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Toxic shock syndrome toxin 1 (TSST-1), produced by Staphylococcus aureus (including methicillin-resistant
S. aureus), is a superantigenic toxin responsible for toxic shock syndrome as well as neonatal TSS-like
exanthematous disease. TSST-1 exhibits its deleterious effects by leading to the abnormal proliferation of, e.g.,
VB2* T cells and overproduction of proinflammatory cytokines. In the present study we examined the
inhibitory effect of a Chinese herbal extract, anisodamine, on TSST-1 using human peripheral blood mono-
nuclear cells (PBMCs). Anisodamine inhibited the production of proinflammatory cytokines better than
interleukin-10 (an anti-inflammatory cytokine). The inhibitory effect of anisodamine was greater than that of
any tropane alkaloid examined. Anisodamine acted directly on both monocytes and T cells in human PBMCs,
and the effect was confirmed at the transcriptional level. Inhibition of NF-kB activation was also demonstrated.
In contrast, no significant inhibition of VB2* T-cell proliferation was observed. In mice injected with TSST-1,
anisodamine treatment significantly decreased serum proinflammatory cytokine levels and prevented TSST-
1-induced death. These results suggest that anisodamine specifically acts against the production of cytokines
(inflammatory cytokines in particular) and not against VB2* T-cell proliferation and that anisodamine may

have a beneficial effect on TSST-1-associated disease.

Staphylococcus aureus, including methicillin-resistant S. au-
reus (MRSA; a major agent in nosocomial infections), pro-
duces a number of superantigenic toxins, such as toxic shock
syndrome toxin 1 (TSST-1) (21, 33). TSST-1 is the major caus-
ative toxin of toxic shock syndrome (TSS), which is a life-
threatening staphylococcal infection (33), and neonatal TSS-
like exanthematous disease (NTED), which was identified as a
staphylococcal infection in the neonatal period (30, 31).

TSST-1 binds directly to the major histocompatibility com-
plex (MHC) class II molecules on antigen-presenting cells
(APCs) and to the VB elements of antigen receptors of T cells.
This trimolecular interaction leads to the activation of T cells,
i.e., the abnormal proliferation of V2" T cells (19) and the
production of massive amounts of proinflammatory cytokines
such as tumor necrosis factor alpha (TNF-a), interleukin-13
(IL-1B), IL-2, and gamma interferon (IFN-y) (12, 13, 19, 21).

Anisodamine (raceanisodamine hydrochloride) is the active
ingredient of Chinese herbal extracts that possesses the chem-
ical structure of tropane alkaloids. It is a vasoactive drug and
has been used to treat acute disseminated intravascular coag-
ulation in patients in bacteremic shock (29, 37, 38, 41). In
previous studies, we demonstrated that anisodamine has an
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inhibitory effect on the production of TNF-«, IL-1B, and IL-8
from human peripheral blood monocytes stimulated with Shiga
toxin (Stx) (39, 40). Stx is the major toxin responsible for
hemolytic-uremic syndrome (HUS) caused by enterohemor-
rhagic Escherichia coli (14). Anisodamine also prolonged the
survival of mice injected with Stx (39).

It therefore seemed reasonable to expect that anisodamine
would inhibit the abnormal activation of T cells by TSST-1 and
be useful for the treatment of patients with these diseases. In
this study, we investigated the inhibitory effect of anisodamine
(and related compounds) on the release of proinflammatory
and anti-inflammatory cytokines from TSST-1-stimulated hu-
man peripheral blood mononuclear cells (PBMCs). We also
investigated whether anisodamine interferes with V2™ T-cell
proliferation following the injection of TSST-1 and also the
protective effect of anisodamine on the lethality of TSST-1 in
mice.

MATERIALS AND METHODS

Reagents. Purified TSST-1 was purchased from Toxin Technology (Sarasota,
Fla.). Anisodamine (raceanisodamine hydrochloride; C,,H,,NO,) was obtained
from Hangzhou Drugs (Hangzhou, People’s Republic of China). Atropine
{a-(hydroxymethyl) benzeneacetic acid (3-end)-8-methyl-8-azabicyclo [3.2.1]
oct-3-yl ester}, scopolamine {(aS)-a-(hydroxymethyl)-benzeneaceic acid
(10,2B,4B,5a,7B)-9-methyl-3-oxa-9-azatricyclo [3,3,1,0>*] non-7-yl ester}, and
aspirin [2-(acetyloxy) benzoic acid] were purchased from Wako Pure Chemicals
(Osaka, Japan). p-Galactosamine was from Sigma Chemical (St. Louis, Mo.).
The mouse monoclonal antibody I12C3 (anti-HLA-DR/DP), which binds to the
MHC class II molecules on APCs, and anti-CD3 and anti-CD28 monoclonal
antibodies were described previously (9). Fluorescein isothiocyanate (FITC)-
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VB2 and phycoerythrin (PE)-CD3 antibodies were purchased from Immunotech
(Marseill, France) and Becton Dickinson Labware (Oxnard, Calif.), respectively.
Recombinant IL-2 (rIL-2) was from Shionogi (Osaka, Japan).

Cells and culture media. The human monocytic cell line THP-1 (35) was
described previously (39, 40). RPMI 1640 medium (Gibco BRL, Grand Island,
N.Y.) and the supplements (100 pg of streptomycin per ml, 100 U of penicillin
per ml, 10% fetal bovine serum, and 5 X 107> M 2-mercaptoethanol) were also
described previously (9, 17, 39).

