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Abstract
Triptolide is a biologically active component purified from Chinese herbal plant Tripterygium
wilfordii Hook F. It is widely used in East Asia for treatment of systemic lupus erythematosus,
rheumatoid arthritis, nephritis, Bechect’s disease, psoriasis, atopic dermatitis, and asthma. However,
its immunological mechanisms are poorly understood. IL-12 and IL-23 are closely related
heterodimeric cytokines that share the common subunit p40. They are produced by APCs and are
key factors in the generation and effector functions of Th1 and Th17 cells, respectively. They have
been strongly implicated in the pathogenesis of several autoimmune disorders. In this study, we
investigated the molecular mechanism whereby triptolide inhibits the expression of the p40 gene in
APCs. We demonstrate that triptolide does so at the transcriptional level in part through targeting
CCAAT/enhancer-binding protein-α (C/EBPα), which directly interacts with the p40 promoter and
inhibits its transcription in inflammatory macrophages. Triptolide can activate the transcription of
C/EBPα, and phosphorylation of Ser21 and Thr222/226 critical for C/EBPα inhibition of p40.
Further, activation of C/EBPα by triptolide is dependent on upstream kinases ERK1/2 and Akt-
GSK3β. This study provides mechanistic insights into the immunomodulatory capacity of triptolide
and has strong implications for its therapeutic applications in autoimmune diseases.

Triptolide, a diterpene triepoxide, is a biologically active component purified from the Chinese
herbal plant Tripterygium wilfordii Hook F (TWHF). The therapeutic use of TWHF in China
as a natural medicine can be dated back several centuries ago (1). Currently, it is used for
treatment of systemic lupus erythematosus, rheumatoid arthritis, nephritis, Bechect’s disease,
psoriasis, atopic dermatitis, asthma, and very recently, in the prevention of transplant rejection
(2–8). However, until recently, the mechanisms of the antineoplastic and anti-inflammatory
effects of triptolide have not been given sufficient attention. The immunosuppressive effect of
triptolide on T cells has been somewhat characterized. It inhibits T cell activation and cytokine
gene transcription in T cells (9), and suppresses the expression of genes for transcription factors,
signal transduction pathway regulators, DNA binding protein, and MAPK in Jurkat cells
(10). In addition, triptolide was reported to inhibit lymphocyte activation and T cell expression
of IL-2 at the level of transcription by inhibiting NF-κB transcriptional activation (11).
However, little is known about the effect of triptolide on accessory cells, particularly the
professional APCs, such as dendritic cells (DCs) and macrophages. It has been suggested that
DCs are a primary target of the immunosuppressive activity of triptolide. At high
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concentrations (≥20 ng/ml) triptolide induces apoptosis of DCs through sequential p38 MAP
kinase phosphorylation and caspase 3 activation (12). It has also been shown that triptolide
inhibits DC-mediated chemoattraction of neutrophils and T cells through inhibiting Stat3
phosphorylation and NF-κB activation (13). Zhu et al. showed that triptolide prevented the
differentiation of immature monocyte-derived DC (MoDC) by inhibiting CD1a, CD40, CD80,
CD86, and HLA-DR expression, and by reducing the capacity of MoDC to stimulate
lymphocyte proliferation in allogeneic MLR. However, expression of surface CD14 and
phagocytic capacity of MoDC was enhanced by triptolide (14). Therefore, the suppression of
DC differentiation, maturation, and function of immature DCs by triptolide may explain some
of its immunosuppressive properties.

IL-12 is a heterodimeric cytokine composed of the p40 and p35 chains. It is a pivotally
important cytokine produced by APCs in host defense against intracellular pathogens and
malignancies (15). IL-12 and its close relative IL-23, which shares the p40 chain with IL-12
plus its own unique chain p19, have been strongly implicated in the pathogenesis of several
types of autoimmune disorders, such as systemic lupus erythematosus, rheumatoid arthritis,
multiple sclerosis, inflammatory bowel disease, psoriasis, and atopic asthma (10,16–18). It has
been previously demonstrated by several groups that triptolide could inhibit IL-12 expression
(8,19,20), in DCs (19) and human monocytic cell line (THP-1) (20).

A recent study demonstrated that in (NZB × NZW)F1 mice, which develop spontaneous lupus
nephritis (LN) by 28 wk, proteinuria and BUN levels were significantly reduced after treatment
with either triptolide or tripdiolide as compared with those treated with vehicle. There was no
hypoalbuminemia or apparent evidence of LN in mice treated with either of the two
diterpenoids. At 44 wk of age, the survival rate in mice treated with vehicle was markedly
lower than that in mice treated with either triptolide or tripdiolide. The mean level of anti-
dsDNA Ab in mice treated with tripdiolide was lower than that in the vehicle-treated mice on
completion of the treatment course. Production of TNF, IL-6, and MCP-1 by spleen cells was
also decreased after diterpenoid therapy (2). These results support the conclusions that the
therapeutic value of extracts of TWHF in LN can be accounted for by the triptolide and
tripdiolide contents, and that cooperation between components is not required for therapeutic
benefit, and that either diterpenoid could be effective therapy for LN.

Given the use of triptolide as an effective alternative therapeutic agent for autoimmune and
inflammatory diseases in which APC-derived IL-12 and IL-23 play strong roles, we
investigated the molecular mechanism whereby triptolide regulates expression of the IL-12/
IL-23p40 gene in inflammatory macrophages and MoDC.

Materials and Methods
Cells

Human PBMCs were obtained from whole blood from disease-free volunteers by density
gradient centrifugation with Ficoll (Invitrogen, Carlsbad, CA). CD14+ monocytes were
purified from fresh PBMCs with anti-CD14 magnetic beads (Miltenyi Biotec, Auburn, CA),
as recommended by the manufacturer. Isolated monocytes were allowed to adhere to plastic
by plating 106 cells per/ml in RPMI 1640 medium for 2 h. Adherent monocytes were washed
with RPMI 1640 medium and cultured for 6 d at 106 cells/ml in DC culture medium
supplemented with 50 ng/ml of rGM-CSF (R&D Systems, Minneapolis, MN) and 1000 U/ml
of rIL-4 (R&D Systems). The murine macrophage-like cell line, RAW264.7, was obtained
from American Type Culture Collection (Manassas, VA) and maintained in RPMI 1640
containing 10% FCS, 2 mM L-glutamine, and penicillin/streptomycin. Peritoneal macrophages
were isolated from C57BL/6J mice. Briefly, mice were injected i.p. with 2 ml 4%
thioglycollate. After 3 d, peritoneal exudate cells were isolated by washing the peritoneal cavity
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with ice-cold HBSS. Cells were incubated for 2 h, and adherent cells were used as peritoneal
macrophages.

