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Vitamin D3 (1,25-dihydroxycholecalciferol) induced the phagocyte oxidative burst and intracellular killing of
Salmonella enterica serovar Typhimurium in a phosphatidylinositol 3-kinase-dependent manner. The antimi-
crobial effect was more pronounced for Salmonella SodCI and SodCII mutants, confirming the role of the
phagocyte oxidase in the vitamin D3 effect. The results for an in vitro system with human THP-1 cells correlate
with in vivo virulence data for mice and show that both the SodCI and SodCII enzymes are required to protect
against the oxidative burst.

Salmonella enterica serovar Typhimurium causes self-limit-
ing gastroenteritis in immunocompetent adults and may also
cause life-threatening extraintestinal infections (7). The
phagocyte oxidative burst is a key host defense mechanism
against S. enterica serovar Typhimurium (3, 12, 17). S. enterica
serovar Typhimurium produces three catalases and three
periplasmic Cu,Zn superoxide dismutase (SodC) enzymes that
may limit susceptibility to toxic products of the oxidative burst
(1, 5, 8, 14). However, an S. enterica serovar Typhimurium
mutant lacking two catalases is not attenuated for virulence in
vivo (1). In contrast, Salmonella SodCI and SodCII isoenzymes
have been implicated in virulence (3, 5). SodCI is encoded by
the Gifsy-2 prophage and is found in strains associated with
nontyphoid Salmonella bacteremia (5, 6, 8), while SodCII is the
Escherichia coli SodC homologue and is expressed in all strains
that have been examined (5). SodCIII is encoded by the Fels-1
phage, but its role in pathogenesis has not been established
since SodCIII cannot replace the virulence function of SodCI
(9). Vitamin D3 (1,25-dihydroxycholecalciferol) has been
shown to induce antimicrobial activity in monocytic cells (2,
15) against Mycobacterium tuberculosis, which is mediated by a
phosphatidylinositol 3-kinase (PI 3-K)-dependent pathway
leading to an enhanced oxidative burst (16). In the present
study, we examined whether vitamin D3 similarly affects the
intracellular survival of Salmonella and the extent to which
individual SodC enzymes protect Salmonella from the phago-
cyte oxidase.

Wild-type S. enterica serovar Typhimurium strain 14028s or
mutants derived from this strain (MF1006 sodCI::aph, MF1007
sodCII::pRR10 [�trfA], and MF 1008 sodCI::aph sodCII::
pRR10 [�trfA]) and described by Fang et al. (5) were grown to
the stationary phase in minimal essential medium. Bacteria

were opsonized with 50% normal human serum for 20 min at
37°C and then added to 1 � 106 phorbol myristate acetate
(PMA) (20 ng/ml)-differentiated THP-1 cells at a ratio of 10:1
in six-well cell culture plates. The plates were centrifuged at
300 � g for 5 min and then incubated at 37°C in the presence
of 5% CO2 for 30 min. The medium was removed and replaced
with fresh medium containing gentamicin (RPMI 1640, 10%
fetal calf serum, 20 �g of gentamicin per ml). In experiments in
which a PI 3-K inhibitor or vitamin D3 was used, the inhibitor
(15 �M LY294002 [Ly] or 50 nM wortmannin [Wm]) was
added to cells immediately after addition of gentamicin-con-
taining medium, and vitamin D3 (100 nM) was added to cul-
tures 30 min after addition of the inhibitor.

Intracellular bacteria were harvested either immediately af-
ter infection and treatment or after 2, 4, or 8 h. The culture
supernatants were removed, and adherent cells from each of
three wells were lysed in 0.9 ml of deoxycholate (DOC) lysis
buffer (0.5% DOC in 0.9% saline). Culture supernatants were
centrifuged at 16,000 � g for 5 min, and the pellets were lysed
in 0.1 ml of DOC lysis buffer and combined with 0.9 ml of lysed
adherent cells. Tenfold serial dilutions were prepared in 0.9%
saline, and 20-�l aliquots were plated. The culture plates were
air dried and incubated at room temperature overnight, and
then CFU were counted with a dissecting microscope.