Preparation of human PBMCs. Peripheral blood samples from six healthy
adults were used in this study. Human PBMCs were isolated as described pre-
viously (9, 17, 39). PBMCs were isolated by Ficoll-Conray (specific gravity, 1.077)
density gradient centrifugation and washed twice in phosphate-buffered saline.
The cells were finally suspended in RPMI 1640 medium at a concentration of 10°
to 107 cells/ml.

Preparation of human peripheral blood monocytes. For the preparation of
monocytes, human PBMCs suspended in RPMI 1640 medium at 107 cells/ml
were incubated for 3 h at 37°C with 5% CO,. Nonadherent cells were removed
after the incubation, and adherent monocytes were collected (39, 40). The
concentration of monocytes (suspended in RPMI 1640 medium) was 10° cells/ml.

Preparation of human peripheral blood T cells. Whole T-cell preparations
were obtained from human PBMCs by either the nylon wool method (11) or the
sheep erythrocyte (SRBC) rosette method (9). By the former method, the non-
adherent cells (described above) were incubated in a column filled with nylon
wool (Wako Pure Chemicals, Osako, Japan) for 1 h at 37°C with 5% CO,. The
nonadherent T cells (but not the adherent B cells) were eluted with RPMI 1640
medium. The T-cell fraction contained 10° cells/ml. The purity of the T cells
(number of CD3™ cells/total number of cells) was 92%; to determine the purity,
the T-cell fraction was stained with PE-CD3 and examined by flow cytometry
with an EPICS XL flow cytometer (Beckman Coulter, Fullerton, Calif.).

T-cell preparations were also obtained from human PBMCs by the SRBC
rosette method. A purification step with antibody-coupled magnetic beads
(Dynabeads; Dynal, Oslo, Norway) was repeated once, and the T cells were
suspended in RPMI 1640 medium at a concentration of 10° cells/ml. The purity
of the T cells, determined as described above, was 98%.

Stimulation of human PBMCs with TSST-1 and inhibition by anisodamine.
Human PBMCs (5 X 10 cells) in RPMI 1640 medium were added to each well
of a 48-well plate (Becton Dickinson). TSST-1 was then added at 10 ng/ml, as
described previously (9). In parallel experiments, anisodamine was added at
concentrations ranging from 3 to 50 pwg/ml. The plates were incubated at 37°C for
3 to 72 h with 5% CO,. The levels of immunoreactive TNF-a, IL-2, IFN-vy, and
IL-10 in the cell-free culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA; Genzyme TECHNE, Minneapolis, Minn.), fol-
lowing the instructions of the manufacturer. The data are presented as the means
+ standard deviations of experiments with PBMCs from six healthy adults.

Stimulation of peripheral blood T cells with anti-CD3 and anti-CD28 anti-
bodies. The peripheral blood T cells (5 X 10° cells) in RPMI 1640 medium prepared
by the SRBC rosette method were added to each well of a 48-well plate, which was
precoated with anti-CD3 and anti-CD28 antibodies (9). In parallel experiments,
anisodamine was added at concentrations ranging from 3 to 50 wg/ml. The plates
were incubated at 37°C for 12 to 48 h with 5% CO,. The levels of cytokines in the
cell-free culture supernatants were measured as described above.

Reconstruction of a mixture of monocytes and T cells separately treated with
anisodamine. The monocytes and T cells prepared by the nylon wool method
were separately treated with anisodamine (50 pg/ml) for 12 h at 37°C in RPMI
1640 medium. The cells were washed three times with RPMI 1640 medium. The
monocytes and T cells, which were treated or not treated with anisodamine, were
combined at a ratio of 1:9 in RPMI 1640 medium (a ratio of 1:9 was used,
because monocytes were present at ca. 10% in PBMCs [5]). The concentrations
were 10° cells/ml. The reconstructed cells were then stimulated with TSST-1 (10
ng/ml) for 48 h at 37°C with 5% CO,, and the amount of cytokines in the cell-free
culture supernatants was measured.

Assay for cell viability. Cell viability was measured by the trypan blue method
(8). Cell samples were mixed with an equal volume of a 0.5% trypan blue
solution, and the cells that excluded the dye were enumerated under a light
microscope.

Quantitative assay of TSST-1-induced cytokine gene transcription and inhi-
bition by anisodamine. Human PBMCs (2.5 X 10° cells/ml) were stimulated with
TSST-1 (10 ng/ml) for 3 h in the presence or the absence of anisodamine (50
wg/ml). The cells were suspended in Isogen (a mixture containing phenol and
guanidine thiocyanate; Wako Pure Chemicals, Osaka, Japan) (39, 40) and stored
at —30°C. Total cellular RNA was extracted with acid guanidinium thiocyanate-
phenol-chloroform. The amount of RNA was assessed with a RiboGreen RNA
quantitation kit (Molecular Probes, Breda, The Netherlands). Reverse transcrip-
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tion-PCR (RT-PCR) was performed as described previously (39, 40). The prim-
ers specific for GAPDH (glyceroaldehyde-3-phosphate dehydrogenase; a house-
keeping gene) are described elsewhere (39, 40). The primers specific for TNF-a,
IL-2, and IFN-vy have also been described previously (16). The primers specific
for IL-10 were purchased from Continental Laboratory Products (San Diego,
Calif.). The amplified PCR products were analyzed by gel electrophoresis with
1.5% agarose and stained with ethidium bromide. HaellI-digested fragments of
$X174 replicative-form DNA (Life Technologies, Gaithersburg, Md.) were used
as molecular size standards. The specificities of the RT-PCR products were
confirmed by restriction enzyme digestion (40). Quantitative measurements were
made by a real-time PCR assay with SYBR Green I and an ABI Prism 7900HT
sequence detector (Applied Biosystems, Foster City, Calif.) (28). Copy numbers
(CNs) were calculated as follows: corrected cytokine mRNA CN = (cytokine
mRNA CN/GAPDH mRNA CN) X GAPDH mRNA CN in unstimulated cells.
Then, the relative CN (in percent) was obtained from the formula (corrected
cytokine mRNA CN/corrected cytokine mRNA CN of unstimulated cells) X 100.

