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Abstract. Background: Continuous oral administration of
lipopolysaccharide (LPS) enhances the phagocytic ability of
macrophages, which is useful for preventing various diseases.
Here, we attempted to create an in vitro model of continuous
administration of LPS. Materials and Methods: RAW264.7
cells were stimulated with LPS three times every 24 h
(repeated  stimulation), and phagocytic ability and
inflammatory cytokine [interleukin-6 (IL6) and tumor necrosis
factor-o. (TNFa)] production were measured. Results: The
phagocytic ability was increased by a single stimulation with
LPS and was maintained by repeated stimulation. IL6
production increased with a single stimulation with LPS;
however, IL6 production by repeated stimulation with LPS was
comparable to that of non-stimulation with LPS. On the other
hand, the amount of TNFa was significantly increased by
single and repeated stimulation with LPS. Conclusion:
Repeated stimulation with LPS in RAW264.7 cells triggered a
phenotype that was similar to that of macrophages after
continuous oral administration of LPS. This suggests that this
study model may reproduce the enhancement of macrophage
phagocytosis, an effect afforded by continuous oral
administration of LPS.

Lipopolysaccharide (LPS) is a glycolipid that is present in the
outer membrane of Gram-negative bacteria and has long been
considered harmful to health as a potent inducer of
inflammation. Certainly, intravenous injection of LPS causes
severe fever, diarrhea, and shock; therefore, LPS is recognized
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as a dangerous substance in medicine. Conversely, we found
that many edible plants, including rice, wheat, and buckwheat,
had high levels of LPS (1, 2). Intravenous injection of 1 g of
extracts of these edible plants into humans is equal to an LPS
injection that far exceeds the lethal dose. However, despite
regular oral intake of these edible plants by humans, fever,
diarrhea, and shock are usually absent. In addition, rats
exhibited no toxicity after oral intake of LPS at 2 g/kg of body
weight (BW) (2, 3). These results indicate that completely
distinct mechanisms exist regarding the control of LPS
between oral intake and intravenous administration. Moreover,
we showed that continuous oral administration of LPS was
effective in preventing and ameliorating many diseases, such
as cancer, atopic dermatitis, diabetes, arteriosclerosis, and
Alzheimer’s disease (4-8).

In the context of the health-maintenance effect of continuous
oral administration of LPS, we are focusing on macrophages,
which are major target cells of LPS. Macrophages play an
important role in the phagocytosis of foreign substances,
wound healing, and metabolic regulation, and their functions
are activated by LPS. Recently, we showed that continuous oral
administration of LPS increased the foreign-substance
phagocytosis of peritoneal macrophages and enhanced the
foreign-substance phagocytosis of microglia, which are
macrophages of the brain, to improve Alzheimer’s disease (8,
9). In addition, it was clarified that the production of
inflammatory cytokines [interleukin-6 (IL6), tumor necrosis
factor-a. (TNFa) and interleukin-12 (IL12)] by peritoneal
macrophages was not increased by continuous oral
administration of LPS (9). Currently, we are conducting more-
detailed studies about the enhancement of phagocytosis by
macrophage resulting from continuous oral administration of
LPS. However, in vivo studies require special techniques, such
as the isolation of macrophages from living organisms, thus
being complex test systems. In vitro models have significant
advantages in the context of mechanistic analyses over in vivo
models because they are simple test systems and can be used
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to evaluate the direct effect of substances on cells. In this study,
we attempted to reproduce the enhancement of macrophage
phagocytosis, an effect triggered by continuous oral
administration of LPS, as a simple test system in vitro.

Materials and Methods

Cell culture and LPS treatment. The murine macrophage-like cell line
RAW264.7 was obtained from the American Type Culture Collection
(Manassas, VA, USA). The experimental design is depicted in Figure
1. RAW264.7 cells (2x105 cells/ml) were seeded in 12-well tissue
culture plates (n=3) and cultured in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with
10% fetal bovine serum (Sigma-Aldrich) at 37°C in 5% CO,.
RAW264.7 cells were treated with or without purified LPS derived
from Pantoea agglomerans (Macrophi Inc., Kagawa, Japan). The
concentration of LPS used was set to 100 pg/ml and 1 ng/ml as a low
doses and 100 ng/ml as a high-dose control, as it has been reported
that phagocytosis was induced by 100 pg/ml and 1 ng/ml of LPS (10),
while LPS was generally used at 100 ng/ml to activate macrophages
in vitro (11, 12). For repetitive treatment with LPS, cells received
fresh medium containing LPS three times a day. For single treatment
with LPS, cells received fresh medium without LPS for the first 48
h, and then received fresh medium containing LPS once. Samples
were collected at the time points indicated in Figure 1 and analyzed
for phagocytic activity/cytokines.