Mice
CCAAT/enhancer-binding protein-β deficient (C/EBPβ−/−) mice were obtained for this study
by breeding heterozygous female mice with a targeted deletion in the gene of C/EBPβ (C/
EBPβ+/−) with heterozygous male mice. The generation of the C/EBPβ−/− mice and their
genetic background was described previously by Screpanti et al. (21). C/EBPα conditional
knockout (KO) mice are homozygous for C/EBPα floxed allele and hemizygous for the Mx1-
cre transgene. Mx1-Cre transgene expression can be induced by administration of polyinosinic-
polycytidylic acid [poly (I:C)], leading to deletion of the floxed gene. For induction of Cre
expression, 4–7-wk-old mice were injected i.p. with 250 μg poly(I:C) (Sigma-Aldrich, St.
Louis, MO) every other day for three doses. All mice were housed in microisolator cages, were
monitored daily for evidence of disease, and were sacrificed when moribund.

Reagents and plasmids
Recombinant human and murine IFN-γ were purchased from Genzyme (Boston, MA).
Recombinant human M-CSF was purchased from PeproTech (Rocky Hill, NJ). LPS from
Escherichia coli 0127:B8 was from Sigma-Aldrich. Triptolide (PG490) was from Biomol
(Plymouth Meeting, PA). MAPK inhibitors SB 202190, PD 98059, and JNK inhibitor II were
from Calbiochem (Madison, WI). Poly(I:C) was from InvivoGen (San Diego, CA). LiCl was
from Sigma-Aldrich (Milwaukee, WI). Abs for C/EBPα, C/EBPβ, C/EBPδ, and MKP-1 were
from Santa Cruz Biotechnologies (Santa Cruz, CA). Abs for phosphor-C/EBPα (Ser21),
phosphor-C/EBPα (Thr222/226), PTEN, PP2A C subunit, phosphor-ERK1/2, ERK1/2,
phosphor-p38, p38, phosphor-JNK, JNK, phosphor-MEK1/2, MEK1/2, phosphor-Akt, Akt,
phosphor-GSK3β, and GSK3β were from Cell Signaling (Danvers, MA).

All deletions and mutations of human IL-12p40 promoter-luciferase constructs have been
described previously (22,23). The wild-type (WT) C/EBPα expression vector and mutant C/
EBPα expression vectors (S21A, T222A/T226A, S192A, and S248A) were generously
provided by Dr. MacDougald (University of Michigan Medical School, Ann Arbor, MI). The
dominant negative mutant of C/EBPα (3heptad-F) was generously provided by Dr. C. Vinson
(National Cancer Institute, National Institutes of Health, Bethesda, MD). The murine C/
EBPα promoter construct was generated by PCR (sense primer: 5′-
TACGAGCTCCTATCGCTCTGGCCTGGAGAC-3′; antisense primer: 5′-
GTCAAGCTTCTCTGGAGGTGACTGCTCATC-3′) from mouse genome. The fragment was
inserted into pGL3-basic vector. The construct was confirmed by sequence verified. All
plasmids were purified using the Qiagen Endotoxin-free kit (Qiagen, Valencia, CA).

Cytokine assays
Cytokine secretion was measured by ELISA, using appropriately diluted culture supernatants.
Human IL-12p40 and p70, and mouse IL-12p40, p70 were measured by the respective ELISA
kits from BD Pharmingen (San Diego, CA), mouse IL-23 was measured by an ELISA kit from
Biolegend (San Diego, CA), in triplicates. All experiments were performed three times
independently.

Quantitative real-time PCR
Total RNAs were isolated using the RNeasy mini kit (Qiagen, Hilden, Germany) and reverse-
transcribed into cDNA. Real-time PCR was performed with an ABI 7400 System using the
SYBR GREEN PCR kit. We select GAPDH as the endogenous control for the real-time PCR
relative quantification analysis. The following primers were used for PCR amplification: 1)

Zhang and Ma Page 3

J Immunol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mouse IL-12p40, upper: 5′-GGAAGCACGGCAGCAGAATAAAT-3′, lower: 5′-
AACTTGAGGGAGAAGTAGGAATGG-3′; 2) mouse IL-12p35, upper: 5′-
CCCTTGCCCTCCTAAACCAC-3′, lower: 5′-TAGTAGCCAGGCAACTCTCG-3′; 3)
immature mouse IL-12p40, upper: 5′-GACACGCCTGAAGAAGATGA-3′, lower: 5′-
TTGTGGAGCAGCAGATGTGA-3′; 4) immature mouse IL-12p35, upper: 5′-
TAGCCGCTCCTCACTCCTCT-3′, lower: 5′-TGACTGAAGCCTGCGATGAC-3′; 5) mouse
C/EBPα, upper: 5′-AGCCAAGAAGTCGGTGGACAAGAA-3′, lower: 5′-
GCGGTCATTGTCACTGGTCAACTC-3′; 6) mouse C/EBPβ, upper: 5′-
GAAGTGGCCAACTTCTACTACGAG-3′, lower: 5′-
AGAGGTCGGAGAGGAAGTCGTGGT-3′; and 7) mouse C/EBPδ, upper: 5′-
GCCATGTACGACGACGAGAG-3′, lower: 5′-GT-TGAAGAGGTCGGCGAAGA-3′. PCR
cycling conditions were as follows: initial incubation step of 2 min at 50°C, reverse
transcription of 60 min at 60°C and 94°C for 2 min, followed by 40 cycles of 15 s at 95°C for
denaturation and 2 min at 62°C for annealing and extension. All experiments were performed
three times independently.

Transfections
Transient transfections were performed by electroporation as previously described (22).
Transfection efficiency was routinely monitored by β-galactosidase assay by cotransfection
with 3 μg pCMV–β-galactosidase plasmid. Variability between samples was typically <10%.
Lysates were used for both luciferase and β-galactosidase assays. All experiments were
performed three times independently.