The percent inhibition of cytokine (e.g., TNF-a) mRNA expression by aniso-
damine was calculated as follows: (relative CN of TNF-a mRNA in cells stim-
ulated with TSST-1 in the presence of anisodamine/relative CN of TNF-a
mRNA in cells stimulated with TSST-1) X 100.

Assay for anti-NF-«B activities of anisodamine. THP-1 cells (107 cells/ml)
were stimulated with TSST-1 (10 pg/ml) for 1 h in the presence or the absence
of anisodamine (50 pg/ml). The cells were then washed with phosphate-buffered
saline; the cell nucleus was extracted; and the amount of the active form of
NF-kB (p65) in the nucleus, which promotes gene transcription, was measured
with an ELISA kit (NF-kB/p65 ActivELISA; Imgenex, San Diego, Calif.), ac-
cording to the instructions of the manufacturer.

Assay for TSST-1-induced proliferative responses and inhibition by aniso-
damine. The following two methods were used to evaluate the proliferative
responses. In one experiment, flow cytometric analysis was performed as de-
scribed previously (9). Briefly, PBMCs (2 X 10° cells/ml) were stimulated with
TSST-1 (10 ng/ml) in the presence or the absence of anisodamine (50 pg/ml) for
3 days. This was followed by a further incubation with rIL-2 to allow reexpression
of the T-cell receptor (3, 9). The cells were then stained with FITC-VB2 and
PE-CD3 and examined by two-color flow cytometry with an EPICS XL flow
cytometer (Beckman Coulter).

In another experiment, the incorporation of [*H]thymidine into cells was
examined. Human PBMCs (10° cells) were stimulated with TSST-1 (10 ng/ml) in
the presence or the absence of anisodamine (1 to 200 pg/ml) in 0.2-ml volumes
in flat-bottom 96-well microplates (Corning Glass Works, Corning, N.Y.) for
72 h. The cultures were pulsed with 0.5 p.Ci (18.5 kBq) of [*H]thymidine for the
last 16 h of the culture period, as described previously (9, 20).

TSST-1 challenge experiment with mice. Specific-pathogen-free male
C57BL/6 mice (age, 8 weeks; weight, 18 to 22 g) were used for the TSST-1
challenge experiment. They were purchased from Charles River Japan Inc.
(Yokohama, Japan) and were fed a standard diet and water. Mice were sensi-
tized by intraperitoneal (i.p.) injection of 20 mg of Dp-galactosamine 30 min
before challenge with TSST-1, as described previously (22, 23). p-Galac-
tosamine-sensitized mice have been described previously (4, 7, 23). To determine
the 50% lethal dose (LDs) of TSST-1, p-galactosamine-sensitized mice (six mice
in each group) were injected i.p. with 1, 2.5, 5, 10, and 15 pg of TSST-1; and the
survival of the mice was monitored over 5 days; survival rates were 100, 100, 67,
50, and 17%, respectively, and the LDs, was determined to be 10 ug per mouse.
D-Galactosamine-sensitized mice were then randomly divided into four groups
(15 mice each): three groups injected with TSST-1 and one group injected with
saline. TSST-1 at 10 pg, a dose that corresponded to the LDs, was injected i.p.
into the mice. Of the three groups of mice that received TSST-1 injections, two
groups were treated by i.p. injection of anisodamine (10 or 50 mg/kg of body
weight) 10 min after the TSST-1 injection. The survival of the mice was moni-
tored every 6 h after the TSST-1 injection, and deaths were recorded over 5 days.

Measurement of serum cytokine levels in mice. Sera were periodically ob-
tained by cardiac tapping from the mice sensitized with p-galactosamine as
described above, and the levels of cytokines in sera were determined by ELISA.

Statistical analysis. Data from the in vitro study were evaluated by Mann-
Whitney’s U test. Data on the survival rates of the treated and the untreated
groups of mice were evaluated by Fisher’s exact probability test. The level of
significance was a P value less than 0.05.

