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We have previously shown that Bacillus anthracis lethal toxin represses glucocorticoid receptor (GR) trans-
activation. We now report that repression of GR activity also occurs with the large clostridial toxins produced
by Clostridium sordellii and C. difficile. This was demonstrated using a transient transfection assay system for
GR transactivation. We also report that C. sordellii lethal toxin inhibited GR function in an ex vivo assay, where
toxin reduced the dexamethasone suppression of the proinflammatory cytokine tumor necrosis factor alpha
(TNF-«). Furthermore, the glucocorticoid antagonist RU-486 in combination with C. sordellii lethal toxin
additively prevented glucocorticoid suppression of TNF-«. These findings corroborate the fact that GR is a
target for the toxin and suggest a physiological role for toxin-associated GR repression in inflammation.
Finally, we show that this repression is associated with toxins that inactivate p38 mitogen-activated protein

kinase (MAPK).

Bacterial infection in mammals initiates an acute-phase re-
sponse in which the release of acute-phase proteins such as
proinflammatory cytokines activates the hypothalamic-pitu-
itary-adrenal axis, resulting in the release of glucocorticoids.
Since glucocorticoids are generally anti-inflammatory, these
hormones play a crucial role in regulating the immune/inflam-
matory response to infection and restoring homeostasis. Glu-
cocorticoids exert their effects by binding to the glucocorticoid
receptor (GR), which is located in the cytoplasm. Upon ligand
binding, the hormone-receptor complex translocates to the
nucleus, where it interacts with promoter elements or other
transcription factors to regulate gene expression. If the func-
tion of the GR is inhibited, severe inflammatory disease can
result, leading to the development of shock and eventually
death (3, 21).

Previously, our laboratory has shown that lethal factor (LF)
from Bacillus anthracis, in combination with protective antigen
(PA), represses the transactivation of GR (24, 26). Whether
this occurs with other bacterial toxins associated with toxic
shock is unknown, and the molecular mechanisms underlying
this effect are unclear. We therefore undertook the current
study to identify other bacterial toxins that interfere with GR
function and to determine whether this effect is mediated by a
common mechanism among the different toxins.

To address the mechanism, we examined the possible in-
volvement of the p38 mitogen-activated protein kinase
(MAPK) pathway, as LF is known to cleave the MAPK kinases

* Corresponding author. Mailing address: Section on Neuroendo-
crine Immunology and Behavior, National Institute of Mental Health,
NIH, 5625 Fishers Lane (MSC-9401), Rockville, MD 20852. Phone:
(301) 402-2773. Fax: (301) 496-6095. E-mail: sternbee@mail.nih.gov.

# Present address: The Methodist Hospital Research Institute,
Genitourinary Oncology, Houston, TX 77030.

¥ Published ahead of print on 21 May 2007.

3935

(MKXKI1 to 4, 6, and 7), enzymes that activate Jun N-terminal
protein kinase, p38 MAPK, and extracellular signal-regulated
kinases 1 and 2 (22). Until recently, these kinases were not
associated with GR activation; however, a recent report from
Miller and coworkers (13) showed that p38 MAPK phosphor-
ylates GR, leading to an increase in activity. This is further
supported by our earlier studies showing that GR transactiva-
tion is specifically repressed by p38 inhibitors to a level equal
to that seen for LeTx (24). This evidence led us to hypothesize
that other bacterial toxins that target the p38 MAPK pathway
might also repress GR transactivation.

Other toxins known to target the p38 MAPK pathway in-
clude the large clostridial toxins, which through inactivation of
the small GTPases such as Rho and Ras (5, 18) can also
inactivate p38 (6, 27). These toxins include lethal toxin (TcsL)
from Clostridium sordellii, toxin A (TcdA) from C. difficile, and
toxin B (TcdB) from C. difficile. C. sordellii is an emerging
bacterial infection associated with toxic shock and has been
associated with the deaths of five women in North America
who have taken the medical abortion drug mifepristone (RU-
486) (4, 12, 20). The closely related bacterium C. difficile is also
of clinical concern, with increased reports of more-virulent
infections with toxin-positive strains (1, 11). We also investi-
gated toxins that target other cellular pathways, including
edema factor (EF) from B. anthracis and diphtheria toxin (DT)
from Corynebacterium diphtheriae. EF in combination with PA
acts as a calcium- and calmodulin-dependent adenylate cyclase
which increases cellular cyclic AMP (cAMP) levels (9, 10). DT
is an ADP ribosylation enzyme that inactivates elongation fac-
tor 2, which is essential for protein synthesis and cell survival
2, 7.