EMSA
Nuclear extraction, EMSA, and supershifts were performed as described previously (22).
Briefly, 5 μg nuclear protein were incubated for 20 min at room temperature with 0.1 pmol
IRDye-700 labeled–double-stranded oligonucleotide synthesized by IDT (Coralville, IA) in
the presence of 2 μg poly(dI: dC), and complexes were resolved on nondenaturing 4.5%
polyacrylamide gels that were scanned by Odyssey-infrared imaging system. Oligo used for
EMSA: 5′-TGTTTTCAATGTTGCAACAAGTCAGT-3′. All experiments were performed
three times independently.

Chromatin-immunoprecipitation assays
Chromatin-immunoprecipitation (ChIP) assay was performed as previously described (24).
The primers for C/EBPα and C/EBPβ in the mouse IL-12p40 promoters: upper primer 5′-
GTCTCCAAGCACCTTGGCCATGAT-3′; lower primer 5′-
GCTGCTGTTGCTGGTACTGGAACT-3′. All experiments were performed three times
independently.

SiRNA
To generate C/EBPα siRNA expression construct siRNA corresponding to the coding sequence
of mouse C/EBPα gene (5′-GCAAGAGCCGAGATAAAGC-3′) was cloned into the siRNA
expression vector pSUPER.neo (OligoEngine, Seattle, WA) according to the manufacturer’s
instructions. Briefly, equimolar amounts of complementary sense and antisense strands were
separately mixed, annealed, and slowly cooled to 10°C in a 50 μl reaction buffer (100 mM
NaCl and 50 mM HEPES, pH 7.4). The annealed oligonucleotides were inserted into the BglII/
HindIII sites of pSUPER.neo vector. RAW264.7 cells stably depleted of C/EBPα by C/
EBPα siRNA was established by transfecting the C/EBPα siRNA expression construct into
RAW264.7 cells by electroporation. After 24 h, the cells were cultured in 500 μg/ml G418,
and expression of C/EBPα was analyzed in the selected cells. All experiments were performed
three times independently.
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Results
Suppression of p40 gene transcription in macrophages and DCs by triptolide

We first investigated whether triptolide could regulate IL-12/IL-23 production in LPS
stimulated mouse peritoneal macrophage (MPM) and human MoDCs. Fig. 1A and 1C show
that triptolide suppressed IL-12p40 release from both MPM and MoDCs in a dose-dependent
manner. No cytotoxic effect of triptolide was observed at these concentrations, measured by
crystal violet staining (data not shown). Because the p35 and p40 subunits of IL-12 may be
regulated independently, we determined whether triptolide has inhibitory effect on the
production of the heterodimeric IL-12 or p70. Whereas p70 levels were markedly reduced by
triptolide in LPS-stimulated MoDCs (Fig. 1D), the reduction was less pronounced in MPM
(Fig. 1B). Compared with IL-12, IL-23 production by MPM was inhibited significantly by
triptolide at all doses (Fig. 1E).

To further determine the molecular level at which triptolide exerts its inhibitory effect on
IL-12p40 and p70 expression, we analyzed the steady-state mRNA and de novo synthesized
transcripts of p40 and p35 in triptolide-treated MPM by real-time quantitative PCR (qPCR).
Triptolide dose-dependently suppressed LPS-induced mRNA (Fig. 1F) and new transcripts
(Fig. 1G) of the p40 gene, and p35 mRNA levels (Fig. 1H). These data indicate that triptolide
suppresses IL-12p40 at the transcriptional level in both MPM and MoDCs. In addition, the
inhibitory effect of triptolide is likely independent of IL-10 because no change was observed
in IL-10 production in the presence or absence of triptolide (data not shown). We decided also
to focus the study on MPM for simplicity.

Localization of the triptolide-responsive element in the human p40 promoter
To further understand the transcriptional mechanism of the inhibition of triptolide on p40
expression we took an approach in which we sought to identify the promoter element(s) through
which triptolide mediates its inhibitory effects on IL-12p40 transcription, using a series of 5′
deletion mutants of the p40 promoter-luciferase reporter constructs (Fig. 2A) transfected into
the mouse macrophage cell line RAW264.7 cells treated or not with triptolide. As shown in
Fig. 2B and 2C, 5′ deletion of the 3300-bp p40 promoter to −122 reduced the overall promoter
activities but did not affect the triptolide-mediated inhibition of the IFN-γ/LPS-induced
transcription. Deletion of the promoter to −105, which eliminated the NF-κB site, resulted in
a significant loss of triptolide-induced inhibition. This is consistent with previous finding that
NF-κB is a target of triptolide (9). However, further deletion of the promoter to −75 disrupting
the functional composite C/EBP/AP-1 site (23) drastically reduced triptolide-mediated
inhibition of the IL-12p40 promoter activity, suggesting that this sequence element, in addition
to NF-κB, is a critical target in triptolide’s inhibitory activity on p40 expression.

Because of the reported role of the C/EBP/AP-1 site in the regulation of the mouse IL-12p40
transcription (25), we sought to determine whether it was important for triptolide-mediated
inhibition of the human IL-12p40 gene transcription. Base substitutions were introduced into
these two elements by site-directed mutagenesis in the context of the −292/−108 IL-12p40-luc
construct, which retained full responsiveness to triptolide. Mutation of the C/EBP half of the
composite site resulted in a substantial reduction of inhibition of triptolide on the human
IL-12p40 promoter activity, whereas the AP-1 site mutation did not (Fig. 2D, 2E). Taken
together, we conclude that triptolide inhibitory effects on IL-12p40 promoter activation are
most likely mediated through the C/EBP element.

Regulation of C/EBP binding to p40 promoter in vitro and in vivo
Next, we sought to further elucidate the molecular basis of the involvement of the various
members of the C/EBP family of transcription factors in the inhibition of IL-12 p40
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transcription by triptolide. Six different members of C/EBP family (α, β, γ, δ, ε, and ζ) have
been isolated and characterized to date all sharing a strong homology in the C-terminal domain
(26). The activity and/or expression level of three C/EBP members (α, β, and δ) are regulated
by a number of inflammatory agents, including LPS and a range of cytokines (27–29), which
led us to focus mainly on these three members.

