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Abstract

Triptolide, a Chinese plant medicine from Tripterygium wilfordii Hook F, has been shown to have inhibitory effects
on macrophage activities, and we recently found that it induces sudden macrophage cell death in the presence of
bacterial lipopolysaccharide (LPS). In this present study, we examined precise mechanisms underlying induction of
the cytotoxicity of triptolide toward macrophages in relation to the action of LPS, and thereby showed that the
cytotoxic effects depended on the concentrations of both triptolide and LPS. More than 10 ng/mL LPS was
necessary in combination with 300 ng/mL triptolide. However, pre-treatment with 1 ng/mL LPS for 60 min abolished
the cytotoxicity induced by 100 ng/mL LPS and 300 ng/mL triptolide, showing that the cytotoxicity was regulated by
LPS-tolerance. Besides, in primary macrophages obtained from mouse peritoneum, those from C3H/HeN mice, an
LPS-responder, showed similar susceptibility to triptolide and LPS-induced cell damage; whereas those from
C3H/HeJ mice, an LPS hypo-responder, did not, suggesting that the cytotoxic effect of triptolide was linked to the
LPS/Toll-like receptor 4 (TLR4)-signaling cascade. These results suggest that the cytotoxicity of triptolide toward
macrophages was regulated by the LPS-signaling cascade through both down-regulation known as LPS-tolerance
and the TLR4 receptor.
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Introduction
Macrophages are known to play important roles in host-defense

mechanisms, including anti-bacterial, anti-viral, and other anti-
microbial actions as well as participate in the regulation of immune
reactions and inflammation [1]. Many of these macrophage functions,
such as the production of inflammatory cytokines, reactive oxygen
species (ROS), nitric oxide (NO), and prostaglandins (PGx), are
characteristics of the so-called activated-macrophage phenotypes,
which are readily induced by bacterial lipopolysaccharide (LPS), one of
the major components of Gram (-) bacteria [2]. These effector
molecules from LPS-activated macrophages show cytotoxic effects not
only toward pathogens, degenerated cells or tumor cells but also
toward the macrophages themselves [3]. However, if LPS is added to
macrophages in the presence of cycloheximide (CHX), a protein
synthesis inhibitor, the cells rapidly become damaged through
apoptosis without macrophage activation [4]. Extensive studies on the
LPS and CHX-induced rapid cell death have shown that inhibited
synthesis of certain proteins that should be immediately induced by
LPS-treatment seems to be involved in the induction of apoptosis [5,6].
Besides, our recent studies have revealed that shikonin, a Chinese plant
medicine from Lithospermum erythrorhizon [7], and triptolide, a
Chinese plant medicine from Tripterygium wilfordii Hook F [8], both
induce apoptotic cell death in a mouse macrophage-like cell line,
J774.1/JA-4 cells, in the presence of LPS but without inhibited protein
synthesis [9]. Our preceding paper suggested the involvement of MAP-
kinase phosphatase-1 (MKP-1) in the regulation of LPS + triptolide-
induced macrophage cell death in J774.1/JA-4 cells, which study
showed that the induction/synthesis of MKP-1 by LPS was strongly

inhibited by triptolide or CHX and that sustained phosphorylation of
p38 MAPK accompanied the inhibition of MKP-1 induction/synthesis
by these reagents [9,10].

However, the mechanism underlying the induction of the
cytotoxicity of triptolide toward macrophages in relation to the action
of LPS has been remained to be elucidated. In this present study using
J774.1/JA-4 macrophage-like cells and peritoneal macrophages from
C3H/HeN and C3H/HeJ mice, we examined precisely this mechanism.

Materials and Methods

Reagents
Escherichia coli (055: B5) LPS was obtained from Sigma-Aldrich

(St. Louis, MO, U.S.A.), and Ham’s F-12 and fetal bovine sera were
purchased from Life Technologies (Carlsbad, CA, U.S.A.). Penicillin–
streptomycin mixed solution came from Nacalai Tesque (Kyoto, Japan);
and triptolide from Tripterygium wilfordii, from Adipogen Life
Sciences (San Diego, CA, U.S.A.).