Phagocytosis assay. Phagocytic activity was measured by flow
cytometry as described previously, with minor modifications (10). In
brief, 24 h after the last treatment of RAW264.7 cells with LPS, cells
were incubated with fluorescent latex beads (Fluoresbrite® YG
Microspheres 2.0 pm; Polysciences, Warrington, PA, USA) at a
cell:bead ratio of 1:5 for 3 h. Cells were washed, to remove non-
internalized particles, and then detached by 0.25% trypsin treatment
(Life Technologies, Carlsbad, CA, USA). The phagocytosis ratio and
phagocytosis intensity of beads in the cells were measured using a
Beckman Coulter Gallios flow cytometer and Kaluza software
(Beckman Coulter, Indianapolis, IN, USA). The phagocytosis ratio
reflects the proportion of cells that engulfed beads and the
phagocytosis intensity reflects the number of engulfed beads.

Determination of cytokines (ELISA). The culture supernatants were
collected 24 h after the last treatment of RAW?264.7 cells with LPS.
The levels of IL6 and TNFa in culture supernatants were measured
using a commercial sandwich ELISA kit (BioLegend, San Diego,
CA, USA), according to the manufacturers’ instructions.

Statistical analysis. Statistical analysis was performed using
Ekuseru-Toukei 2012 (SSRI, Tokyo, Japan). The results are
presented as the mean+standard deviation. The differences between
the groups were analyzed by one-way ANOVA, followed by
Tukey’s multiple comparisons test. Significance was set at p<0.05.

Results

Phagocytic evaluation in RAW264.7 cells after repeated
stimulation with LPS. The effect of repeated stimulation with
LPS on the phagocytic ability of RAW264.7 cells was
examined. There was a significant increase in the phagocytic
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ratio after a single stimulation with 100 pg/ml of LPS
compared with no stimulation. This increase was maintained
by repeated stimulation with LPS. In contrast, there was no
significant difference in phagocytic intensity after single
stimulation with 100 pg/ml of LPS compared with no
stimulation, whereas a significant increase was observed
after repeated stimulation with LPS (Figure 2A). Moreover,
there was a significant increase in phagocytic ratio after
single stimulation with 1 ng/ml of LPS compared with non-
stimulation with LPS. This increase was maintained by
repeated stimulation with LPS. There was also a significant
increase in phagocytic intensity after single stimulation with
1 ng/ml of LPS compared with no stimulation. This increase
was maintained by repeated stimulation with LPS (Figure
2B). In addition, there was a significant increase in
phagocytic ratio after single stimulation with 100 ng/ml of
LPS compared with non-stimulation with LPS. This increase
was maintained by repeated stimulation with LPS. There was
also a significant increase in phagocytic intensity after single
stimulation with 100 ng/ml of LPS compared with no
stimulation and this increase was maintained by repeated
stimulation with LPS (Figure 2C). Finally, examination of
phagocytic ratio and phagocytic intensity as the ratio of their
values after LPS stimulation to those before LPS stimulation
revealed that both increased dependent on the LPS
concentration (Figure 2D). This suggests that phagocytic
ability was increased by single stimulation with LPS and that
this effect was maintained by repeated stimulation with LPS.

