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Summary To determine why germfree (GF) mice are less productivity of proinflammatory

cytokines than conventional (CV) mice, we studied serum levels of interleukin 10 (IL-10) and

prostaglandin E2 (PGE2) in mice after treatment with lipopolyssacharide (LPS). A single injec-

tion of LPS caused an elevation of IL-10 in serum from GF, LPS-GF (germfree mice given

drinking water containing LPS) and CV mice. The response was highest in serum from GF

mice, and was lower in serum from LPS-GF mice compared with GF mice. Before LPS injec-

tion, serum PGE2 was significantly higher in CV and LPS-GF mice than in GF ones. After

LPS injection, a higher level of PGE2 was maintained over 12 h in CV mice after LPS injec-

tion, while the LPS treatment reduced the level in LPS-GF mice and increased the level in GF

mice. The levels of IL-10 in culture medium from Kupffer cells treated with LPS showed sim-

ilar results to serum in GF and CV mice. These results suggest that high levels of IL-10 in

serum from germfree mice may be partly responsible for the lower in vivo responsiveness of

these proinflammatory cytokines to LPS in these mice, although PGE2 was not responsible for

the lower responsiveness of these inflammatory cytokines to LPS.
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Introduction

It has been shown in several studies using germfree (GF)
animals that intestinal microflora influence immunity by
modifying humoral and cellular responses [1, 2], and that
lipopolysaccharide (LPS) susceptibility in GF mice differs
considerably from that in conventional (CV) mice [3, 4].
LPS is an integral component of the outer membrane of
Gram-negative bacteria and a contributing factor in the
initiation of the generalized inflammatory process termed
endotoxic shock. LPS stimulates immune cells to generate

proinflammatory cytokines, such as tumor necrosis factor
(TNF), interleukin 1 (IL)-1 and IL-6. The production of
these cytokines is essential for the development of endotoxin
shock [5–7], since administration of TNF can induce IL-1
and IL-6, which act synergistically to produce a state of
shock and, in some cases, death.

The influence of intestinal microflora on cytokine secretion
by macrophages was investigated by Nicase et al. [8–10].
They showed that peritoneal macrophages and Kupffer cells
from germfree mice were lower secretors of cytokines in
response to LPS than the cells from control mice. Previously,
we found that intestinal microflora influenced the LPS
susceptibility of induction of serum amyloid A (SAA), an
acute phase protein in the mouse, in conventional and
germfree IQI mice after injection of LPS, and the response
was significantly less in germfree. LPS-induced elevations
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of serum TNF, IL-1, and IL-6 levels were also less in
germfree mice [11, 12]. However, the mechanism by which
the cytokine response is altered in germfree animals is
unclear. The synthesis of cytokines is finely regulated
through several processes. TNF-α indirectly suppresses by
inducing macrophage production of inhibitory molecules
such as IL-10 [13] and prostaglandin E2 (PGE2) [14, 15]. In
this study, we studied the levels of anti-inflammatory
mediators, such as IL-10 and PGE2 in GF, CV and LPS-GF
mice after LPS injection. LPS-induced mediator secretion
was also studied by Kupffer cell culture in germfree and
conventional mice.

Materials and methods

Animals and LPS treatment

IQI/Jic[Gf] mice (Clea Japan, Inc., Tokyo, Japan) bred in
our laboratory were maintained in a Trexler-type flexible
film isolator in a standard germfree state. The germfree status
of the mice was verified at the beginning and at the end of
the experiment by the standard procedure [16, 17]. GF mice
were conventionalized by the oral administration of a feces
suspension (in physiological saline solution as drinking
water) from conventional mice, and these conventionalized
mice were used as conventional mice in this experiment.
Animals were divided into three groups, GF mice (germfree
mice given drinking water), LPS-GF mice (germfree mice
given drinking water containing LPS, 10 µg/ml, for 3 weeks
Salmonella typhosa 0901, Difco, Detroit, MI) and CV mice
(conventional mice given drinking water).