Cell culture
Culturing of the JA-4 cell line, an LPS-sensitive subline of the

murine macrophage-like cell line J774.1 was performed as described
previously [11]. In brief, the cells were cultured in Ham’s F-12 medium
containing 10% (v/v) heat-inactivated fetal bovine serum (FBS), 50 U
of penicillin, and 50 μg of streptomycin per mL, and were maintained
in culture dishes (Falcon #1001, Corning, NY, U.S.A.)) under a
humidified atmosphere with 5% CO2 at 37°C in a CO2 incubator. The
cells were maintained as described above, and were used for various
assays after several passages and before the 25th passage from the time
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of defrosting of the stored cells in order to maintain stable phenotypes
of the cells [11].

Cell toxicity assay
The cell toxicity assay used was performed as described previously

[4,9,12]. In brief, cells were harvested and seeded at 1 × 105 cells/0.25
mL per well onto 48-well plates (Corning #3548, Corning, NY, U.S.A.)
and incubated at 37°C for about 4 h. Then the medium was exchanged
for 0.25 mL of fresh medium, after which triptolide or CHX was added
to the cultures, followed by incubation with or without 100 ng/mL LPS
at 37°C, usually for 240 min. Next, the cells were chilled on ice to
terminate the cultures. The culture supernatants were collected into
microfuge tubes and centrifuged at 10,000 rpm for 1 min at 4°C. The
resultant supernatants were used to assess lactate dehydrogenase
(LDH) activity as a cytosolic enzyme marker whose release into the
culture supernatant corresponds to cell damage [4,9,12]. The assay was
performed by using an LDH-Cytotoxic Test Wako (Wako Pure
Chemicals, Osaka, Japan) according to the manufacturer’s protocol.
Absorbance was measured at 450 nm with subtraction at 620 nm by
using a MultiSkan FC (Thermo Fisher Scientific Inc., Waltham, MA,
U.S.A.). Culture supernatants collected at 0-time incubation were used
to determine the background release of LDH. To determine the total
LDH activity, we added Triton X-100 at a final concentration of 0.1%
to the cultures of non-treated cells at the end of the incubation at 37°C
for 240 min, and then incubated them for an additional 30 min at 37°C
for complete lysis of the cells. Cytotoxicity was expressed as % of the
total activity according to the following formula:

% of total={(experimental release)–(background release)/total
activity} × 100

Preparation of mouse peritoneal macrophages
Preparation of mouse peritoneal macrophages was performed as

described before [13]. In brief, female C3H/HeN and C3H/HeJ mice, 6
weeks of age, were obtained from Japan SLC, Inc., (Hamamatsu,
Shizuoka, Japan) as SPF mice. The mice were sacrificed by dislocating
the cervical vertebra, and peritoneal resident macrophages were
immediately collected by injecting sterile ice-cold saline (Otsuka
Pharmaceutical Co., Tokushima, Japan) into the peritoneal cavity,
followed by massaging and re-collection of the peritoneal washing
fluid. The peritoneal cells were washed with ice-cold saline by
centrifugation at 2,000 rpm for 3 min, and then the cell pellets were
suspended in ice-cold 5 mL of 1/3 concentration of saline/H2O on ice
for 1 min, followed by the addition of ice-cold 5 mL of saline to
rupture contaminating red blood cells. After centrifugation at 2,000
rpm for 3 min, the cell pellets were suspended in F-12 culture medium
containing 10% FBS and 50 U of penicillin and 50 μg of streptomycin/
mL. The number of cells was counted with a hemocytometer, and more
that 98% of the cells were macrophages as revealed by staining with
Giemsa stain (Merck). The cells were seeded onto 48-well plates as
described in the previous section, but were incubated at 37°C for 1 h to
obtain the adherent cells (i.e., macrophages); and the non-adherent
cells, including lymphocytes, were removed by thorough washing with
the culture medium. Cytotoxicity assays were performed as described
above. All animal experiments complied with the approved animal care
protocols of the Osaka University of Pharmaceutical Sciences.

Induction of LPS-tolerance in J774.1/JA-4 macrophages
LPS-tolerance assay was performed as described previously [12]. In

brief, cells were seeded and incubated at 37°C for about 4 h, as
described above. The medium was exchanged for 0.25 mL of fresh
medium containing 0, 1, or 10 ng/mL LPS, followed by incubation at
37°C for 60 min. Then the cells were rinsed twice with the culture
medium, and incubated in the fresh medium containing nothing, 100
ng/mL LPS and/or 300 ng/mL triptolide at 37°C for 240 min. Cell
damage was estimated by determining LDH release as described above.