Vitamin D3 treatment had a pronounced, PI 3-K-dependent
antimicrobial effect against wild-type S. enterica serovar Typhi-
murium in THP-1 cells, reducing the number of viable bacteria
by almost 10-fold in 8 h compared to the number of bacteria in
untreated cells (Fig. 1A). Vitamin D3 had no effect on the
extracellular growth of S. enterica serovar Typhimurium in
culture (data not shown). Incubation of monocytes with Wm
and Ly prior to addition of vitamin D3 restored the levels of
bacterial growth to 81 and 76%, respectively, of the levels
observed in untreated cells after 8 h of infection. Vitamin
D3-induced killing of S. enterica serovar Typhimurium was not
dependent on nitric oxide, as no nitrite was detectable by the
Griess assay in culture supernatants from the cells (data not
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shown). Decreased intracellular growth of S. enterica serovar
Typhimurium correlated with the amount of superoxide pro-
duced as measured by the Sod-inhibitable reduction of ferri-
cytochrome c (4). Vitamin D3-activated, Salmonella-infected
THP-1 cells produced a significantly larger amount of super-
oxide than cells exposed to either infection alone or to vitamin

D3 alone (Fig. 1B). The amount of superoxide produced by
vitamin D3-treated, Salmonella-infected THP-1 cells was re-
duced to background levels by pretreatment with either Ly or
Wm (Fig. 1B). Interestingly, S. enterica serovar Typhimurium
grew rapidly in PMA-differentiated THP-1 cells (Fig. 1) com-
pared with the growth in primary human monocyte-derived
macrophages, in which growth of intracellular Salmonella was
reported to occur only in a subpopulation of cells (11).

Control of S. enterica serovar Typhimurium infection in the
mouse model requires NADPH oxidase activity (3, 6, 12). The
contribution of the phagocyte oxidase is evident after 5 days of
infection in the mouse model (12) and is also seen in in vitro-
activated peritoneal macrophages. In these cells, anti-Salmo-
nella activity was observed within several hours after infection
(17), which is similar to the findings in the present study ob-
tained with vitamin D3-activated THP-1 cells. SodCI is re-
quired for full virulence in mice; the effect is more pronounced
in C3H/HeN mice (Ityr), and this has been shown to involve

FIG. 2. S. enterica serovar Typhimurium Sod mutants are more susceptible to the antimicrobial activity of vitamin D3 than the wild-type strain.
Differentiated THP-1 cells were infected with wild-type S. enterica serovar Typhimurium (wt) or with a SodCI, SodCII, or double SodCI-SodCII
S. enterica serovar Typhimurium mutant and then were left untreated or were treated with vitamin D3. The CFU of intracellular bacteria were
enumerated 0, 4, and 8 h after infection. The data are averages from three independent experiments performed in triplicate. An asterisk indicates
that the P value was �0.05 when the growth of each mutant in vitamin D3-treated cells was compared to the growth in control cells, as determined
by analysis of variance at each time point.

FIG. 1. Vitamin D3 restricts the intracellular growth of wild-type
S. enterica serovar Typhimurium and induces the phagocyte oxidative
burst in a PI 3-kinase-dependent manner. (A) Intracellular S. enterica
serovar Typhimurium quantitated by serial dilution in Luria-Bertani
broth and plating on Luria-Bertani agar 0, 2, 4, and 8 h after infection
of THP-1 cells. Cells were either not treated or treated with the PI 3-K
inhibitor Wm (50 nM) or Ly (15 �M) and then were left untreated or
treated with vitamin D3 (100 nM). The data are averages from three
independent experiments performed in triplicate. An asterisk indicates
that the P value was �0.03 when the growth in vitamin D3-treated cells
was compared to the growth in control cells or when the growth in cells
treated with Ly or Wm plus vitamin D3 was compared to the growth in
cells treated only with vitamin D3, as determined by analysis of vari-
ance at each time point. (B) Superoxide secreted by macrophages in
1 h determined by measuring the Sod-inhibitable reduction of ferricy-
tochrome c in the presence and absence of Salmonella infection, vita-
min D3 treatment, and the inhibitor Ly or Wm. An asterisk indicates
that the P value was �0.02 when the data for Salmonella infection and
vitamin D3 treatment was compared to the data for either treatment
alone or when the data for pretreatment with Ly or Wm followed by
Salmonella infection and vitamin D3 treatment was compared to the
data for no pretreatment, as determined by an unpaired Student’s t test.
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protection from both NADPH oxidase and nitric oxide syn-
thase activities (3, 5, 6). The SodCI mutant also shows de-
creased survival in activated, but not resting, murine macro-
phages (3, 6). A mutation in SodCII also attenuates infectivity
in C3H/HeN mice, and the virulence of the double SodCI-
SodCII mutant is less than the virulence of either of the single
Sod knockouts (5). The role of SodCII in intramacrophage
survival has not been reported.