The GF and CV mice were maintained on a CMF diet
irradiated with 50 kGy of γ-rays (Oriental Yeast Co., Ltd.,
Tokyo, Japan) ad libitum at temperature of 22 ± 2°C and
relative humidity of 50 ± 10%. Lighting was regulated auto-
matically to provide constant periods of alternating light and
darkness (the light was on from 8:00 to 20:00). All proce-
dures were performed in accordance with the Kobe Gakuin
University Guide-lines for the Care and Use of Laboratory
Animals.

Eight- to 10-week-old GF, LPS-GF and CV mice were
intraperitoneally injected with 100 µg LPS (Salmonella

typhosa 0901, Difco, Detroit, MI) dissolved in saline. Blood
samples were collected through the ascending vena cava of
the abdomen under light anesthesia after LPS treatment. The
blood was allowed to clot at 4°C for 2 h and centrifuged to
obtain serum samples that were stored in portions at −80°C
until assay.

Kupffer cells culture

Kupffer cells were isolated according to the method of
Friedman [18]. Briefly, the portal vein was canulated and the
liver perfused in situ with a balanced salt solution followed by
collagenase. The digested liver was then excised, scooped

into 100-mm culture dishes, and finely minced. The digested
tissue was then placed in H/DMEM with Pronase and further
dissociated by repeated pipetting. After centrifugation at
150 × g for 5 min. the supernatant was centrifugated at
13,000 × g 30 min. The pellet was resuspended in H/DMEM
followed by centrifugation over 20% Nycodentz (Nycomed
Pharma AS, Oslo, Norway), the cells at the interface were
pooled and washed twice by centrifugation with Hank’s
balanced salt solution. The pellet was then dispersed and
resuspended in RPMI-1640 media containing 10% heat-
inactivated fetal calf serum. The isolated cells showed 95%
viability as determined by trypan blue exclusion. Cells were
stimulated with addition of LPS (1 µg/ml, Salmonella typhosa

0901, Difco, Detroit, MI), and the medium was harvested
and stored at −80°C until assay.

IL-10 and assay

IL-10 levels were measured using a commercially available
immunoassay kit (Genzyme/TECHNE).

PGE2 assay

PGE2 levels in serum or culture medium were measured
using a commercially available immunoassay kit (Amersham
pharmacia biotech).

Statistical analyses

The results are expressed as the mean ± SE for the
indicated number of measurements. Comparisons between
the groups were made using the Student’s t-test. Statistical
significance was assessed at the 95% confidence level
(p<0.05).

Results

Serum IL-10 in germfree and conventional mice after LPS

injection

Previously, LPS injection induced an elevation of TNF
levels in both conventional and germfree mice with similar
courses, and the levels were significantly lower in germfree
mice than in conventional mice [11, 12]. IL-10 has been
shown to be a potent macrophage deactivator, blocking the
induced synthesis of TNF-α, IL-1 and IL-6 [13]. To find
out whether the reduced LPS-response of inflammatory
cytokines in the germfree mice is associated with IL-10, we
measured IL-10 levels in serum after injection of LPS. LPS
injection (100 µg/mice, i.p.) induced an elevation of IL-10
levels in CV, LPS-GF and GF mice with similar courses: the
levels peaked at 1.5 to 3 h, then returned to normal levels at
6 h (Fig. 1). However, the serum IL-10 level was highest in
GF mice among three groups, and LPS administered in
drinking water to GF mice caused a decrease in the IL-10
level. These results suggest that high levels of serum IL-10
in GF mice may be partly responsible for the lower in vivo
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responsiveness of TNF-α to LPS in these mice.