RESULTS

Comparison of the inhibitory effects of tropane alkaloids
and aspirin on TSST-1-induced TNF-a production in PBMCs.
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FIG. 1. Time course of TNF-a production in TSST-1-stimulated
human PBMC:s in the presence or the absence of anisodamine and
related compounds (A) and the effects of various concentrations of the
drugs (B). (A) PBMCs (5 X 10° cells) were stimulated with TSST-1 (10
ng/ml) for the indicated periods of time. Addition of the drugs (at 20
ng/ml) was as follows: open circles, none; closed circles, anisodamine;
closed triangles, atropine (a tropane alkaloid related to anisodamine);
closed squares, scopolamine (a tropane alkaloid related to anisodam-
ine); open triangles, aspirin; open squares, TNF-a levels in control
samples without TSST-1 stimulation. (B) PBMCs (5 X 10° cells) were
stimulated with TSST-1 (10 ng/ml) for 48 h in the presence or the
absence of the drugs. Open circles and open squares, TNF-a levels in
control samples with and without TSST-1 stimulation, respectively.
Addition of the drugs (at the indicated concentrations) was as follows:
closed circles, anisodamine; closed triangles, atropine; closed squares,
scopolamine; open triangles, aspirin. The levels of immunoreactive
TNF-a in the cell-free culture supernatants (A and B) were measured
by ELISA.

A marked induction of TNF-a was observed when human
PBMC:s were stimulated with TSST-1 for 3 to 72 h (Fig. 1A).
The simultaneous addition of anisodamine (at 20 pg/ml) re-
sulted in lower levels of TNF-a induction. The levels of inhi-
bition caused by other tropane alkaloids (atropine and scopol-
amine) and aspirin (at 20 pg/ml) were not significant. When
human PBMCs were stimulated with TSST-1 for 48 h in the
presence of various concentrations of the drugs, anisodamine
again manifested a much greater inhibitory effect at any con-
centration tested compared with those of other tropane alka-
loids and aspirin (Fig. 1B).

Proinflammatory and anti-inflammatory cytokine produc-
tion in TSST-1-stimulated PBMCs and inhibition by aniso-
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damine. When human PBMCs were stimulated with TSST-1
for 3 to 72 h, TSST-1 induced the production of proinflamma-
tory cytokines better than IL-10 (an anti-inflammatory cyto-
kine) did (Fig. 2). The production of proinflammatory cyto-
kines was inhibited by anisodamine in a dose-dependent
manner (Fig. 2A to C). The production of IL-10 was inhibited
to a much lesser extent (Fig. 2D). For instance, the rates of
inhibition by anisodamine at 25 pg/ml (or at 50 pg/ml) after
72 h of incubation were 52.0% (90.3%) for TNF-a, 59.0%
(91.8%) for IL-2, and 33.8% (95.5%) for IFN-y; but the rate
was only 6.7% (56.4%) for IL-10 (P < 0.05). Significant inhi-
bition of the production of IL-10 by anisodamine was observed
only at concentrations greater than 50 pg/ml (Fig. 2D).

Direct inhibitory effect of anisodamine on T cells and mono-
cytes. To investigate whether the action of anisodamine is
directed at T cells, human peripheral blood T cells were iso-
lated and stimulated with anti-CD3 and anti-CD28 antibodies
for 48 h in the presence or the absence of anisodamine. Stim-
ulation with the antibodies in the absence of anisodamine
caused a marked induction of TNF-q, IL-2, and IFN-y; and the
simultaneous addition of anisodamine significantly decreased
the responses (Fig. 3A). The rates of inhibition by anisodamine
at 25 wg/ml (or at 50 pg/ml) were 37.9% (51.7%) for TNF-a,
67.3% (80.4%) for IL-2, and 70.0% (77.8%) for IFN-y. The
inhibitory levels observed were comparable to the TSST-1-
stimulated responses in human PBMCs.

Next, reconstruction experiments were performed. For this,
isolated T cells or isolated monocytes were separately pre-
treated with anisodamine (50 pg/ml), washed, and then mixed
together for experiments with TSST-1 (Fig. 3B). When only T
cells were pretreated with anisodamine and then mixed, the
rates of inhibition were 59% for TNF-a, 98% for IL-2, and
39% for IFN-vy, while when only monocytes were pretreated
with anisodamine and then mixed, the rates were 77.2% for
TNF-«, 75% for 1L-2, and 51.3% for IFN-y.

Effects of anisodamine on post-TSST-1-stimulation in
PBMC. Human PBMCs was stimulated with TSST-1, aniso-
damine was periodically added, and then the cytokine (IFN-vy)
levels were examined after 48 h of incubation (Fig. 4). The
inhibitory effect of anisodamine was significant up to 6 h post-
stimulation with TSST-1 (P < 0.05). The inhibitory effect was
no longer significant from 9 h poststimulation. Inhibitory ef-
fects similar to those shown in Fig. 4 were observed with
TNF-a and IL-2 (data not shown).

Inhibition of TSST-1-induced cytokine gene transcription by
anisodamine. Human PBMCs were stimulated with TSST-1
for 3 h in the presence or the absence of anisodamine. Total
cellular RNA was extracted, and cytokine (TNF-a) mRNA
levels were determined on gels (Fig. 5A). Human PBMCs not
stimulated with TSST-1 gave a very faint band of TNF-a
mRNA, while TSST-1-stimulated human PBMCs gave an ob-
vious band of TNF-a mRNA, the intensity of which diminished
markedly on the simultaneous addition of anisodamine (Fig.
5A, lanes 4 to 6). In contrast, the transcription of the GAPDH
housekeeping gene was not affected by these treatments (Fig.
5A, lanes 1 to 3), indicating the equivalent loading of the
samples and also the fact that anisodamine did not cause a
general degradation of the mRNA.