We first performed EMSAs to examine physical DNA-protein interactions in MPM using the
composite C/EBP/AP-1 element of the p40 promoter as probe. Fig. 3A shows that two
discernible binding activities were present constitutively (complexes I and II, lane 3). LPS
treatment resulted in a loss of complex II and intensification of complex I plus the appearance
of three additional fast-moving complexes (complex III–V, lane 1). Triptolide alone did not
impact on the constitutive activities (lane 4). Triptolide treatment in the presence of LPS
restored these activities to pre-LPS state (lane 2). Supershift experiment using Abs against the
three isoforms of C/EBP (Fig. 3B) revealed that complex II was primarily composed of C/
EBPα (lanes 2 and 6), whereas complex III contained C/EBPβ (lane 3), and complex I consisted
of C/EBPδ (lane 8). Together, these data indicate that triptolide treatment of LPS-activated
MPM likely leads to restoration of the binding activities to the pre-LPS state, that is, by altering
the ratios of C/EBPα to C/EBPβ and δ.

To demonstrate that triptolide also affects C/EBP binding activities in vivo, we performed ChIP
assays. After LPS stimulation of MPM, there was a significant increase of C/EBPβ binding,
which was reduced slightly in the presence of triptolide (Fig. 3C, upper), whereas the same
treatment resulted in enhanced C/EBPα binding (Fig. 3C, lower). These data further
corroborate the results from the in vitro binding studies.

To further establish whether the triptolide-induced change of C/EBP binding activities was
caused by changes in C/EBP expression, we analyzed C/EBPα and -β at the protein level in
the nucleus and cytoplasm of MPM by Western blot. As revealed in Fig. 3D, the 42 kDa and
30 kDa isoforms of C/EBPα, generated by alternative translational initiation, were present in
the nucleus and cytoplasm constitutively. LPS treatment caused a strong reduction of the level
of this protein in both compartments, whereas triptolide caused a strong reversal of the
reduction, particularly in the nucleus. LPS stimulation induced nuclear levels of the three
differentially translated isoforms of C/EBPβ, the 38 kDa full-length protein, the functional 33
kDa LAP, and the dominant negative 20 kDa LIP (30). Triptolide treatment led to an ~50%
reduction in the level of the most abundant C/EBPβ isoform, LAP (Fig. 3E), whereas it did not
impact on C/EBPδ level (Fig. 3F).

Collectively, these data demonstrate that triptolide causes a shift in the binding activities of C/
EBPα and β isoforms in inflammatory macrophages by altering their respective nuclear levels,
namely, increasing C/EBPα, whereas decreasing C/EBPβ.

C/EBPα as a major physiological mediator in triptolide’s inhibition of IL-12p40 transcription
To further demonstrate the important role of C/EBPα in the inhibition of IL12p40 transcription
by triptolide we analyzed the effect of triptolide on IL-12p40 production in C/EBPα KO mice.
C/EBPα conditional KO mice are homozygous for C/EBPα floxed allele and hemizygous for
the Mx1-Cre transgene, whose expression can be induced by administration of poly(I:C),
leading to deletion of the floxed gene. Mx1-Cre expression was induced by i.p. injection of
poly(I:C) for 1, 2, and 3 wk, respectively, and IL-12p40 level in serum was measured by ELISA.
Fig. 4A shows that C/EBPα expression was strongly reduced 2 wk after poly(I:C) injection in
KO mice. There was an accompanying, significant reversal of the inhibition of p40 production
by triptolide (Fig. 4B). Notably, IL-12p40 levels in both WT and KO mice were decreased 2
wk after poly(I:C) injection. This may have been caused by the toxicity of poly(I:C). Studies
by others have found that 5 mg/kg poly(I:C) injection for up to 28 d can induce some clinical
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changes, including anemia, elevations of transaminases, lactic dehydrogenase, and alkaline
phosphatase, decreased clotting rate, and increased prothrombin time (31). In addition, we
found that loss of C/EBPβ, compared with WT mice, did not influence triptolide-induced
inhibition of IL-12p40 production (data not shown).

To circumvent the toxicity problems caused by in vivo administration of poly(I:C) we used an
exvivo method for the deletion of the C/EBPα gene. MPMs were isolated from WT and C/
EBPα conditional KO mice, and treated with different concentrations of poly(I:C) in vitro for
24 h, followed by triptolide and LPS treatment. RT-PCR analysis of C/EBPα mRNA expression
confirmed the significant deletion of the gene at this dose of poly(I:C) administration in KO
cells (Fig. 4C). As shown in Fig. 4D, the poly(I:C) treatment had no significant effect on
IL-12p40 secretion in both WT and KO MPMs. Although inhibition of p40 production by
triptolide was not affected by the poly(I:C) treatment in WT cells, it was strongly reversed in
C/EBPα KO MPM in a dose-dependent manner, reaching a highly significant level at 10 μg/
ml poly(I:C).

Regulation of transcription and phosphorylation of C/EBPα by triptolide
The above data suggested that triptolide may inhibit IL12p40 transcription by increasing the
protein level of C/EBPα in the nucleus of MPM. To further understand the mechanism of this
effect, we analyzed the mRNA expression and transcription of C/EBPα. Fig. 5A shows that
LPS stimulation of MPM inhibited C/EBPα mRNA level, whereas triptolide treatment
increased the level by 4-fold 1 h after LPS stimulation.

Next, we sought to determine whether C/EBPα was regulated by triptolide at the level of
transcription by using a mouse C/EBPα promoter-luciferase reporter construct, which spans
809-bp upstream and 187-bp downstream of the transcription initiation site. The proximal
promoter region of the mouse C/EBPα gene has been characterized and DNA-protein
interactions within the first 350-bp are essential for high levels of ubiquitous activity of the
promoter (32). Studies have shown that the C/EBPα gene is autoactivated in a species-specific
manner. Its promoter can be autoactivated in transfected cells by expression plasmids that
specify for C/EBPα or C/EBPβ, which act via a C/EBP recognition sequence (32,33). C/
EBPα promoter contains two potential binding sites for C/EBP: one between nucleotides −252
and −239, the other between nucleotides −203 and −176 (33). We transfected the C/EBPα
luciferase construct into RAW264.7, followed by triptolide treatment and IFN-γ/LPS
stimulation. As shown in Fig. 5B, in resting RAW264.7 cells, triptolide did not affect C/
EBPα promoter activity. However, IFN-γ/LPS stimulation resulted in some inhibition of the
promoter activity, which was strongly reversed by triptolide. These data suggest that triptolide
could forcefully antagonize the negative signaling of LPS that leads to transcriptional inhibition
of C/EBPα. Taken together, these results demonstrate that C/EBPα, not C/EBPβ, plays a major
role in triptolide-induced inhibition of IL-12p40 transcription. Triptolide can regulate C/
EBPα’s transcription in inflammatory macrophages.