Morphologic observation
Cells were observed under an Olympus CKX41 phase-contrast

microscope, and photographs were taken in random fields of each
sample with original magnification × 100.

Statistical analysis
Results of the experiments using J774.1/JA-4 cells were expressed as

the means ± S.E.M. of at least 3 experiments performed. Data for 2
groups were analyzed by using Student’s t-test, and data for more than
2 groups were compared by using one-way ANOVA with Bonferroni
multiple comparisons as a post hoc test (Pharmaco basic software Ver.
15; Three S, Tokyo, Japan). Statistical significance was set at p<0.05 or
p<0.01.9 Results of the experiments using mouse peritoneal
macrophages were expressed as the means ± SD of independent 2
experiments performed separately on different days.

Results

Induction of cell damage in J774.1/JA-4 macrophages treated
with triptolide and LPS

When J774.1/JA-4 macrophages were treated with 0, 1, 100, 300 or
1000 ng/mL triptolide at 37°C for 30 min, and then incubated without
or with 100 ng/mL LPS followed by further incubation at 37°C for 240
min, the cells became damaged dependent on triptolide doses; and
about 15% and 11% of the total LDH was significantly released in the
presence of LPS (Figure 1A). However, no such damage was observed
without LPS addition. In addition, the cells pre-incubated with 300
ng/mL triptolide showed cell damage dependent on the LPS dose; and
more than 10 ng/mL LPS, but not 1 ng/mL LPS, induced significant
cell damage (Figure 1B). These results showed that the induction of cell
damage to J774.1/JA-4 macrophages was dependent on the
concentration of the both triptolide and LPS and that the presence of
the both was necessary for the induction.

As for the time-course of the induction of the cell damage, J774.1/
JA-4 macrophages treated with 300 ng/mL triptolide alone showed
little cell damage throughout the incubation period; but those treated
with both 300 ng/mL triptolide and 100 ng/mL LPS showed slight, but
not significant, cell damage by 180 min after LPS addition. However,
the damage was significantly increased by 240 min (Figure 2). Similar
results were obtained in the preceding study not only in terms of LDH
release but also in terms of the population of TUNEL (+) cells [9].
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Figure 1: Induction of triptolide- and LPS-dependent cell damage in
J774.1/JA-4 cells: (A), J774.1/JA-4 cells were treated with 0, 1, 100,
300 or 1000 ng/mL triptolide for 30 min, after which 100 ng/mL
LPS was then added (solid bars) or not (gray bars), followed by
incubation at 37°C for 240 min. (B), the cells were incubated at 37°C
without (gray bars) or with (solid bars) 300 ng/mL triptolide for 30
min, and then 0, 1, 10, or 100 ng/mL LPS was added; and
incubation was continued at 37°C for 240 min. Cell damage was
quantitatively estimated in terms of LDH release, as described in
the text. The results are shown as the means ± SE for independent 3
experiments performed separately on different days. The
significance of difference between the groups with and without LPS
addition at each triptolide dose was estimated by using Student’s t-
test, and is shown as *P<0.05 and **P<0.01. Besides, the significance
of difference between the groups without LPS (LPS=0) and the
others in the presence of triptolide was estimated by using Turkey’s
test, and is shown as ##P<0.01.
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Figure 2: Time-course of LDH release from J774.1/JA-4 cells treated
with LPS and triptolide: J774.1/JA-4 cells were treated with 300
ng/mL triptolide 30 min before the addition of 100 ng/mL LPS,
followed by incubation at 37°C for 0, 60, 120, 180 or 240 min (solid
bars). As negative controls, the cells were treated with triptolide but
not with LPS during the incubation periods (gray bars). Cell
damage was quantitatively estimated in terms of LDH release, as
described in the text. The results are shown as the means ± S.E.M.
for independent 4 experiments performed separately on different
days. The significance of difference between the groups with and
without LPS addition at each time was estimated by using Turkey’s
test, and is shown as **P<0.01.