To determine the effect of each toxin on GR function, we
measured changes in GR transactivation in a transient trans-
fection system where recombinant GR was coexpressed with a
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glucocorticoid-responsive luciferase gene in a GR-deficient
cell line. We also examined toxin effects on GR transrepression
by measuring cytokine secretion in an ex vivo splenocyte assay.
Our results clearly show that only bacterial toxins that targeted
the p38 MAPK pathway repressed GR function.

MATERIALS AND METHODS

Materials. Dexamethasone, RU-486, lipopolysaccharide (LPS), anisomycin,
and SB 203580 were obtained from Sigma-Aldrich (St Louis, MO). The B.
anthracis toxins LF and PA were a kind gift from S. H. Leppla (NIAID, Be-
thesda, MD). Lethal toxin from C. sordellii was purified from strain IP82 as
previously described (17). The B. anthracis EF, C. difficile toxin A and toxin B,
and C. diphtheriae DT were purchased from List Biological Laboratories (Camp-
bell, CA).

Plasmids. The human GR expression plasmid (pSV-GR) was donated by Jan
Carlstedt-Duke (Karolinska Institute, Huddinge, Sweden), and the mouse mam-
mary tumor virus-firefly luciferase reporter construct (pLTR-Luc) was donated
by Gordon Hager (NCI, Bethesda, MD). Transfection efficiency was determined
by cotransfection with the Renilla luciferase plasmid phRG-TK (Promega, Mad-
ison, WI), and normalization of the amount of DNA used per transfection was
achieved using herring sperm DNA (Promega). All plasmids were ampicillin
resistant and were purified for transfection using a QiaFilter Plasmid Maxi kit
(QIAGEN, Valencia, CA) as described by the manufacturer.

Cell culture. Cos-7 cells (ATCC, Manassas, VA) were cultured in Dulbecco’s
modified Eagle’s medium (Mediatech Inc., Herndon, VA) supplemented with
10% (volfvol) fetal calf serum (Mediatech) and 2 mM r-glutamine (Gibco,
Carlsbad, CA) at 37°C in an atmosphere of 5% CO,. Cytotoxicity assays were
performed with alamar blue (Biosource, Carlsbad, CA), and cell integrity was
confirmed by trypan blue exclusion.

Splenocyte culture. Spleens were removed from 12 female Fischer rats (ages,
8 to 10 weeks), minced, and passed through a 70 wM cell strainer (BD Falcon,
Bedford, MA). After complete lysis of red blood cells in lysis buffer (0.15 M
NH,CI, 10 mM KHCO;, 0.1 mM EDTA, pH 7.2 to 7.4), cells were seeded at
1.2 X 10° cells/well into a 48-well plate in RPMI 1640 supplemented with 10%
(vol/vol) charcoal-stripped fetal bovine serum (Biomeda Corporation, Foster
City, CA), 2 mM L-glutamine, and penicillin-streptomycin. To induce cytokine
secretion, 1 pg/ml LPS was used with or without dexamethasone (1 to 1,000 nM)
to repress cytokine production. Toxin was added to untreated and treated wells,
which were incubated for 24 h before supernatants were collected for enzyme-
linked immunosorbent assay (ELISA). Experiments were performed in triplicate
for each animal. The estrus cycle stage was determined for each animal by
histological examination of cervical swabs.

Measuring cytokine expression. The proinflammatory cytokine TNF-a was
measured using an OptEIA kit for rat TNF (BD Biosciences, San Diego, CA) as
described by the manufacturer.

Transient transfections. Cos-7 cells were seeded into 48-well plates at 5 X 10*
cells per well in Dulbecco’s modified Eagle’s medium containing 10% (vol/vol)
charcoal-stripped serum and incubated overnight. The transfection mix was
prepared in serum-free medium. Per well, this mix contained a total of 100 ng
plasmid DNA and 0.3 ul FuGene6 (Roche Applied Science, Indianapolis, IN) in
a final volume of 10 pl. The plasmid breakdown was as follows: 10 ng receptor
plasmid, 50 ng luciferase reporter plasmid, 10 ng phRG-TK, and 30 ng herring
sperm DNA. The mix was incubated for 15 min and then laid on the cells for 6 h.
Appropriate dilutions of hormones and toxins were then added to duplicate cells
and incubated for 24 h. Cells were then lysed in passive lysis buffer, and both
firefly and Renilla luciferase activities were measured using a dual luciferase
reporter assay system (Promega).

cAMP assay. To identify which toxins induced an increase in intracellular
cAMP, Cos-7 cells were seeded into six-well plates and treated with toxin and, as
a positive control, with forskolin (25 pM) for 24 h. Cells were lysed in 300 wl 0.1
N HCI for 20 min, and the amount of cAMP in the lysates was measured using
a direct cAMP enzyme immunoassay kit from Assay Designs (Ann Arbor, MI) as
described by the manufacturer.