The TNF-a mRNA levels were also quantitatively measured
by a real-time PCR assay (Fig. 5B, parts a and b). On the basis
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FIG. 2. Time course of proinflammatory and anti-inflammatory cytokine production in TSST-1-stimulated human PBMCs and effect of
anisodamine addition. PBMCs (5 X 10° cells) were stimulated with TSST-1 (10 ng/ml) in the presence or the absence of anisodamine. Cell-free
culture supernatants were periodically taken, and the levels of immunoreactive cytokines in the supernatants were measured by ELISA.
Concentrations of anisodamine added: open circles, none; closed circles, 12.5 pwg/ml; open triangles, 25 pg/ml; closed triangles, 50 pg/ml. Open
squares, cytokine levels in control samples without TSST-1 treatment. (A) TNF-«; (B) IL-2; (C) IFN-y; (D) IL-10.

of the results of the real-time PCR assay (Fig. 5B, part b), the
inhibition by anisodamine was calculated to be 88.8% (for
TNF-a) (Fig. 5C). Anisodamine also interfered with the tran-
scription of IL-2 and IFN-y by 96.0 and 86.8%, respectively
(Fig. 5C). Consistent with the cytokine production levels, in-
hibition of transcription of IL-10 by anisodamine was observed
to a lesser extent (67.5%) (Fig. 5B, part c, and C).

Inhibition of TSST-1-induced NF-kB activation in THP-1
cells by anisodamine. THP-1 cells were stimulated with
TSST-1 for 1 h in the presence or the absence of anisodamine.
The stimulation caused the activation of NF-«B, as demon-
strated by detection of the active form in a complex with p65 in
the nucleus (Fig. 6). However, this effect was diminished by the
simultaneous addition of anisodamine (Fig. 6).

Effect of anisodamine on cell viability. The addition of ani-
sodamine (up to 50 pg/ml) to human PBMCs, monocytes, T
cells, or THP-1 cells resulted in no significant loss of viability,
as evidenced by the results of the trypan blue exclusion assay.
More than 98% of the cells survived.

Inhibition of TSST-1-induced proliferative responses of PB-
MCs by anisodamine. Two methods were used to determine
the levels of inhibition of the TSST-1-induced proliferative

responses of PBMCs by anisodamine. In one experiment, the
change of the VB2 T-cell population in human PBMCs was
assessed by flow cytometric analysis (Fig. 7A). Stimulation of
human PBMCs with TSST-1 caused a drastic expansion of the
VB2" T-cell population; 0.1% for unstimulated PBMCs (con-
trol) versus 70.1% for stimulated PBMCs (Fig. 7A, parts a and
b). The simultaneous addition of anisodamine at 50 wg/ml (Fig.
7A, part ¢) or 100 wg/ml (Fig. 7A, part d), however, had no
significant inhibitory effect on the proliferation of the V2% T
cells (70.1% for stimulated PBMCs versus 68.9 to 70.7% for
stimulated PBMC:s in the presence of anisodamine) (Fig. 7A,
parts b to d), in contrast to the effect on the production of
cytokines (as described above).

In the other experiment, the incorporation of [*H]thymidine
into TSST-1-stimulated human PBMCs was examined. Again,
stimulation of PBMCs with TSST-1 caused a drastic increase in
[?H]thymidine levels, and the simultaneous addition of aniso-
damine at 50 pg/ml resulted in no significant inhibitory effect
(Fig. 7B), although in this experiment anisodamine at 100
pg/ml exhibited an inhibitory effect to some extent (63.4%)
(Fig. 7B). This inhibition was not due to cell death, because in
the presence of 100 g of anisodamine per ml, more than 96%
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FIG. 3. Direct action of anisodamine on T cells or monocytes pre-
pared from human PBMCs. (A) Human peripheral blood T cells (5§ X
10° cells) were stimulated with anti-CD3 and anti-CD28 antibodies in
the presence or the absence of anisodamine for 48 h. The culture
supernatants were assayed for cytokine levels by ELISA. The concen-
trations of anisodamine added were as follows: open bars, none;
shaded bars, 25 pg/ml; solid bars, 50 wg/ml. (B) Reconstruction exper-
iments were performed with isolated human peripheral blood T cells
and monocytes. The compositions of the cells were as follows: open
bars, T cells plus monocytes; shaded bars, T cells plus monocytes
pretreated with anisodamine; solid bars, T cells pretreated with aniso-
damine plus monocytes. The mixed cells were stimulated with TSST-1
(10 ng/ml) for 48 h, and the culture supernatants were assayed for
cytokines by ELISA.

of the PBMCs survived, as evidenced by the trypan blue ex-
clusion assay.

Inhibitory effect of anisodamine on serum cytokine levels in
mice. D-Galactosamine-sensitized mice were treated with
TSST-1 (10 pg), and the cytokine levels in serum were deter-
mined periodically (Fig. 8). The TNF-« and IL-2 levels peaked
at about 3 h and 2 to 3 h, respectively (Fig. 8A and B), and
IFN-vy appeared later than 3 h (at about 6 h; Fig. 8C) after the
TSST-1 injection. The degree of enhancement of IL-10 pro-
duction in mice injected with TSST-1 was extremely low (Fig.
8D).