Induction of LPS-tolerance to the cell death of the
macrophages treated with LPS and triptolide

In order to know whether the cell damage induced by triptolide and
LPS was regulated by the LPS-signaling cascade, we examined LPS-
tolerance by using J774.1/JA-4 macrophages. Pre-incubation of the
cells with 1 or 10 ng/mL LPS at 37°C for 60 min abolished the cell
damage induced by 300 ng/mL triptolide and 100 ng/mL LPS (Figure
3). However, pre-incubation of the cells without LPS did not, showing
that this phenomenon was LPS dependent. These results suggest that
the cell damage induced by triptolide and amounts of LPS higher than
10 ng/mL (Figure 1B) were regulated by the LPS-signaling cascade
through down-regulation, referred to as “LPS-tolerance” [14].

Effects of triptolide on LPS-treated macrophages from
C3H/HeN and C3H/HeJ mice

Induction of the cell damage caused by triptolide and LPS was also
examined by using resident peritoneal macrophages from C3H/HeN
and C3H/HeJ mice in order to know whether the cell damage was not
limited to J774.1/JA-4 macrophage-like cells but could also be
reproduced in primary mouse macrophages as well. Although the
optimal dose of triptolide was different for these primary macrophages
(100 ng/mL; Figure 5A) from that for J774.1/JA-4 cells (300 ng/mL;
Figure 1A), the macrophages from the C3H/HeN mice showed cell
damage after treatment with triptolide and LPS at more than 10 ng/mL
(Figure 4A), whereas those from C3H/HeJ mice did not (Figure 4B).
The different susceptibility of these macrophages to LPS and CHX-
induced cell damage was also observed in these experiments, as
reported previously [13].

Figure 3: Induction of LPS-tolerance to the cell death of the
macrophages treated with LPS and triptolide: J774.1/JA-4 cells were
pre-incubated with 0, 1 or 10 ng/mL LPS at 37°C for 60 min, rinsed
twice with the culture medium, and then incubated with no
additive (gray bars), 100 ng/mL LPS (meshed bars), 300 ng/mL
triptolide (hatched bars) or both 100 ng/mL LPS and 300 ng/mL
triptolide (solid bars) at 37°C for 240 min. Cell damage was
estimated by LDH release, as described in the text and in the legend
to Figure 1. The results are shown as the means ± S.E.M. for
independent 3 experiments performed separately on different days.
The significance of difference between the groups without LPS
(LPS=0) and the others during pre-culture was estimated by using
Turkey’s test, and is shown as #P<0.05 and ##P<0.01.
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Figure 4: Effects of triptolide on LPS-treated macrophages from
C3H/HeN and C3H/HeJ mice: Resident peritoneal macrophages
were collected from C3H/HeN (A) and C3H/HeJ (B) mice as
described in the text and were pre-cultured in culture medium at
37°C for 60 min. After the medium had been replaced with fresh
culture medium, the cells were preincubated with (solid bars) or
without (open bars) 100 ng/mL triptolide at 37°C for 60 min Then
0, 1, 10, or 100 ng/mL LPS was added to the culture, followed by
incubation at 37°C for 240 min. As the controls, the cells were
incubated without preincubation but with 1 µg/mL CHX (gray
bars) in the presence or absence of 100 ng/mL LPS at 37°C for 240
min. Cell damage was estimated by LDH release, as described in the
text and the legend to Figure 1, and the results are shown as the
means ± SD for independent 2 experiments performed separately
on different days.