Posttranslational modifications of C/EBPα, such as phosphorylation at different serine/
threonine residues, have been found to be an important mechanism of regulating its
transcriptional activity (34,35). We examined the potential effect of triptolide on this type of
modification of C/EBPα using Abs specific for phosphorylated C/EBPα at Ser21 and Thr222/
Thr226. As shown in Fig. 5C, LPS induced phosphorylation of C/EBPα at Ser21, and triptolide
further enhanced this effect. At Thr222/Thr226, LPS alone reduced the phosphorylation,
whereas triptolide restored it to the control levels. The phosphorylation patterns of C/EBPα
were different from that of its expression (lower panels), suggesting that triptolide regulates
both the expression and phosphorylation of C/EBPα, both impacting the latter’s transcriptional
activity.
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Next, we wanted to investigate the functional effects of the phosphorylation of C/EBPα using
different phosphorylation mutants of C/EBPα. To minimize the interference of the endogenous
C/EBPα in this cell line, we stably transfected a C/EBPα-specific siRNA expression vector,
which resulted in reduction of its target both at the mRNA and protein levels (Fig. 5D). We
then tested the ability of the exogenously introduced C/EBPα to regulate the cotransfected C/
EBPα promoter, that is, its autoregulation as reported by others (32,33). Fig. 5E shows that
WT C/EBPα increased its own promoter activity ~2-fold, which was consistent with the
previously published results. All other phosphorylation mutants, except Thr222A/Thr226A,
acted similarly as the WT, suggesting that C/EBPα’s ability to autoregulate is only dependent
on Thr222/Thr226. In contrast, for its ability to inhibit IL-12p40, Ser21, and Thr222/Thr226
seemed to be important because their mutations individually and collectively reduced
triptolide-induced inhibition of the p40 promoter activity (Fig. 5F). Western blotting analysis
of phosphorylation of C/EBPα protein expression at Ser21 and Thr222/Thr226 confirmed the
effect of site-mutant constructs of the gene (Fig. 5G).

In conclusion, triptolide induced inhibition of IL-12p40 transcription is mediated by C/EBPα
via both elevating the transcription factor’s expression and its serine/threonine
phosphorylation.

Regulation of both MAPK and PI3K-Akt-GSK pathways by triptolide
Previous studies by others have shown that in adipocytes and hepatocytes C/EBPα is
phosphorylated at Thr222/Thr226 by GSK-3β (36,37), and in hematopoietic and hepatic cell
lines Ser21 is phosphorylated by ERK1/2 (38,39). To explore the mechanism of triptolide-
induced phosphorylation of C/EBPα, we examined the effect of triptolide on these two C/
EBPα-modifying kinases by assessing their respective phosphorylation/activation using
phosphor-specific Abs. Fig. 6A shows that in MPM, ERK1/2 was activated rapidly in response
to LPS, with peak activity attained at ~10 min after the addition of LPS, followed by declines
at 30 and 60 min. In contrast, ERk1/2 phosphorylation stimulated by LPS was sustained at
higher levels by triptolide during this period. Phosphorylation of GSK-3β on the inactivating
residue, Ser9, increased transiently after stimulation of LPS, whereas triptolide strongly
suppressed this phosphorylation (Fig. 6B). Because phosphorylation of Ser9 is inhibitory for
GSK-3β activity, these results suggest that triptolide may increase the activities of both ERK1/2
and GSK-3β in LPS-activated MPM.

To further demonstrate the role of ERK1/2 in triptolide-induced inhibition of IL-12p40, we
treated MPM with small molecule inhibitors of p38(SB202190), ERK1/2(PD98059), and JNK
(inhibitor II) 2h prior to LPS stimulation with or without triptolide, and analyzed IL12p40
production. Fig. 6C shows that only PD 98059 rescued to a significant degree the triptolide-
induced inhibition of IL-12p40 in a dose-dependent manner without cytotoxicity. These data
indicate that ERK1/2, not p38 and JNK, plays a role in mediating the IL-12–inhibiting activity
of triptolide. By a similar approach using a selective GSK-3β inhibitor, LiCl (40), we
investigated the role of GSK-3β in triptolide’s inhibitory function. As shown in Fig. 6D, LiCl
treatment of MPM slightly resisted triptolide’s inhibitory effect. However, when LiCl was
combined with PD 98059, it strongly diminished triptolide’s effect on p40 production, by
>50%. These data suggest that triptolide inhibits IL-12p40 transcription through ERK1/2- and
GSK-3β–dependent pathways separately and interactively.

To further assess the role of ERK1/2 and GSK-3β in mediating the effects of triptolide on C/
EBPα’s function, we treated MPM with chemical inhibitors of the kinases, PD 98059 and LiCl,
respectively, and examined C/EBPα expression and in vivo binding of C/EBPα to the p40 locus
by ChIP analysis (Fig. 6E, 6F). Inhibitors of GSK-3β and ERK1/2 individually resulted in
reduction of C/EBPα expression and C/EBPα’s binding activity, whereas the combination of
the two inhibitors caused a synergistically greater reduction.
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Next, we evaluated the impact of triptolide on the upstream kinases of ERK1/2 and GSK-3β:
MEK1/2 and Akt1/2, respectively, by analyzing their phosphorylation. In LPS-stimulated
MPM, phosphorylation of MEK1/2 was rapidly induced in 10 min, followed by declines at 30
and 60 min. This pattern was very similar in triptolide-treated cells (Fig. 6G). On the other
hand, phosphorylation of Akt was more sustained in LPS-stimulated MPM, but reduced overall
by triptolide treatment (Fig. 6H).

The lack of a triptolide-induced effect on the phosphorylation of MEK1/2 prompted us to
examine the MAPK phosphatases (MKPs). MKPs are dual-specificity phosphatases that can
dephosphorylate both phosphotyrosine and phosphothreonine residues on MAPKs (41).
MKP-1, the archetypal member of this family, is widely studied and selectively inactivates all
three MAPK families by dephosphorylating them at catalytic tyrosine and threonine residues
(42). We examined the effect of triptolide on LPS-induced MKP-1 expression by Western
blotting. Fig. 6I (upper) shows that MKP-1 was strongly induced in MPM by LPS at ~1 h, and
triptolide treatment strongly decreased the expression. This is consistent with a previous study
showing that triptolide blocked MKP-1 induction by LPS in macrophages (43). Triptolide had
little effect on the expression of PP2A (lower), which belongs to the same family of dual-
specificity phosphatases as MKP-1.