p38 assay. To identify which toxins interfered with p38 activation, Cos-7 cells
were cultured in duplicate 96-well plates. They were serum starved for 16 h and
treated with toxin in triplicate for 16 h before the stimulation of p38 with 10
pg/ml anisomycin with or without 10 uM SB 203580 (p38 inhibitor) for 15 min.
Cells were fixed with 4% formaldehyde, and both total p38 (plate 1) and phos-
phorylated p38 (plate 2) were measured using a direct-cell p38 ELISA kit from
Active Motif (Carlsbad, CA).

INFECT. IMMUN.

Statistics. All results are expressed as the means * standard errors of the
means. Statistical significance was determined by using the Student ¢ test. A P
value of <0.05 was considered significant.

RESULTS

Toxin effects on GR transactivation. To determine if bacte-
rial toxins other than B. anthracis lethal toxin interfere with
GR transactivation, we coincubated Cos-7 cells transfected
with GR with 100 nM dexamethasone and increasing concen-
trations of toxin. TcsL (0 to 20 ng/ml) caused a dose-dependent
repression in dexamethasone-induced luciferase activity (Fig.
1A). We also treated the transfectants with increasing concen-
trations of dexamethasone (0 to 1,000 nM) in the presence of
either the competitive GR antagonist RU-486 (400 nM) or 2.5
ng/ml TcsL. This concentration of toxin was calculated as the
50% inhibitory concentration for GR repression. Figure 1B
shows that TcsL consistently repressed dexamethasone-in-
duced luciferase activity by 40 to 60% in a noncompetitive
manner. No repression was observed when cells were treated
with heat-denatured TcsL (data not shown). Similar results
were seen with the GR transfectants in the presence of 10 and
35 ng/ml TcdA (Fig. 1C) and 1 and 5 ng/ml TcdB (Fig. 1D),
indicating that the C. difficile toxins also repressed GR in a
dose-dependent and noncompetitive manner. No effect was
seen on GR transactivation when the transfectants were
treated with denatured TcdA or TcdB (data not shown).

However, when GR transfectants were treated with either
100 pg/ml DT, 50 ng/ml EF plus 200 ng/ml PA, or 25 uM
forskolin, there was no effect on dexamethasone-induced lu-
ciferase activity, indicating that these toxins did not repress GR
transactivation (Fig. 1E).

Ex vivo splenocyte assay. To examine the functional signif-
icance of toxin-mediated repression, we used a physiologically
relevant ex vivo splenocyte model to measure the effect of TscL
on the dexamethasone-mediated inhibition of TNF-a secre-
tion. As expected, dexamethasone maximally suppressed LPS-
induced TNF-a secretion by ~70%, and this was partially
reversed in the presence of 2.5 ng/ml TesL (Fig. 2A). This
partial blockage of dexamethasone-mediated suppression was
completely reversed when we combined TscL with 400 ng/ml
RU-486 (Fig. 2B). This concentration of RU-486 alone re-
versed the dexamethasone-mediated suppression of TNF-a to
levels similar to those seen for TcsL alone. Interestingly, this
additive effect was observed only for animals (n = 6) matched
for the diestrus phase of the estrus cycle.

Potential mechanism for shock-associated toxin repression
of GR. The toxins examined in this study have different primary
molecular targets in cells. In order to understand why the B.
anthracis LeTx previously described (24, 26) and the clostridial
toxins from this study repressed GR whereas EF and DT did
not, we examined each toxin in a variety of functional assays to
identify common pathways. We examined the p38 pathway, as
LF is known to prevent p38 phosphorylation and we have
already shown that the inactivation of p38 reduces GR trans-
activation (24). By use of a direct-cell ELISA that measured
the level of phosphorylated p38 compared to that of total p38
and normalizing these values to cell number, Cos-7 cells were
treated with LeTx (2.5 to 20 ng/ml plus 200 ng/ml PA), TscL
(2.5 to 20 ng/ml), TcdA (10 to 100 ng/ml), and TcdB (2 to 20
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FIG. 1. Toxin effects on GR transactivation. Cos-7 cells transfected with human GR were treated for 24 h with 100 nM dexamethasone (Dex)
with or without 0.25, 0.5, 1, 2.5, 5, 10, and 20 ng/ml TcsL or 400 nM RU-486 (A); 0 to 1,000 nM dexamethasone and either 400 nM RU-486 or
2.5 ng/ml TesL (B); 0 to 1,000 nM dexamethasone with or without 10 or 35 ng/ml TcdA (C), 0 to 1,000 nM dexamethasone with or without 1 or
5 ng/ml TedB (D); or 0 to 1,000 nM dexamethasone with or without either 0.1 ng/ml DT, 50 ng/ml EF plus 200 ng/ml PA, or 25 uM forskolin (E).
Each treatment was performed in duplicate, and the results shown are from three to nine separate experiments.

