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Abstract Toll-like receptor 2 (TLR2) mediated macrophages regulate the protective immune response

to infectious microorganisms, but the aberrant activation of macrophages often leads to pathological

inflammation, including tissue damage. In this study, we identified antagonists of TLR2 by screening

2100 natural products and subsequently identified Taspine, an aporphine alkaloid, as an excellent candi-

date. Furthermore, analysis of the 10 steps chemical synthesis route and structural optimization yielded

the Taspine derivative SMU-Y6, which has higher activity, better solubility, and improved drug-feasible

property. Mechanistic studies and seq-RNA analysis revealed that SMU-Y6 inhibited TLR2 over other

TLRs, hindered the formation of TLR2/MyD88 complex, and blocked the downstream NF-kB and

MAPK signaling pathway, thus suppressing the release of inflammatory cytokines. SMU-Y6 could stabi-

lize TLR2 and bind to TLR2 protein with a Kd of 0.18 mmol/L. Additionally, SMU-Y6 could efficiently

reverse the M1 phenotype macrophage polarization, reduce the production of cytokines as well as infil-

tration of neutrophiles and alleviate the local inflammation in mice with acute paw edema and colitis.

Collectively, we reported the first aporphine alkaloid derivative that selectively inhibits TLR2 with high

binding affinity and superior drug-feasible property, thus providing an urgently-needed molecular probe

and potential drug candidate for inflammatory and autoimmune disease therapy.
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1. Introduction

The human immune system is made up of innate and adaptive
immune. Compared with innate immune, the adaptive immune
produces specific antibodies or effector T lymphocytes to respond
to foreign antigens as well as immune memory cells that prepare
for any future infection1. Before the production of the former,
most B or T lymphocytes need to receive co-stimulated signaling
from antigen-presenting cells (APCs), even though some antigens
are recognizable on their own2,3. In addition, these APCs are able
to recognize and eliminate “perceived threats” by either phago-
cytosis or via secreting immune factors; thus, playing a key role in
the innate immune response. Theoretically, APCs contribute to
both innate and adaptive immunity through pattern recognition
receptors (PRRs)2,4. PRRs are able to recognize a series of targets,
which share similar characteristics, which can mainly be classified
as pathogen-associated molecular patterns (PAMPs) or endoge-
nous danger-associated molecular patterns (DAMPs)5,6. Thus,
given their importance to the immune response, PPRs have been
increasingly popular as a subject of investigation, with one of the
most well-studied subgroups of this receptor family being the
TLRs.