Because triptolide reduced phosphorylation of GSK-3β and Akt, and affected the
phosphoinositol 3-kinase (PI3K)-Akt-GSK-3β pathway (Fig. 6B, 6H), we sought to determine
whether triptolide has an effect on phosphatase and tensin homolog deleted on chromosome
ten (PTEN), one of the enzymes in the protein tyrosine phosphatases (PTPs) superfamily that
negatively regulates cell survival mediated by the PI3K-Akt pathway. PTEN acts as a
phospholipid phosphatase dephosphorylating the PtdIns(3,4,5)P3 and PtdIns(3,4)P2, resulting
in PtdIns(4,5)P2 and PtdIns(4)P, respectively (44). PTEN modulates the PI3K pathway by
catalyzing degradation of the PtdIns(3,4,5)P3 generated by PI3K. PTEN inhibits downstream
functions mediated by the PI3K pathway, resulting in the activation of Akt/protein kinase B,
cell survival, and cell proliferation (45, 46). In this study, we demonstrated that LPS alone did
not induce significant PTEN expression in MPM, which was in accord with previous studies
(47). On triptolide treatment, however, PTEN expression was elevated at 30 min after
stimulation with LPS (Fig. 6I, middle).

Discussion
In this study, we investigated the detailed molecular mechanism, whereby triptolide inhibits
the transcription of the p40 gene encoding the shared subunit of IL-12 and IL-23 in APCs. It
led to the identification of C/EBPα as the major and direct mediator of triptolide’s inhibitory
effect on p40 transcription. C/EBP-related proteins comprise a family of basic region-leucine
zipper transcription factors. These proteins dimerize through a leucine zipper and bind to a
consensus DNA motif through an adjacent basic region (48). The activity and expression of
three C/EBP members (α, β and δ) are regulated by a number of inflammatory signals, including
LPS and a range of cytokines (26–29,49,50). C/EBPβ-deficient mice display impaired
expression of TNF-α, serum amyloid A and P proteins, α1-acid gp, and complement C3
component (28,51,52). However, induction of a number of cytokines, such as IL-12, IL-10,
IFN-γ, MIP-1α, and GM-CSF, in C/EBPβ−/− mice was comparable to that observed in WT
mice, with the exception of G-CSF (51). This may be due to functional compensation by other
members that are expressed at normal levels, for example, C/EBPδ (48). These data are
consistent with our results (Fig 4) in that IL-12p40 expression was not impaired in C/
EBPβ−/− MPM, nor was triptolide-induced inhibition of IL-12p40.

Most of the previously published work on C/EBPα focused on its relationship with cellular
proliferation and differentiation. C/EBPα is expressed at high levels in terminally differentiated
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cells and down-regulated during proliferation (53). C/EBPα is a strong inhibitor of cell
proliferation when overexpressed in cultured cells (53,54). In addition, C/EBPα-deficient mice
have defective myeloid cell development, increased hematopoietic stem cell repopulating
activity, and a significantly increased myeloblast population in the bone marrow compartment.
These phenotypes are probably caused by a specific maturational block of myeloid precursors
toward mature granulocyte and macrophage (55). The activity and/or mRNA and protein levels
of various C/EBP genes are differentially modulated in response to inflammatory stimuli and
to recombinant cytokines. C/EBPα is downregulated under these conditions. The mechanisms
on the downregulation and the relationship between C/EBPα and expression of cytokines have
not been elucidated. Our study shows that deletion of C/EBPα per se does not impact LPS-
induced level of IL-12p40 (Fig. 4B) or those of TNF-α and IL-10 (data not shown); however,
it strongly impeded triptolide-induced inhibition of p40 expression, demonstrating the critical
role of C/EBPα in this mechanism.

Furthermore, our data indicate that triptolide augments/increases phosphorylation of LPS-
induced C/EBPα at Ser21 and Thr222/Thr226 through ERK1/2 and GSK-3β, which potentiates
C/EBPα’s transcriptional inhibition of p40 (Figs. 5C, 6E). The MAPK cascade is very
important, for many processes in immune responses (56). On TLR4 engagement by LPS,
MAPKs are activated by dual phosphorylation at the tripepetide motif Thr-Xaa-Tyr, which
leads to the production of inflammatory cytokines, such as IL-12, IL-1, and TNF-α, etc. MAPK
inactivation is carried out by a family of MAPK phosphatases (42,57,58). MKP-1 selectively
inactivates all three MAPK families by dephosphorylating them at catalytic tyrosine and
threonine residues (58). Activation of ERK1/2 has been shown to play an important role in
Th1/Th2 polarization and in regulating cytokine production from APCs. ERK1-deficient mice
display a bias toward Th1 type immune response. Consistent with this observation, DCs from
ERK1-deficient mice show enhanced IL-12p70 and reduced IL-10 secretion in response to
TLR stimulation (59). This suggests that ERK1/2 is an inhibitor of IL-12. In contrast, mice
deficient of the p38-activating kinase, MKK3, exhibit a selective defect in LPS-induced IL-12
production in macrophages (60). We found that triptolide-induced inhibition of p40
transcription was preceded by sustained phosphorylation of ERK1/2 (Fig. 6A), and that
blocking the activity of ERK1/2 but not those of p38 and JNK can substantially rescued p40
production inhibited by triptolide (Fig. 6C, 6D).