Anisodamine treatment (dose, 50 mg/kg of body weight) of
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FIG. 4. Effects of anisodamine on TSST-1-induced production of
IFN-y by human PBMCs. Human PBMCs were stimulated with
TSST-1 (10 ng/ml). Anisodamine was then added at the indicated
times to the stimulated cell cultures at a concentration of 50 pg/ml
(open circles). Cytokine levels in the cell-free culture supernatants
were measured 48 h after TSST-1 stimulation. The data on the right
(open triangle) represent cytokine levels in the absence of anisoda-
mine. The results were obtained from triplicate experiments. *, P <
0.05 compared with the results for the TSST-1-stimulated cases in the
absence of anisodamine. Similar inhibitory effects were also obtained
with TNF-a and IL-2.

the mice injected with TSST-1 significantly reduced the con-
centrations of TNF-a, IL-2, and IFN-y in serum compared
with those in saline-treated (control) mice (P < 0.05).

Protective effect of anisodamine against TSST-1 in mice.
The protective effect of anisodamine against TSST-1 was ex-
amined in D-galactosamine-sensitized mice (Fig. 9). The injec-
tion of TSST-1 (10 wg) into mice resulted in 60.0% mortality
(40.0% survival). In contrast, anisodamine treatment (dose, 50
mg/kg of body weight) of the mice injected with TSST-1 re-
sulted in a significantly higher rate of survival (100%) over 5
days (P < 0.05).

DISCUSSION

S. aureus produces a number of superantigenic toxins, such
as TSST-1 (21, 33). TSST-1 is a potent T-cell activator and a
major cause of TSS (33). TSST-1 directly binds to the MHC
class I molecules on APCs and to the T-cell receptor-bearing
specific VB elements of T cells. In adults, this trimolecular
interaction leads to the massive proliferation of TSST-1-reac-
tive, specific V@ region-expressing CD4™" T cells such as VB2
and VB4™ T cells. In addition, TSST-1-stimulated adult pe-
ripheral blood CD4™" T cells show strong responses to restimu-
lation with TSST-1 and stimulation with IL-2 in vitro (12, 13,
19, 21). This abnormal activation of CD4™ T cells leads to the
overproduction of proinflammatory cytokines such as TNF-a,
IL-1B, IL-2, and IFN-vy, resulting in an abnormal reaction in
the whole body (12, 33).

MRSA infection in neonatal intensive care units (NICUs)
has become a serious problem in Japan. In the early neonatal
period, especially in newborns in NICUs, TSST-1 produced
from MRSA induces NTED (30-32). VB2" T cells selectively
expanded in NTED patients in the acute phase were anergic to
stimulation with TSST-1, and this was thought to be the cause
of the spontaneous reduction of the symptoms (15). Also, in
the acute phase, the levels of cytokines such as TNF-« in serum
are high (27).
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FIG. 5. Suppression of TSST-1-induced cytokine mRNA expres-
sion by anisodamine. (A) Effect of anisodamine on TNF-a mRNA
expression was examined by RT-PCR. Human PBMCs (2.5 X 10°
cells) were stimulated with TSST-1 (10 ng/ml) for 3 h in the presence
or the absence of anisodamine (50 wg/ml). After incubation, the PB-
MCs were procured and total cellular RNA was extracted. mRNA was
reverse transcribed and amplified by PCR with cytokine-specific prim-
ers. RT-PCR products: lanes 1 to 3, the housekeeping gene GAPDH;
lanes 4 to 6, the TNF-a gene; lanes 1 and 4, no TSST-1 stimulation;
lanes 2 and 5, TSST-1 stimulation; lanes 3 and 6, TSST-1 stimulation
in the presence of anisodamine; lanes M, molecular size marker
(Haelll-digested $X174 replicative-form DNA fragments). (B, parts a
and b) Experiments similar to those for TNF-a gene expression whose
results are shown in panel A were performed by a real-time PCR assay.
The relative copy numbers of the gene sequences for GAPDH (a) and
TNF-a (b) were estimated as described in Materials and Methods.
Samples 1 to 6 correspond to those in lanes 1 to 6 in panel A. (B, part
c) IL-10 gene expression examined by a real-time PCR assay, as de-
scribed above. Sample 7, no TSST-1 stimulation; sample 8, TSST-1
stimulation; sample 9, TSST-1 stimulation in the presence of aniso-
damine. (C) On the basis of the relative copy numbers obtained in the
experiment whose results are shown in panel B, the percent inhibition
of TNF-a and IL-10 mRNA expression by anisodamine was calculated
and is shown. Experiments similar to the experiments whose results are
shown in panel B were performed with IL-2 and IFN-y, and the
percent inhibition by anisodamine was evaluated and is also shown. *,
P < 0.05 compared with the data for the proinflammatory cytokines
(TNF-a, IL-2, and IFN-y).
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FIG. 6. Inhibition of TSST-1-induced NF-«kB activation in THP-1
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wg/ml). Nuclear extracts were prepared, and the amount of activated
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anti-65 antibodies. *, P < 0.05 compared with the NF-«B level without
TSST-1 stimulation; ##, P < 0.05 compared with the NF-«B level with
TSST-1 stimulation in the absence of anisodamine.

Anisodamine, an alkaloid extracted from a Chinese herb, is
a vasoactive drug that appears to be efficacious for the treat-
ment of clinical and experimental bacteremic shock and has
been known for its therapeutic effect on acute disseminated
intravascular coagulation since 1965 (29, 37, 38, 41). It has also
been demonstrated to improve the mortality rate from menin-
gococcemia by from 67 to 12.4% (37).

