminated
candidiasis that we have developed in this study is that initial
colonization is achieved by using a purified diet rather than anti-
biotics. The diet-based approach leads to reduced organic acids in
the GI tract (compared to levels observed by using commercial
diets), which promotes C. albicans growth and reduces the growth
of competing bacterial flora (32). Since C. albicans is normally
found as a commensal of the mammalian GI tract in healthy indi-
viduals, the diet-based approach most likely provides a better ap-
proximation of the natural gut environment of humans. Our find-
ing that immunosuppression generally appears to have a greater
effect on systemic versus GI organ fungal burdens also strongly
suggests that the increases in systemic organ fungal burdens that
we observed upon immunosuppression were largely due to an
increased translocation of C. albicans across the GI tract (i.e., not
an indirect consequence of an increased fungal burden in the GI
tract). One limitation of our study, however, is that only a single C.
albicans isolate was used. In future studies, it will be interesting to
test the accuracy of our model using multiple isolates.

The diet-based C. albicans GI dissemination model that we
have developed has a number of important applications. First, the

model can be used to test the ability of a wide variety of C. albicans
mutants in known virulence processes, such as adhesion, degra-
dative enzyme production, and morphology, to disseminate from
the gastric mucosa of an immunocompromised host. These ex-
periments should provide significant insight into specific viru-
lence mechanisms that play an important role in C. albicans GI
dissemination. In addition, our demonstration that the model can
emulate mortality that occurs specifically as a consequence of C.
albicans GI dissemination in an immunosuppressed host opens
the avenue for testing the effects of both standard and experimen-
tal antifungal therapies on this process. The model can also be
used to examine the effect of antifungal treatment on C. albicans
dissemination to systemic organs at specific time points following
immunosuppression. As a proof of principle, we have already
demonstrated that both pre- and postimmunosuppression ad-
ministration of two standard antifungals, fluconazole and caspo-
fungin, can significantly reduce C. albicans dissemination from
the GI tract. Importantly, we observed that both drugs were
equally effective when administered either intraperitoneally or by
oral gavage (data not shown). These findings strongly suggest that
our model could be used to rapidly and effectively test the effects
of a variety of experimental antifungal agents on the ability of C.
albicans, and potentially additional Candida species as well, to
disseminate from the GI tract of an immunocompromised host.
Ultimately, results from such experiments are likely to better in-
form clinicians in designing more effective antifungal regimens
for immunocompromised patients at risk of acquiring dissemi-
nated candidiasis via the GI tract.
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