LPS-induced IL-10 production in Kupffer cells

In order to determine whether the insusceptibility of IL-10
response in serum of conventional mice was responsible for
the reduced response of Kupffer cells to LPS stimulation,
we examined the ability of Kupffer cells to produced IL-10
in vitro. IL-10 levels attained maximums 12 h after addition
of LPS in culture medium of Kupffer cells which had
been prepared from GF and CV mice (Fig. 2). There were
significant differences in IL-10 levels in culture medium
between Kupffer cells of GF and CV mice over 24 h after
addition of LPS, which confirmed the results from serum of
GF and CV mice after LPS injection. These results suggest
that a source of circulating IL-10 after LPS challenge may be
the liver, presumably Kupffer cells.

Serum PGE2 levels in germfree and conventional mice after

LPS injection

Previous studies have demonstrated that LPS treatment of
macrophages can induce a concomitant increase in TNF
synthesis and PGE2 production, and that LPS-induced TNF
production by macrophages is suppressed by submicromolar
concentrations of exogenous PGE2 [14, 15]. To explore the
possibility of suppression of TNF-α production by PGE2, we
measured PGE2 production in serum from GF, LPS-GF and
CV mice after LPS injection as shown in Fig. 3. Before LPS
injection, serum PGE2 was significantly higher in CV and
LPS-GF mice than in GF ones. After LPS injection, a
significantly higher level of PGE2 was maintained over 12 h
in CV mice after LPS injection, while the LPS treatment

reduced the level in LPS-GF mice and increased the level in
GF mice in a bell shape.

The results show that PGE2 production was significantly
larger in CV mice than in GF mice in response to LPS, and
hence the PGE2 produced in this way was not likely to have
influenced TNF synthesis and did not contribute to the lower
sensitivity of the GF animals.

Fig. 1. Serum IL-10 levels in GF, LPS-GF and CV mice after
LPS injection. Closed circles show the level in CV mice
and open circles show the level in GF mice, and open
triangles show the level in LPS-GF mice. The serum
was obtained from blood 0, 1.5, 3, 6, and 12 h after
LPS injection. Each value is the mean ± SE. Values
with different letters are significantly different from
conventional mice (***p<0.001).

Fig. 2. LPS-induced IL-10 secretion in the conditioned medium
of Kupffer cells from GF and CV mice. Closed circles
show the level in CV mice and open circles show
the level in GF mice. Culture medium was collected 0, 3,
6, 12 and 24 h after addition of LPS (1 mg/ml). Each
value is the mean ± SE. Values with different letters
are significantly different from conventional mice
(**p<0.01, ***p<0.001).

Fig. 3. Serum PGE2 levels in GF, LPS-GF and CV mice after
LPS injection. Closed circles show the level in CV mice,
and open circles show the level in GF mice, and open
triangles show the level in LPS-GF mice. The serum was
obtained from blood 0, 1.5, 3, 6, and 12 h after addition
of LPS (1 µg/ml). Each value is the mean ± SE. Values
with different letters are significantly different from
conventional mice (*p<0.05, **p<0.01, ***p<0.001).
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PGE2 responses in Kupffer cells stimulated with LPS

Similarly, and in order to further examine the association
between the levels of TNF in serum and the responses of
Kupffer cells to LPS stimulation, we examined LPS-induced
PGE2 secretion in the conditioned medium of Kupffer cells
from GF and CV mice (Fig. 4). PGE2 levels in culture
medium of Kupffer cells which had been prepared from CV
and GF mice reached a maximum 12 h after addition of
LPS. Moreover, PGE2 levels were significantly (p<0.001)
higher in culture medium of macrophages from conventional
mice compared with germfree animals 3 h after addition of
1 µg/ml LPS.

Discussion

Mice and rats are highly resistant to the lethal effects of
LPS compared to other animals [19], so GF and CV mice
might be good models to study the non-lethal effects of LPS

on the host. To our knowledge, there have been no reports on
the effects of LPS on anti-inflammatory cytokine production
in sera of GF and CV mice.