In previous studies, we demonstrated that anisodamine has
an inhibitory effect on the production of TNF-«, IL-13, and
IL-8 from Stx-stimulated human monocytes; prolongs the sur-
vival of mice injected with Stx; and decreases the lethality of
Stx (39, 40). Stx is the major toxin responsible for HUS caused
by enterohemorrhagic E. coli (14); and the host’s inflammatory
responses, including the TNF-a, IL-1B, IL-6, and IL-8 re-
sponses, are involved in the development of HUS (10).

Anisodamine inhibits lipopolysaccharide (LPS)-induced
TNF-a gene expression and has an antishock effect (36). It also
inhibits LPS-induced activation of the NF-kB pathway (26).
However, the inhibitory effects of anisodamine on the actions
of superantigenic toxins from gram-positive bacteria have not
been investigated.

In this study, we demonstrated that anisodamine remarkably
inhibits TSST-1-stimulated proinflammatory cytokine (TNF-a,
IL-2, and IFN-v) production in human PBMCs. This inhibitory
effect of anisodamine was greater than that of any other tro-
pane alkaloid examined. Aspirin, which has been shown to
inhibit IL-4 production (2), had no effect on the TSST-1-stim-
ulated production of proinflammatory cytokines. In addition,
we demonstrated some specificity to the inhibitory action of
anisodamine. Anisodamine inhibited proinflammatory cyto-
kine production better than IL-10 (an anti-inflammatory cyto-
kine) production in TSST-1-stimulated PBMCs, although only
one anti-inflammatory cytokine has been studied.

We also examined the mechanisms of action of anisodamine.
Anisodamine inhibited the production of TNF-«, IFN-y, and
IL-2 in anti-CD3 and anti-CD28 antibody-stimulated periph-
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FIG. 7. Inhibition of the TSST-1-stimulated proliferative responses of
human PBMCs by anisodamine. (A) PBMCs (2 X 10° cells/ml) were
stimulated with TSST-1 (10 ng/ml) for 72 h in the presence or the absence
of anisodamine (50 or 100 pg/ml). To allow reexpression of the T-cell
receptor, the cells were further treated with rIL-2. The cells were stained
with FITC-VB2 and PE-CD3 antibodies, and then the labeled cells were
examined by flow cytometric analysis. (Part a) CD3™" cells (T cells) in
PBMCs without TSST-1 treatment; (part b) CD3™ cells (T cells) in PB-
MCs after stimulation with TSST-1; (part ¢c) CD3" cells (T cells) in
PBMCs after stimulation with TSST-1 in the presence of 50 pg of aniso-
damine per ml; (part d) CD3™ cells (T cells) in PBMCs after stimulation
with TSST-1 in the presence of 100 wg of anisodamine per ml. The
numbers within each panel represent the percentage of VB2" T cells.
(B) PBMCs were stimulated with TSST-1 (10 ng/ml) for 72 h in the
presence or the absence of various concentrations of anisodamine. The
cultures were then pulsed with [*H]thymidine for 16 h, and the amount of
[*H]thymidine (in counts per minute) incorporated into PBMCs was mea-
sured. *, P < 0.05 compared with the levels of [*H]thymidine incorporated
in the TSST-1-stimulated cells in the absence of anisodamine.
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eral blood T cells; and in combination experiments, in which
isolated T cells were pretreated with anisodamine and then
washed and added back to the monocytes, the inhibition of
TSST-1-induced cytokine production was again obvious. These
results suggested that anisodamine acts directly on T cells
(responding to TSST-1).

Anisodamine exerted its inhibitory effect via down-regula-
tion at the mRNA level. Again, the inhibition of TSST-1-
induced mRNA synthesis by anisodamine was significantly
greater for proinflammatory cytokines than for IL-10 (an anti-
inflammatory cytokine).

Trede et al. (34) reported that TSST-1 can stimulate the
human monocytic cell line THP-1 to activate NF-kB. In our
experiment, in which isolated monocytes were pretreated with
anisodamine and then washed and added back to the T cells,
the inhibition of TSST-1-induced cytokine production was re-
markable, indicating that anisodamine acts directly even on
monocytes (which are crucial in presenting surperantigens).
So, using THP-1 cells, we examined whether or not TSST-1-
induced NF-«kB activation is inhibited by anisodamine. Such
inhibition was demonstrated in this study. It is therefore con-
ceivable that the inhibition of TSST-1-induced cytokine pro-
duction in human PBMCs by anisodamine takes place via the
inhibition of the NF-«kB activation pathway.

The inhibition of cytokine production by anisodamine was
obvious with anisodamine at a concentration of 50 pg/ml or
less. However, the inhibition of TSST-1-induced cell prolifer-
ation by anisodamine was observed at concentrations greater
than 100 pg/ml and was not significant at 50 pg/ml or less. This
was true in the experiment in which the incorporation of
[*H]thymidine into TSST-1-stimulated human PBMCs was ex-
amined. In particular, in the experiment in which flow cytom-
etry was used to assess the VB2 T-cell population in human
PBMCs, no significant inhibition of V2" T-cell proliferation
was observed. Thus, it was concluded that anisodamine at
concentrations less than 50 wg/ml preferentially inhibits TSST-
1-stimulated cytokine production but not TSST-1-induced cell
proliferation in human PBMCs. This, together with the finding
that anisodamine inhibits TSST-1-induced proinflammatory
cytokine production better than IL-10 (an anti-inflammatory
cytokine) production in human PBMCs, clearly shows the spe-
cific nature of the action of anisodamine in human PBMCs.