Evaluation of inflammatory cytokine production in
RAW264.7 cells after repeated stimulation with LPS. The
effect of repeated stimulation with LPS on inflammatory
cytokine production in RAW264.7 cells was examined. IL6
was not detected in culture supernatant after stimulation with
100 pg/ml of LPS. There was, however, a significant
increase in TNFa after single stimulation with 100 pg/ml of
LPS compared with no stimulation. Moreover, TNFo was
significantly lower after repeated stimulation with LPS
compared with single stimulation with LPS. In contrast, there
was a significant increase in TNFa after repeated stimulation
with LPS compared with no stimulation (Figure 3A).
Although IL6 was not detected after no stimulation and
repeated stimulation with 1 ng/ml of LPS, there was a great
increase in the level of this molecule after single stimulation
with LPS. There was also a significant increase in TNFa
after single stimulation with 1 ng/ml of LPS compared with
non-stimulation with LPS. In contrast, there was a significant
decrease in TNFa after repeated stimulation with LPS
compared with single stimulation with LPS, and a significant
increase in TNFa after repeated stimulation with LPS
compared with no stimulation (Figure 3B). The pattern was
the same for RAW264.7 cells treated with 100 ng/ml of LPS
(Figure 3C). The examination of the increment in these
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Figure 1. Experimental design. ELISA: Enzyme-linked immunosorbent assay; LPS: lipopolysaccharide, Med: Medium, Sup: culture supernatant.

cytokines after LPS stimulation revealed that IL6 production
was greatly increased after single stimulation with high-dose
LPS, but was not detected after repeated stimulation,
regardless of LPS concentration. Finally, TNFa production
dose-dependently increased after stimulation with up to 1
ng/ml of LPS, but remained practically unchanged after
stimulation with >1 ng/ml of LPS (Figure 3D). This suggests
that a single stimulation with LPS increases the production
of inflammatory cytokines, whereas repeated stimulation
with LPS yields almost no IL6, similar to that observed for
untreated RAW264.7 cells. Conversely, TNFa production
was increased after repeated stimulation with LPS compared
with non-stimulation.

Discussion

In our previous study, oral administration of 0.01 to 1 mg/kg
BW/day of LPS to C3H/HeN mice for 1 week led to an
increase in the phagocytic ability of peritoneal macrophages
(9). As phagocytosis is a fundamental function of
macrophages and is involved in the maintenance of
homeostasis, it can be an important factor in the health-
maintenance effect of the oral administration of LPS shown
in previous studies (4-8). However, the underlying

mechanism is unknown; thus, further analyses are required.
Here, the in vitro study used a simpler system compared with
in vivo ones and is able to evaluate the direct effect of
substances on cells; thus, it is applicable to the analysis of
the mechanisms underlying the physiological effects of
various substances (13-15). Therefore, it was thought that the
research into the effect of the continuous administration of
LPS on macrophage phagocytic ability would be further
advanced if this effect could be reproduced in vitro. In this
study, we attempted to create an in vitro model of the
enhancement effect on macrophage phagocytosis of
continuous administration of LPS, as reported previously
using our in vivo oral study (9).

Here we focused on the cell line, LPS concentration, and
method for LPS stimulations. RAW264.7 cells were selected
as an in vivo model of macrophages. RAW264.7 cells are
monocyte/macrophage-like cells originating from Abelson
leukemia virus-transformed cell line derived from BALB/c
mice. They exhibit phagocytosis and common macrophage
phenotypes, such as increased phagocytosis and nitric oxide
and inflammatory cytokine production due to a single
stimulation of LPS; therefore, these cells have been widely
used as a model of macrophages for over 40 years (16).
RAW?264.7 cells are an optimal in vitro model of macrophages.
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Figure 2. Analysis of phagocytic ratio (PR) and phagocytic intensity (PI) of fluorescent latex beads engulfed by RAW264.7 cells treated without
(LPSO) or with 100 pg/ml (A), 1 ng/ml (B), or 100 ng/ml (C) of lipopolysaccharide one (LPSI) or three (LPS3) times every 24 h. D: The ratio of
PR and PI by LPS1 or LPS3 to that by LPSO (D). MFI: Mean fluorescent intensity. Values are presented as the mean+SD, n=3. Different letters

indicate significant differences at p<0.05.