In the present study, SodC mutants in THP-1 cells were
more susceptible to the effect of vitamin D3 than wild-type

organisms were. While each mutant strain (SodCI, SodCII,
and the SodCI-SodCII double knockout) grew normally in
untreated THP-1 cells, considerable loss of viability was ob-
served in vitamin D3-treated cells (Fig. 2). Eight hours after
infection, the numbers of CFU of SodCI and SodCII mutants
recovered in THP-1 cells treated with vitamin D3 were 0.05 and
0.66%, respectively, of the number of CFU recovered from
untreated THP-1 cells. Moreover, the SodCI-SodCII mutant
was almost completely killed in vitamin D3-treated cells at 4 h
after infection. These results show that both SodCI and SodCII

FIG. 3. Killing of intracellular S. enterica serovar Typhimurium Sod mutants by vitamin D3 is PI 3-K dependent. Differentiated THP-1 cells were
infected with the SodCI mutant (A), the SodCII mutant (B), and the SodCI-SodCII double mutant (C). Cells either were left untreated or were
treated with Wm or Ly and then were either left untreated or treated with vitamin D3. The CFU of intracellular bacteria were enumerated 0, 4,
and 8 h after infection. The data are from three independent experiments performed in triplicate. An asterisk indicates that the P value was �0.04
(A), �0.05 (B), or �0.01 (C) when growth in vitamin D3-treated cells was compared to growth in control cells or when the data for pretreatment
with Ly or Wm followed by Salmonella infection and vitamin D3 treatment of cells was compared to the data for no pretreatment of cells.
Comparisons were made by performing analysis of variance at each time point.
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contribute to the ability of S. enterica serovar Typhimurium to
survive the oxidative burst.

Both PI 3-K inhibitors reduced the killing of mutant S.
enterica serovar Typhimurium strains in vitamin D3-treated
THP-1 cells. Growth of the SodCI mutant was restored to
more than 75% of the growth observed in control cells by 8 h
after infection (Fig. 3A). Growth of the SodCII mutant was
restored to more than 68% of the growth observed in control
cells by 8 h after infection (Fig. 3B). Finally, growth of the
SodCI-SodCII double mutant was restored to more than 70%
of the control levels by 8 h after infection (Fig. 3C).

Dependence of vitamin D3-mediated anti-Salmonella activ-
ity on PI 3-K and the oxidative burst is consistent with a
previous report which showed that PI 3-K is required for vita-
min D3-induced, oxidase-mediated inhibition of the intracellu-
lar survival of M. tuberculosis in PMA-differentiated THP-1
cells and primary human monocytes (16). This system was
shown to be independent of nitric oxide (16). Thus, the present
data provide evidence that the SodC enzymes are required for
survival in the presence of reactive oxygen intermediates dur-
ing infection of human cells that do not express nitric oxide
synthase activity. Periplasmic Sod enzymes from other micro-
organisms have also been shown to play a role in protection
from reactive oxygen species in the absence of nitric oxide
production. An M. tuberculosis SodC mutant was shown to be
more susceptible to killing by exogenously added H2O2 and by
gamma interferon-activated murine peritoneal macrophages
which produce abundant amounts of superoxide. In contrast,
this SodC mutant was not more susceptible to killing by either
resting macrophages or activated macrophages derived from
oxidative burst-deficient mice (13). E. coli SodC mutants were
also shown to be more susceptible to killing by exogenous
H2O2 during early-stationary-phase growth than their wild-
type counterparts (10).

The results obtained here with THP-1 cells contrast with
earlier findings obtained with murine macrophages, in which
the survival of sodCI mutants of S. enterica serovar Typhi-
murium, S. enterica serovar Dublin, and S. enterica serovar
Choleraesuis in nonactivated peritoneal macrophages from
Itys mice was no different than the survival of wild-type strains
(6). In contrast, the findings of the present study, in which
vitamin D3-activated human cells were used, are congruent
with a report that a sodCI mutant of S. enterica serovar Typhi-
murium was killed more efficiently than wild type bacilli by
gamma interferon-activated murine macrophages (3). How-
ever, in the latter study, decreased survival was dependent on
a combination of nitric oxide synthase and oxidase activity.

In summary, our results show that vitamin D3 induces bac-
tericidal activity against intracellular S. enterica serovar Typhi-
murium in human monocyte-like cells that is PI 3-K dependent
and mediated by the phagocyte oxidase. Compared to the
bactericidal effect of individual SodC mutants, the bactericidal
effect is more pronounced with the SodCI-SodCII double mu-
tant, indicating that both Sod enzymes contribute to bacterial
resistance to oxidative damage. In addition, the Salmonella Sod
enzymes provide protection against the phagocyte oxidase

products in the absence of nitric oxide production. These data
provide additional in vitro evidence that supports a protective
role for S. enterica serovar Typhimurium SodCI and SodCII
during intracellular infection.
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