It has been shown that TSST-1 stimulates PBMCs to pro-
duce cytokines such as IL-2, which in turn causes an abnormal
proliferation of T cells, which leads to the overproduction of
proinflammatory cytokines (12, 13, 19, 21). Although aniso-
damine inhibits cytokine (including IL-2) production by TSST-
1-stimulated PBMCs, T-cell proliferation proceeds even in the
presence of anisodamine. A most likely explanation for this is
that the inhibitory action of anisodamine against IL-2 produc-
tion is incomplete and there is IL-2 leakage, and thus, T-cell
proliferation is still achieved by stimulation with the IL-2 which
was produced in the presence of anisodamine. It has been
reported that T-cell proliferation is induced even by a low
concentration of IL-2 (6, 24).

T-cell proliferation and cytokine production are not always
observed in parallel, and in some cases, cytokine production is
induced in the situation in which T-cell numbers remain con-
stant (or decreased) (H. Watanabe, personal communication).
It would be conceivable that there is a specific step(s) for
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FIG. 8. Effects of anisodamine on proinflammatory and anti-inflammatory cytokine levels in serum after TSST-1 injection in mice. Groups of
12 mice were injected i.p. with 20 mg of D-galactosamine 1 h before an i.p. challenge with 10 pg of TSST-1. Treatment (i.p. injection) with
anisodamine at 50 mg/kg of body weight was carried out 10 min after the TSST-1 injection. Sera were obtained periodically by cardiac tapping,
and the cytokine levels in sera were determined by ELISA. (A) TNF-«; (B) IL-2; (C) IFN-y; (D) IL-10. Anisodamine treatment of mice injected
with TSST-1 was as follows: open circles, none; closed circles, 50 mg/kg. Open squares, no TSST-1 injection (control). *, P < 0.05.

cytokine induction and that anisodamine preferentially inhibits
such a specific step(s) for cytokine induction (rather than steps
for T-cell proliferation).

Several agents have been shown to inhibit TSST-1-stimu-
lated cytokine production. IL-10 inhibits the TSST-1-stimu-
lated production of TNF-«, IL-1, IL-6, and IFN-y by human
PBMC:s; but it has less of an effect on TSST-1-induced T-cell
proliferation (18). Interestingly, this inhibition is very similar to
that observed in this study.

In contrast, dexamethasone, an anti-inflammatory agent, in-
hibits both TSST-1-induced cytokine production and T-cell
proliferation via the suppression of TSST-1-enhanced expres-
sion of the IL-2 receptor, CD25 (18). Pentoxifylline, a meth-
ylxanthine derivative that inhibits endotoxemia and the LPS-
induced release of TNF-«, inhibits TSST-1-induced TNF-«,
IL-1B, and IFN-y production by human PBMCs and T-cell
proliferation (20). In addition, pentoxifylline protects mice
from the lethality of TSST-1 (20). Wortmannin, a phosphati-
dylinositol 3-kinase inhibitor, inhibits TSST-1-induced TNF-«
production by human PBMCs (25).

Mice are generally resistant to the effects of bacterial toxins
(including staphylococcal superantigens), but pretreatment of
mice with D-galactosamine increases their sensitivity (7, 23).
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FIG. 9. Protection of mice from the lethality of TSST-1 by aniso-
damine. Injection of TSST-1 and treatment of D-galactosamine-sensi-
tized mice with anisodamine (50 mg/kg) were carried out as described
in the legend to Fig. 8. b-Galactosamine-sensitized mice injected only
with saline (with no TSST-1) were used as controls (open squares).
Treatment with anisodamine of mice injected with TSST-1 was as
follows: open circles, none; open triangles, 10 mg/kg of body weight;
closed triangles, 50 mg/kg of body weight. *, P < 0.05 compared with
the TSST-1-injected, untreated mice (open circles).
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D-Galactosamine is a hepatotoxic agent that causes depletion
of UTP and changes in uracyl nucleotides, resulting in im-
paired biosynthesis of the macromolecular cell constituents in
hepatocytes (4), and this in turn increases the sensitivity of
mice to the lethal effects of endotoxin more than 100,000-fold
(7). Just like the case of endotoxin, lethal shock by a staphy-
lococcal superantigen is also induced in D-galactosamine-sen-
sitized mice (23).

In this study with pD-galactosamine-sensitized mice, we dem-
onstrated that the levels of cytokines induced by TSST-1 in
serum were significantly reduced by anisodamine and that ani-
sodamine indeed protected the mice against the lethal effect of
TSST-1. The concentration of anisodamine used in the in vitro
study may appear to be high. In clinical use, doses of aniso-
damine as high as 30 to 50 mg/kg may be given intravenously
several times a day. Thus, despite a rapid half-life (estimated to
be 40 min) in plasma, peak levels in plasma that approach high
concentrations can be seen (1). It is thought that the concen-
trations that we used are consistent with those that are used in
the clinical situation. The Chinese medicine anisodamine,
which is used as a vasoactive agent in children in China, may be
a potential drug for the treatment of TSST-1-mediated dis-
eases.

In addition, anisodamine possesses beneficial effects against
various infections (infections caused by gram-negative bacteria
[26, 29, 36-41]) as well. Thus, the pharmacological action of
anisodamine is not superantigen specific. Perhaps anisodamine
inhibits a key cytokine expression signal cascade shared by T
cells and monocytes (and macrophages).
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