ng/ml) for 16 h prior to the induction of p38 with anisomycin.
With each toxin, there was a decrease in the amount of phos-
phorylated p38 (Fig. 3A). This decrease was not observed with
100 pg/ml DT or 50 ng/ml EF plus 200 ng/ml PA (data not
shown). The specificity of the assay was confirmed using the
p38 MAPK inhibitor SB 203850, which completely blocked
anisomycin-induced p38 activation (Fig. 3B).

EF acts as an adenylate cyclase, increasing intracellular
cAMP levels. We used an ELISA to detect changes in intra-
cellular cAMP from lysates of Cos-7 cells treated with 10 to 100
ng/ml EF plus 200 ng/ml PA or, as a positive control, with 25
uM forskolin. We observed a twofold increase in cAMP levels
in the presence of forskolin (P < 0.005) and a significant dose

response increase with 50 and 100 ng/ml EF plus PA (P <
0.005; data not shown). No response was seen with PA alone or
with the other toxins (data not shown).

As DT is known to block protein synthesis, we measured
luciferase activity in the absence and presence of 10 to 1,000
pg/ml DT for Cos-7 cells transfected with the constitutively
expressed Renilla luciferase reporter plasmid. The activity of
luciferase should reflect the amount of protein being ex-
pressed. With 100 pg/ml DT, there was significant repression of
Renilla luciferase activity (25%; P < 0.05; data not shown). At
higher concentrations, there was less than 10% activity (P <
0.001) related to the inhibition of protein synthesis; no inhibi-
tion was observed with the other toxins (data not shown).
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FIG. 2. TcsL reverses dexamethasone-mediated suppression of
TNF-a secretion. (A) Splenocytes from female Fischer rats (n = 12)
were treated with 1 pg/ml LPS for 24 h in the presence of 0, 0.1, 10, 100
and 1,000 nM dexamethasone (Dex), and the level of secreted TNF-a
was determined by ELISA. Cells were also cotreated with 2.5 ng/ml
TesL over the range of dexamethasone levels. (B) Analysis of spleno-
cytes collected from animals in the diestrus phase of the estrus cycle
(n = 6) treated with 100 nM dexamethasone and either 400 nM
RU-486, 2.5 ng/ml TesL, or 2.5 ng/ml TcsL plus 400 nM RU-486. Each
treatment was performed in triplicate. %, P < 0.05; %, P < 0.005; #**,
P < 0.001.

Toxin effects on cell viability and morphology. In order to
verify that the changes observed in this study were not due to
cell death, cytotoxicity assays were performed. Cells were also
visually examined for morphological changes, as previous stud-
ies examining clostridial toxins have reported cell rounding and
membrane ruffling (17, 19) due to the action of small GTPases
on the actin cytoskeleton. For TcsL, treatment for 24 h with
greater than 10 ng/ml toxin resulted in =20% cell death, and
there was obvious cell ruffling with higher concentrations of
TcsL detectable at 6 h. With a 24-h exposure to TcdA, even
with concentrations of toxin up to 200 ng/ml, cell death was
minimal (<10%), but cell ruffling and rounding was clearly
evident at concentrations of =50 ng/ml. A similar observation
was made with cells treated with TcdB, where cell death was
minimal (<10%) even with concentrations up to 40 ng/ml, but
cell ruffling and rounding was evident at 24 h in cells treated
with as little as 2 ng/ml. Examination of cells treated for 24 h
with EF (10 to 100 ng/ml EF plus 200 ng/ml PA) or DT (0.01
to 1 ng/ml) revealed no morphological changes or cell death
greater than 10%.

INFECT. IMMUN.
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FIG. 3. Toxin activity on p38 phosphorylation. (A) Cos-7 cells were
serum starved and then treated overnight with either 0, 2.5, 5, 10, or 20
ng/ml LF plus 200 ng/ml PA (LeTx); 0, 2.5, 5, 10, or 20 ng/ml TcsL; 0,
2, 5, 10, or 20 ng/ml TcdB; or 0, 10, 20, 50, or 100 ng/ml TcdA. p38
MAPK was then induced for 15 min with 10 pg/ml anisomycin, and the
level of phosphorylated p38 was measured by ELISA. (B) Cells in-
duced with anisomycin were also cotreated with 10 pM SB 203580, the
specific p38 inhibitor, to confirm the specificity of p38 induction. Each
treatment was performed in triplicate, and the results shown are from
two separate experiments. *%%, P < (0.001.
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DISCUSSION

This study demonstrates that the large clostridial toxins from
C. sordellii and C. difficile repressed GR function in a manner
similar to that of anthrax lethal toxin. We have shown that this
effect is associated with decreased transactivation and reduced
glucocorticoid suppression of proinflammatory cytokine secre-
tion.