To examine the effective concentrations of triptolide, the primary
macrophages were treated with 0, 10, 30, 100 and 300 ng/mL triptolide
in the presence or absence of 100 ng/mL LPS. Although a little LDH
release, around 12-18%, was seen in the macrophages from C3H/HeN
mice after treatment with more than 100 ng/mL triptolide alone, much
more release, about 30-35%, was observed in combination with 100
ng/mL LPS, showing that the optimal concentration of triptolide for
the cytotoxicity was 100 ng/mL (Figure 5A). To the contrary, the
macrophages from C3H/HeJ mice did not show cell damage after
treatment with both more than 100 ng/mL triptolide and 100 ng/mL
LPS ((Figure 5B). Besides, morphological changes in the primary
macrophages also supported the results shown in Figures 4 and 5: As
seen in Figure 6, the macrophages from C3H/HeN mice without any
additive (a) showed round and adherent shapes, which became
elongated by the addition of LPS alone (e). Although the addition of
100 ng/mL triptolide elevated the number of shrunken cells (b), that of
both 100 ng/mL triptolide and 100 ng/mL LPS induced apparent cell
damage, as indicated by the swollen and ruptured morphology (f).
More severe cell damage was observed in the cells after treatment with
300 ng/mL triptolide alone (c) and in those with both 300 ng/mL
triptolide and 100 ng/mL LPS (g). Instead, although the macrophages
from C3H/HeJ mice without any additive (i) showed round and
adherent shapes, they did not become elongated after incubation with
LPS (m). These macrophages showed few changes after treatment with
100 or 300 ng/mL triptolide alone (j, k) or with both triptolide and LPS
at these concentrations (n, o). As the controls, the addition of 1 μg/mL
CHX alone induced round but non-damaged cell shapes in these
macrophages from either strain of mice (d, l). The addition of both 1
μg/mL CHX and 100 ng/mL LPS induced severe cell damages with
round and swollen shapes in the macrophages from C3H/HeN mice
(h) but not in those from C3H/HeJ mice (p).

Figure 5: Dose-dependent effects of triptolide on induction of cell
death of LPS-treated macrophages from C3H/HeN and C3H/HeJ
mice: Resident peritoneal macrophages were collected from
C3H/HeN (A) and C3H/HeJ (B) mice, pre-cultured in culture
medium at 37°C for 60 min, and pre-incubated with 0, 10, 30, 100
or 300 ng/mL triptolide. Then the cells were incubated further with
(solid bars) or without (gray bars) 100 ng/mL LPS at 37°C for 240
min; and the cell damage was estimated in terms of LDH release, as
described in the text and in the legend to Figure 4. The results are
shown as the means ± SD for independent 2 experiments
performed separately on different days.

Figure 6: Morphological changes in macrophages from C3H/HeN
and C3H/HeJ mice after treatment with triptolide and LPS:
Peritoneal macrophages from C3H/HeN (a-h) and C3H/HeJ (i-p)
mice were pre-cultured either with 100 ng/mL (b, f, j, n) or 300
ng/mL (c, g, k, o) triptolide for 30 min, and then incubated in the
absence (b, c, j, k) or presence (f, g, n, o) of 100 ng/mL LPS at 37°C
for 240 min. As negative and positive controls, the cells were either
incubated without (a, e, i, m) or with 1 µg/mL CHX (d, h, l, p),
simultaneously without (a, d, i, l) or with (e, h, m, p) 100 ng/mL
LPS, respectively; and then they were incubated at 37°C for 240
min. Photographs of random fields were taken, and typical ones are
shown. Original magnification, × 100.

These results in Figures 4-6 showed that the cell damage induced by
triptolide and LPS were seen in the macrophages from an LPS-
responsive strain, C3H/HeN mice, but not in those from an LPS-hypo-
responsive strain, C3H/HeJ mice, suggesting the regulation of the
cytotoxicity by the LPS-signaling cascade acting through the LPS/
TLR4 pathway.
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Discussion
Triptolide, a diterpene triepoxide, a major component of

Tripterygium wilfordii Hook F [8], is known as a Chinese plant
medicine with multiple pharmacological functions [15], including
anti-inflammatory [16], anti-cancer [17], and anti-tumor metastatic
[18] activities. We recently found that triptolide induces sudden
macrophage cell death in the presence of bacterial lipopolysaccharide
(LPS) [9]. In the preceding study using J774.1/JA-4 macrophage-like
cells, we showed that triptolide induces apoptotic cell death and
subsequent cell damage accompanied by LDH release, inhibits the
induction of MKP-1 mRNA and protein, and exhibits sustained
phosphorylation of p38 and JNK, suggesting a correlation among
themselves and also implying that MKP-1 was the target of triptolide,
which phosphatase is responsible for regulation of the LPS-signaling
cascade that leads to sustained phosphorylation of p38 and subsequent
apoptotic cell death of macrophages [9]. However, the mechanisms
underlying the induction of the cytotoxicity by triptolide toward
macrophages in relation to the action of LPS have been remained
largely unknown.