Numerous studies have implicated the PI3K-AKT pathway in TLR signaling. GSK-3 can act
as an intermediary in this pathway. GSK-3 is constitutively active in resting cells but can be
inactivated through phosphorylation by AKT or other protein kinases (61,62). PTEN is a lipid
phosphatase and dephosphorylates PIP3 to negatively regulate PI3K signaling (63). However,
there are conflicting reports concerning the physiological role of PI3K in the signaling pathway;
the inconsistent results are partly due to the specificity of two inhibitors (wortmannin and
LY294002) in these investigations. Recently, some research groups used genetic methods to
knock out the regulatory subunit (p85) of PI3K, and found that TLR4-mediated induction of
IL-12, IFN-γ and TNF-α were increased in DCs (64,65); and knockdown of GSK-3β by siNA
results in increased IL-10 production and suppressed IL-12 synthesis (65). These results are in
disagreement with our data. We showed that triptolide strongly inhibited LPS-induced
phosphorylation of GSK-3β in MPM (Fig. 6B), and that blocking the activity of GSK-3β by
LiCl eased triptolide-induced inhibition of p40 production (Fig. 6E). Further analysis revealed
that chemical inhibition of GSK-3β and ERK1/2 resulted also in the inhibition of C/EBPα
levels (Fig. 6G). Because we showed that the target of GSK-3β, Thr222/226 in C/EBPα, is
critical for the autoregulation of C/EBPα expression (Fig. 5E), it is possible that inhibition of
GSK-3β leads to the rescue of triptolide-induced inhibition through reducing the expression
or transcriptional potential of C/EBPα, or both. The additive effects of simultaneous chemical
inhibition of both ERK1/2 and GSK-3β (Fig. 6F) may be attributed to the independent effects
of targeting Ser21 and Thr222/226 of C/EBPα, respectively.
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Control over kinase signaling networks is exerted at the level of both phosphorylation and
dephosphorylation, catalyzed by protein kinases and phosphatases, respectively (66). The
phosphatases include tyrosine-specific phosphatases (PTPs), dual specificity (threonine/
tyrosine), MKPs, and protein serine/threonine phosphatases (PSPs). Our study showed that
triptolide, in its inhibition of p40 transcription, decreased LPS-induced MKP-1 and increased
PTEN (a member of PTPs), whereas having little effect on PP2A (a member of PSPs) (Fig.
6K). The mechanism of the differential regulation of MKP-1 and PTEN expression by triptolide
is of great interest for further investigation. One possible mechanism is through induction of
reactive oxygen species (ROS) in macrophages. Phagocytic cells, such as macrophages,
contain a multiprotein NADPH oxidase complex that produces a burst of ROS as part of the
innate immune response to infection in response to a wide variety of physiological stimuli,
including LPS (66,67). There are reports that ROS might be involved in MKP-1 induction in
human epithelial and endothelial cells (68–70), and in decreased levels of PTEN in alveolar
macrophages and increased activity of AKT (71). Many studies of the relationship between
ROS and PTEN focused on inactivation of PTEN by ROS through posttranscriptional
regulation (66,72). Triptolide possesses a 9,11-epoxy-14β-hydroxy system, which may be
involved in selective alkylation by nucleophilic groups, such as thiols, present in key target
enzymes (73); oxidation and reduction of thiol proteins is thought to be the major mechanism
by which reactive oxidants integrate into cellular signal transduction pathway (74).

On the basis of these considerations, we propose a new model on how triptolide inhibits IL-12/
IL-23p40 in macrophages and DCs (Fig. 7). Our study has uncovered several novel targets of
triptolide in MPM: C/EBPα, ERK1/2, GSK-3b, MKP-1, and PTEN, which may prove to have
strong implications in guiding the therapeutic applications of triptolide and its derivatives in
the treatment of inflammatory auto-immune diseases and cancer.