The major finding of this study was the enhanced production

of anti-inflammatory cytokines by GF mice compared to CV
mice. Significant differences were observed between the
LPS-induced cytokine production in GF and CV mice. The
GF mice produced larger amounts of IL-10 than the CV
mice after LPS treatment. This suggests that CV mice have a
stronger proinflammatory cytokine response than GF mice
after LPS injection, and support the conclusion that LPS is
more lethal in CV mice than in GF mice. Our in vivo results,
which indicate the enhanced production of TNF-α, in CV

mice compared to GF mice, are in agreement with the find-
ings in our previous reports [11, 12].

It is interesting that IL-10 production was significantly
greater in GF mice than in CV mice after LPS injection. To
determine the mechanism by which the serum IL-10 level
showed a higher response to LPS challenge in GF mice, we
examined IL-10 production in vitro by isolated Kupffer cells
from GF and CV mice. Similar differences to the in vivo

results were observed in LPS-induced IL-10 production of
Kupffer cells between GF and CV mice. These findings are
in agreement with the results of Nicaise et al. [8–10]. The
IL-10 response in serum of GF mice was responsible for the
enhanced response of Kupffer cells to LPS (Fig. 2). Thus,
we could attribute the higher response of LPS-induced
elevation of IL-10 and suppression of TNF in serum from
GF mice to the ability of Kupffer cells in IL-10 production.
On the other hand, oral administration of LPS in drinking
water for germfree mice caused a decrease in IL-10 produc-

tion in serum compared to GF control (Fig. 1). IL-10 was
identified and characterized by its immunoregulatory and

cytokine synthesis inhibiory activity [13, 20]. Macrophages

and lymphoid cells are also known to produce IL-10 after
LPS stimulation [21]. These facts suggest that since oral
administration of LPS or bacterial flora might alter the IL-10
production, serum IL-10 production could be enhanced in
GF mice. Thus, we might explain in part the mechanism of
low cytokine production in GF mice by a high level of pro-
duction of the major decreasing factor, IL-10.

TNF-α indirectly suppresses by inducing macrophage
production of inhibitory molecules such as prostaglandin E2

[14, 15]. To explore the relationship between PGE2 and
cytokine production, we measured PGE2 levels in serum
and culture medium of macrophages from GF and CV mice
after LPS-treatment as shown in Figs. 2 and 4. Before LPS
injection, serum PGE2 was significantly higher in CV and
LPS-GF mice than in GF ones. However, a significantly
higher level of PGE2 was maintained over 12 h in CV mice
after LPS injection, while the LPS treatment reduced the
level in LPS-GF mice and increased in a bell shape the level
in GF mice. On the other hand, Kupffer cells from CV mice
showed significantly higher PGE2 production compared
with those from GF mice after LPS-treatment. Since LPS
upregulates PGE2 production by activation of
cyclooxygenase and phospholipase A2 [22], we could
attribute the higher level of PGE2 in CV and LPS-GF mice
before LPS injection to the LPS from intestinal flora or in
drinking water. Why did LPS injection not induce more
serum PGE2 in CV mice? Since PGE2 plays an autoregulatory
role in Kupffers and inhibits its own production in LPS
treatment [15], it is possible that the serum PGE2 level had
already peaked before LPS injection, therefore the level in
CV mice might be unaltered after LPS injection. On the
other hand, LPS might cause a rise in the PGE2 level of

Fig. 4. LPS-induced PGE2 secretion in the conditioned medium
of Kupffer cells from GF and CV mice. Closed circles
show the level in CV mice, and open circles show
the level in GF mice. The serum was obtained from
blood 0, 1.5, 3, 6, and 12 h after addition of LPS (1 µg/
ml). Each value is the mean ± SE. Values with different
letters are significantly different from CV mice
(***p<0.001).
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GF mice because the level was much lower before LPS
injection. The results show that PGE2 production occurred
significantly later than TNF in response to LPS, and hence
the PGE2 produced in this way was not likely to have
influenced TNF synthesis and did not contribute to the lower
sensitivity of the germfree animals.

Another possible cause of the reduced cytokine production
in germfree mice may be the effects of soluble TNF receptor
[23], CD14 [24, 25] and TGF-β [26]. Further studies are
needed to investigate these possibilities.
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