In this study, we focused on the regulation by the action of LPS;
Using J774.1/JA-4 macrophage-like cells, we examined dose-responses
of triptolide (Figure 1A) and LPS (Figure 1B) and found that 300
ng/mL was the optimal concentration of triptolide and that more than
10 ng/mL LPS was necessary to induce the cell damage to the
macrophages pre-incubated with 300 ng/mL triptolide. Because
significant cell damage was observed in these macrophages only at 240
min after the addition of LPS (Figure 2), cell toxicity assessed in terms
of LDH release was quantitatively estimated under these conditions in
subsequent experiments.

LPS-tolerance is known to be one of the most remarkable
phenotypes of macrophages and is closely linked to down-regulation of
the LPS-signaling cascade [19]. As shown in the results in Figure 3,
pre-culture of J774.1/JA-4 cells with 1 or 10 ng/mL LPS at 37°C for 60
min significantly and almost completely abolished the cell damage
subsequently induced by 300 ng/mL triptolide and 100 ng/mL LPS.
Because 1 ng/mL LPS failed to induce the cell damage in combination
with 300 ng/mL triptolide (Figure 1B), the results shown in Figure 3
suggested that LPS-tolerance was efficiently induced in J774.1/JA-4
macrophage-like cells through the LPS-signaling cascade. It is not
certain whether this LPS-tolerance was caused by induction of MKP-1
[9] or not, and this is an important point to be addressed in the future.

In this study, we also used peritoneal macrophages from C3H/HeN
and C3H/HeJ mice, because it had not been known whether the cell
damage induced by triptolide and LPS is regulated by the LPS-
signaling cascade acting through LPS/TLR4. C3H/HeJ mice are TLR4-
deficient [20] and show hypo-responsiveness to LPS. In our previous
study [13] and also in the present study (Figure 4), primary
macrophages from C3H/HeJ mice showed much reduced responses to
the cytotoxicity induced by 1 μg/mL CHX and 100 ng/mL LPS,
compared with those from C3H/HeN mice, which are the wild-type
mice of C3H/HeJ. Treatment with 100 ng/mL triptolide and 10 or 100
ng/mL LPS showed cell damage to peritoneal macrophages from
C3H/HeN mice, whereas such treatment of C3H/HeJ mice did not
(Figures 4-6). These results suggest that the cell damage to
macrophages induced by triptolide and LPS was regulated by the LPS-
signaling cascade acting through LPS/TLR4.

The effects of triptolide on the apoptotic cell death of macrophages
were reported by Bao et al. [21]: In the absence of LPS, 15-25 ng/mL

triptolide increased the generation of ROS and NO, and induced
apoptosis of RAW264.7 cells during incubation at 37°C for 24 h. Wu et
al. showed attenuation of oxidative stress and proinflammatory
cytokine gene expression in LPS-treated mouse peritoneal
macrophages incubated with 5-40 ng/mL triptolide at 37°C for 24 h,
but they did not examine macrophage cell damage under their
experimental conditions [22] Choi et al. reported apoptosis of human
U937 monocyte cell line through activation of caspase-3 by 9-27
ng/mL triptolide during incubation at 37°C for 24 h in the absence of
LPS [23]. Although these reports described the involvement of
triptolide in macrophage cell damage and/or cell death, there are few
reports concerning the induction of cell damage or apoptosis elicited
by the combination of triptolide and LPS that we found in our previous
study [9] and in the present one. It might be because the conditions of
the experiments were different, including the length of incubation, co-
incubation with LPS, and the concentration of triptolide. For example,
more than 300 ng/mL and 100 ng/mL triptolide was needed to induce
cell damages in J774.1/JA-4 cells (Figure 1) and in peritoneal
macrophages from C3H/HeN mice (Figure 5A), respectively, in
combination with more than 10 ng/mL LPS (Figure 1B and Figure 4A).
Besides, diversities of macrophage phenotypes among macrophage-like
cell lines and those among primary macrophages seem to be an
important factor for assessment of LPS-responses of these
macrophages even in the presence of triptolide [2,11].

Taken together, our data showed that the cytotoxicity of triptolide
toward macrophages was regulated by the LPS-signaling cascade
through both LPS-tolerance and LPS/TLR4, implying that triptolide
might be useful to cause macrophages to undergo apoptotic cell death
for the prevention of excessive processes of harmful inflammation
caused by LPS both in vivo and in vitro.
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