Abbreviations used in this paper

C/EBPα CCAAT/enhancer-binding protein-α

ChIP chromatin immunoprecipitation

DC dendritic cell

KO knockout

LN lupus nephritis

MoDC monocyte-derived DC

MPM mouse peritoneal macrophage

poly (I:C) polyinosinic-polycytidylic acid

PTP protein tyrosine phosphatase

qPCR real-time quantitative PCR

ROS reactive oxygen species

TWHF Tripterygium wilfordii Hook F

WT wild type
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FIGURE 1.
Effects of triptolide on IL-12 gene expression in LPS-treated MPM and MoDC (A–D) MPM
(A, B), and MoDCs (C, D) were incubated for 15 h with different concentrations of triptolide
and subsequently cultured for an additional 6 h in the presence (filled bars) or absence (open
bars) of 1 μg/ml LPS. Mouse IL-12p40 (A), mouse IL-12p70 (B), human IL-12p40 (C), human
IL-12p70 (D), and mouse IL-23 (E) levels in the supernatants were measured by ELISA.
Experiment shown is representative of three to four independent experiments with mean ± SE.
*p < 0.05. F–H, Total RNA was isolated from 1 × 106 MPM incubated with different
concentrations of triptolide for 15 h with 1 μg/ml LPS (filled bars) or without (open bar) for
an additional 3 h. Real-time PCR was performed to measure p40 (F), p35 (H) mRNA
expression, and nascent transcripts for p40 (G). GAPDH mRNA was analyzed as an internal
control. The experiment shown is representative of two independent experiments.
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FIGURE 2.
Localization of the triptolide-responsive element in the human IL-12p40 promoter. A, Putative
and verified transcription factor binding sites in the −292/+108 p40 promoter region. The core
binding sequences are in bold and uppercase, and positions are relative to the transcription
initiation site (TIS), which is defined as −1. B, A series of 5′ deletion mutants of the full-length
human IL-12p40 promoter-luciferase construct, which spans 3.3 kb upstream and 108-bp
downstream of the TIS, were transfected transiently into RAW264.7. Cells were incubated for
15 h with (filled bars) or without 10 ng/ml triptolide (open bars), then stimulated with IFN-γ
(15 h), followed by LPS (7 h). Cell lysates were assayed for luciferase activity. Data are
summaries of four separate experiments. C, Rate of triptolide-induced inhibition of IL-12p40
promoter activities shown in B, expressed as 1-(triptolide-treated/nontreated). Results
represent three independent experiments showing mean ± SE. D, Mutant promoter luciferase
constructs of IL-12p40 promoter in the context of −292/+108 were transfected into RAW264.7.
Luciferase activity was measured from cell lysates after stimulation of RAW264.7 cells with
IFN-γ and LPS in the absence or presence of triptolide (15 h). E, Rate of triptolide-induced
inhibition of IL-12p40 promoter activities shown in D. Results represent three independent
experiments showing mean ± SE. *p < 0.05.
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FIGURE 3.
Regulation of C/EBPα and β binding to IL-12p40 promoter by triptolide in vitro and in vivo.
A, EMSA was performed to examine the DNA-protein interaction at the composite C/EBP/
AP-1 site in the IL-12p40 promoter in vitro using nuclear extracts prepared from MPM after
incubation with or without triptolide, and stimulation with LPS (3 h). The five discernible
complexes are labeled I–V. B, Supershift EMSA was performed to identify the components of
the C/EBP complexes. The nuclear extracts used in this procedure were from LPS-stimulated
MPM treated with or without triptolide. C, Triptolide regulates C/EBP binding to the p40
promoter in vivo. After incubation with or without triptolide, and stimulation with LPS (3 h),
MPM were crosslinked by formaldehyde treatment and lysed. Cell lysates were subjected to
immunoprecipitation with control IgG or anti-C/EBPβ (upper) or anti-C/EBPα (lower). Input
DNA and DNA recovered from the immunoprecipitation were amplified by real-time PCR
with primers spanning the C/EBP/AP-1-binding site in the IL-12p40 promoter. D–F, Western
blotting was performed to detect the endogenous C/EBPα (D), C/EBPβ (E), and C/EBPδ (F)
expression levels in 3 h LPS-stimulated MPM treated with or without triptolide, in the nucleus
and cytoplasm. To aid in the appropriate identification of the various isoforms of endogenous
C/EBP recombinant C/EBPs were loaded onto the same blots. Expression of α-tubulin was
analyzed as a nuclear loading control whereas GAPDH expression was used as a loading control
for whole cell lysate. *p < 0.05.
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FIGURE 4.
Effects of triptolide in C/EBPα knockout mice. A–C, Four- to 6-week-old WT and Mx1-cre/
C/EBPα KO mice were injected with 250 μg poly(I:C) every other day for three doses in the
first week. After 1–3 wk, in the treatment group, a dose of 1 mg/kg (body weight) of triptolide
was administrated to mice by i. p. injection overnight, followed by stimulation of LPS (15 mg/
kg) for 4 h. Proteins from splenocytes were analyzed for C/EBPα expression by Western
blotting (A). Simultaneously, IL-12p40 levels in the serum were measured by ELISA (B). Each
group had three mice. Results represent mean ± SE of the three mice. C, MPM from WT and
Mx1-cre/C/EBPα KO mice were treated with different concentrations of poly(I:C) for 24 h,
incubated with triptolide (filled bars) or without (open bars), followed by stimulation of LPS
for 6 h. Total RNA was prepared, and analyzed for mRNA expression of C/EBPα and GAPDH
by RT-PCR. Simultaneously, IL-12p40 levels in the supernatants were measured by ELISA
(D). Results represent three independent experiments showing mean ± SE. *p < 0.05.
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FIGURE 5.
Regulation of transcription and phosphorylation of C/EBPα by triptolide. A, MPM were
incubated for 15 h with (dotted line) or without (solid line) 10 ng/ml triptolide and subsequently
cultured for different times in the presence of 1 μg/ml LPS or absence (gray line and gray dotted
line). B, A mouse C/EBPα promoter-luciferase construct, which spans 809-bp upstream and
187-bp downstream of the transcription initiation site, was transfected transiently into
RAW264.7 cells. Cells were incubated for 15 h with (filled bars) or without 10 ng/ml triptolide
(open bars), then stimulated with or without IFN-γ (15 h), followed by LPS (7 h). Cell lysates
were assayed for luciferase activity. Data are summaries of four separate experiments. C,
Western blotting was performed to detect Ser21- and Thr222/226-phosphorylation of C/
EBPα in MPM after incubation with or without triptolide, and stimulation with LPS (1 h). D,
Stably expressed siRNA against C/EBPα efficiently inhibited expression of the endogenous
C/EBPα at both mRNA (left) and protein (right) levels in RAW264.7 cells. E, Mouse C/
EBPα promoter-luciferase construct was cotransfected with WT or various phosphorylation
mutants of C/EBPα expression vector into RAW264.7 cells depleted of endogenous C/EBPα
by stable siRNA expression. Cell lysates were assayed for luciferase activity 36 h after
transfection. F, IL-12p40 luciferase reporter was cotransfected with WT or various
phosphorylation mutants of C/EBPα expression vector into RAW264.7 cells depleted of
endogenous C/EBPα. Luciferase activity was measured from cell lysates after stimulation of
RAW264.7 cells with IFN-γ and LPS in the presence or absence of triptolide (15 h). G, Western
blot analysis of recombinant C/EBPα and phosphorylation mutants expressed in transfected
RAW264.7 cells that had been depleted of the endogenous C/EBPα via siRNA, then stimulated
with IFN-γ/LPS in the presence of triptolide. Expression of GAPDH was analyzed as a loading
control. All transfection results represent three independent experiments showing mean ± SE.
*p < 0.05.

Zhang and Ma Page 20

J Immunol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 6.
Regulation of MAPK and PI3K-AKT-GSK pathways by triptolide. A and B, Western blot
analyses were performed to detect levels of phosphor-ERK1/2 (A) and phosphor-GSK-3β (B)
in whole cell lysate prepared from MPM after incubation with or without triptolide, and
stimulation with LPS. C, MPM were incubated for 15 h in the presence (filled bars) or absence
(open bars) of triptolide, followed by 2 h treatment with p38 inhibitor (SB202190), ERK
inhibitor (PD98059), and JNK inhibitor II, and subsequently cultured for an additional 6 h with
LPS. Mouse IL-12p40 level in the supernatants was measured by ELISA. D, A similar protocol
as that of C was used, except that cells were treated with the GSK-3β inhibitor LiCl or PD98059,
or both. E, Same protocol was used as that of D. C/EBPα levels in whole cell lysate were
determined by Western blotting. F, Same protocol as D was used. ChIP was performed to
examine C/EBPα binding to the IL-12p40 promoter region in vivo. G–I, Western blot analyses
were performed to detect phosphor-MEK1/2 (G), phosphor-AKT (H), and expression of
MKP-1 and PTEN (I) in whole cell lysate. Results in C, D, and F represent three independent
experiments showing mean ± SE. *p < 0.05.
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FIGURE 7.
Model for regulation of IL-12p40 production by triptolide. Triptolide augments TLR4-
mediated activation of ERK1/2 and GSK-3β by interfering with the expression of phosphatases
MKP-1 and PTEN. ERK1/2 and GSK-3β enhance the phosphorylation of C/EBPα, and its
expression because of autoregulation. C/EBPα functions as an inhibitor of p40 transcription
via a yet to be elucidated mechanism.
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