We and others have previously shown that an intact glu-
cocorticoid response is necessary for protection from mortality
in otherwise inflammation-resistant rodent strains exposed to
bacterial products including B. anthracis LeTx, streptococcal
cell walls, and Shiga toxin (15, 25). The mechanism by which
these toxins cause mortality is not fully understood, and the
degree to which cytokine production in vivo contributes to this
mortality is debated (14). However, we show here an associa-
tion with GR repression by bacterial toxins involved with toxic
shock, suggesting that toxin repression of GR may contribute
to the pathological sequelae in toxic shock.

We also show that toxins that repress GR prevented the
activation of p38. Although the concentration of toxin required
to repress GR was lower than that required to block p38
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phosphorylation, this could reflect the sensitivity of the p38
ELISA. These data indicate that the repression of GR could be
related to decreased phosphorylation of p38. This interpreta-
tion is consistent with reports that activated p38, which phos-
phorylates GR at Ser-211, increases receptor activity, while
knocking out p38 activation by blocking MKK®6 activity reduces
GR activity (13). Our earlier studies showing that specific p38
inhibitors repress GR transactivation to the same extent as B.
anthracis lethal toxin (24) also support this hypothesis. An-
other example of a bacterium that targets the p38 pathway was
recently reported in a study by Mukherjee and coworkers (16)
that showed that the effector protein YopJ from the plague
bacterium Yersinia blocks activation of MKK®6, a kinase that
activates p38.

Our results also show that TcdA, at the concentrations used
in this study, prevented phosphorylation of p38, whereas other
recent studies have shown that TcdA can activate p38 (8, 23).
The main difference between these studies is the concentration
of toxin being used in the cell treatments, the cell types being
analyzed, and the time periods being measured. Warny and
coworkers (23) showed that 100 nM toxin activates p38 within
1 to 2 min in the human monocytic cell line THP-1, and this
was shown to occur prior to Rho inactivation. The same toxin
at 40 nM causes 90% cell necrosis after 90 to 120 min; at higher
concentrations, therefore, TcdA most likely caused cell death
more quickly. A study by Kim and coworkers (8) showed a
transient induction of p38 from 1 to 3 h after treatment of the
human colonocytic cell line NCM460 with 3 nM TcdA which
had dissipated by 6 h. They did not report cell viability or
morphological changes. Our study, using the primate kidney
cell line Cos-7, uses 0.03 to 3 nM TcdA (10 to 100 ng/ml), and
the effect on GR and p38 was measured at 24 h after treat-
ment. We report low levels of cell death with 200 ng/ml TcdA
(6 nM), yet cell morphological changes were clearly evident at
50 ng/ml, indicating that cells were becoming stressed. The
observations in the previous studies are likely related to cell
death and apoptosis, which could occur with high concentra-
tions of toxin, whereas our results were recorded at a much
earlier point prior to cell death. Possibly, the repression of GR
is an early event occurring with a low concentration of toxin,
with necrosis being the end point, as has been reported in
postmortem studies of toxic shock (4).

Our findings also showed that TcsL in combination with
RU-486 completely reversed GR transrepression in our ex vivo
model. As RU-486 is both a progesterone and glucocorticoid
antagonist, this suggests a role for both progesterone and glu-
cocorticoids, along with their receptors, in this interaction.
Further studies are required to determine if this effect is syn-
ergistic or additive and to examine if this is relevant in RU-
486-associated toxic shock.

In summary, we have shown GR repression by toxins that
inhibit p38 MAPK activation and the absence of this effect by
toxins that do not inhibit this kinase. In our previous studies
using another toxin that inhibits p38 (LeTx), interruption of
the glucocorticoid response resulted in greatly enhanced mor-
tality (15, 25). This suggests that GR interruption may play a
role in the pathological sequelae of exposure to such toxins.
The present findings also suggest that the transient transfec-
tion assay system may be a useful method for identifying toxic-
shock-associated bacteria. Finally, these data highlight the ex-
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istence of a potential risk associated with interrupting GR
function during infections with such toxin-producing bacteria.
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