In this study, repeated stimulation with low-dose LPS was
performed to establish the in vitro model of continuous
administration of LPS. When creating an in vitro model of the
administration of LPS, we must focus on the concentration of
LPS and the number of LPS stimulations. An in vitro test
usually adopts a single stimulation with LPS of 10-100 ng/ml.
However, this stimulation method is used for models of sepsis
or endotoxin shock caused by a single administration of LPS
to the vein or peritoneal cavity, which is completely different
from the stimulation that arises from the oral administration of
LPS, which does not lead to toxicity (2, 3). Firstly, the
concentration of LPS in vivo when taken orally is several
thousand times lower than that of LPS via injection to a vein
or the peritoneal cavity. In fact, when LPS is administered to
mice at 0.3-1 mg/kg BW/day, its concentration in blood and
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tissues is reported to be approximately 0.03-1 ng/ml (7, 8, 17).
Secondly, the effects of oral administration of LPS are
demonstrated by its long-term administration via routes such
as diet or water, i.e. continuous administration. Therefore, it is
considered that stimulation by a super low-dose of LPS occurs
repeatedly in the living body. Therefore, to model this
phenomenon in vitro, it is necessary to repeatedly administer a
super-low dose of LPS. Therefore, to reproduce the stimulatory
condition of oral administration of LPS using an in vitro test,
repeated stimulation with low-dose LPS was set as an
experimental condition. In this study, compared with the
conventional in vitro test, repeated stimulation was performed
with low-dose LPS (100 pg/ml and 1 ng/ml).

On comparing this study with a previous in vivo study (9),
we found common results in terms of increased phagocytosis
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Figure 3. Analysis of cytokines culture supernatant of RAW264.7 cells treated treated without (LPS0) or with 100 pg/ml (A), 1 ng/ml (B), or 100

ng/ml (C) of lipopolysaccharide one (LPS1) or three (LPS3) times every 24

h. Interleukin-6 (IL6) and tumor necrosis factor-a (TNFa)) were measured

by enzyme-linked immunosorbent assay. D: Increase in cytokine levels by LPS1 and LPS3 relative to that by LPSO. n.d.: Not detected. Values are
presented as the mean+SD, n=3. Different letters indicate significant differences at p<0.05.

due to administration of LPS (Figure 2). In addition, a
previous in vivo study also demonstrated that phagocytosis
increased depending on the LPS dose (9). Similarly, the
present study also showed that the increase in phagocytosis
was dependent on the LPS concentration, in this respect,
thereby reproducing the results of the previous in vivo study.
From the above, it was considered that this test system can
be an in vitro model that reproduces the macrophage
phagocytic-enhancing effect achieved by continuous oral
administration of LPS.

In this study, we also focused on inflammatory cytokine
production by LPS stimulation (Figure 3). A single
stimulation of LPS is known to enhance both phagocytosis
and inflammatory cytokine production (18, 19) but in a

previous in vivo study, continuous oral administration of LPS
did not increase production of inflammatory cytokines such
as IL6, TNFa., and IL12 (9). In this study, we found that the
production of these cytokines was increased by a single
stimulation of LPS, as shown in other reports (18, 19).
However, the amount produced was reduced with repeated
stimulation, and in particular, IL6 was hardly produced,
similar to that in the unstimulated group. Taken together,
repeated stimulation with LPS might reproduce the state of
macrophages induced by continuous oral administration of
LPS, or the phagocytic ability increased but the inflammatory
cytokine production did not increase. Conversely, there was
no change in the amount of TNFa produced due to
continuous administration of LPS in the previous in vivo
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study (9) but there was a significant increase in the amount
of TNFo produced by repeated stimulation with LPS
compared with unstimulated cells in this study. In addition,
IL12 production was not detected in the culture supernatant
of RAW264.7 cells (data not shown). Furthermore, unlike the
linear increase shown in phagocytosis on stimulation with
LPS, the amount of IL6 production varied greatly in an LPS
concentration-dependent manner, whilst TNFa production did
not. The cytokine production pattern by LPS stimulation
concentration was different depending on the type of
cytokine. Detailed analysis, including gene analysis, is needed
to determine whether repeated LPS stimulation reproduces
the state of inflammatory cytokines induced in macrophages
by continuous oral administration of LPS.

To the best of our knowledge, it was shown in this study
for first time that the phagocytosis-enhancement effect in
macrophages induced by continuous oral administration of
LPS can be reproduced in vitro. Further analysis is warranted
to confirm the usefulness of this model. Because phagocytosis
is a fundamental function of macrophages involved in
maintaining health, the mechanism by which continuous (oral)
administration of LPS enhances macrophage phagocytosis by
can be analyzed using this in vitro model. We hope that
additional information is accumulated on the health benefits
of oral administration of LPS.
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