TLRs were first discovered in Drosophila melanogaster and
were the first mammalian PRR to be cloned7. To date, 13 subtypes
have been identified. Of these, TLR4 was the first to be identified
as a receptor that recognized lipopolysaccharide and bacterial
wall-related components from gram-negative bacteria, whereas
TLR2 was shown to recognize lipopeptides or bacterial wall-
related components from gram-positive bacteria8. Both TLR2
and TLR4 are extracellular and work together to form a line of
defense against invading pathogens. Once TLR2 binds to its
ligand, it recruits myeloid differentiation factor 88 (MyD88) to
activate specific protein kinases (such as mitogen-activated protein
kinase (MAPK) and inhibitory subunit of NF-kB (IkB) kinase) and
activates certain transcription factors, such as NF-kB, which all
lead to the production of inflammatory cytokines9. TLR2 agonist
became a potential target for vaccine-adjuvant and tumor immu-
nity because it binds with TLR2 and activates APCs, which could
enhance the ability of up-taking and processing antigens of APCs
and promote the subsequent activation of cytotoxic T lymphocytes
and B cells against “threats” and tumor cells10,11. Our group has
previously reported several novel TLR1/2 specific agonists,
capable of activating cytotoxic T lymphocytes that target tumor
cells, which are considered to have potential applications in cancer
immunotherapy9,11,12 and TLR3 specific antagonists that reduce
the uptake of oxidized low-density lipoproteins (oxLDLs) by
macrophages, decreasing the formation of foam cells13. Unfortu-
nately, the over-activation of TLR2 is shown to be associated with
the development of inflammation. This conclusion has been sup-
ported by several studies that have revealed that the over-
activation of TLR2 was found in inflammatory diseases and that
the blockade of TLR2 slows down the progression of diseases,
such as arthritis14, Alzheimer’s disease15, and hepatitis16. Clanchy
et al.17 found that TLR2 was over-expressed in human RA
synovium isolated from RA patients. Moreover, the RA patients
who had no effect in anti-TNF treatment were detected to perform
more TLR2 expression than that anti-TNF treatment worked17.
Some studies revealed that the expression of IL-10 was signifi-
cantly reduced after TLR2 activation in systemic lupus erythe-
matosus (SLE) patients18. IL-10 is a common immunonegative
regulatory cytokine, which antagonizes the effect of pro-
inflammatory cytokines. Rangasam et al.15 found that a high
level of TLR2 and MyD88 was found in AD patients’ prefrontal
cortex, compared to no cognitive impairment. Those suggest
TLR2 inhibitors are likely to be potent anti-inflammatory agents.
To date, some progress has been made in the development of
small-molecule TLR2 inhibitors; however, none of these studies
have progressed to an approved drug. These identified TLR2 in-
hibitors tend to have a moderate activity or unstable structures
(based on Schiff-base and polyphenol configurations—see Sup-
porting Information Fig. S1)19e26. Given that these characteristics
make existing TLR2 inhibitors unsuitable for clinical application,
we have devoted our research to discovering novel small molecule
inhibitors of TLR2 that will lend themselves to being used in a
therapeutic capacity.

Natural products are an important source of structurally novel
and pharmacologically active compounds; libraries of which can
be screened during the early stages of the drug discovery process.
The success rate from using such libraries is relatively high, with
8/40 and 5/36 of chemical drugs approved by US Food and Drug
Administration in 2020 and 2021, respectively, being derived from
natural products27,28. Given the significance of natural products as
a reservoir of drug-feasible bioactive compounds, we commenced
this study by screening a library of 2100 natural compounds. From
these, we identified an aporphine alkaloid, Taspine, that success-
fully inhibited TLR2 activation in HEK-Blue hTLR2 cells. Pre-
vious studies have already reported that Taspine and its derivatives
have: anti-tumor activity29,30, anti-neuropathic pain properties31,
and can act as a fluorescent probe32. However, the potential anti-
inflammation targets for Taspine and its derivatives are still poorly
understood. Moreover, those reported derivatives were limited,
mainly focusing on either removing the side-chain amino
group29,32 and/or opening the lactone ring30,32 to simplify syn-
thesis. However, we found that the lactone ring was the key to
Taspine’s anti-TLR2 activity. Nevertheless, retaining the lactone
ring, whilst modifying its side-chain amino group proved chal-
lenging, as the synthesis of any such compound was complex.
Thus, in order to improve the anti-TLR2 activity and drug feasi-
bility, but reduce the toxicity of Taspine, we modified its chemical
structure. In this study, we kept the lactone ring and mainly
focused on the modification of its side-chain amino group,
including (I) replacing dimethylamine with different cyclic
aliphatic amines, (II) introducing hydrophilic hydroxyl group and
lengthening the carbon chain (III), replacing the amine group with
various amides (Supporting Information Fig. S1). The preliminary
structureeactivity relationship (SAR) studies highlighted SMU-
Y6 as being the most promising target candidate. Following, we
identified SMU-Y6 targeted TLR2/MyD88/NF-kB and MAPK
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signaling pathway to regulate inflammation. Protein and molecu-
lar binding experiments revealed that SMU-Y6 selectively tar-
geted TLR2 but not TLR4. Finally, SMU-Y6 exhibited superior
anti-acute inflammation properties, high bioavailability and
long-term anti-inflammation protection in vivo. All these suggest
that TLR2 inhibitor is a promising anti-inflammation agent in
clinical investigation and we hope to provide a feasible method in
inflammation therapy.

2. Results and discussion

2.1. Screening of potential anti-inflammatory agent and
chemical synthesis

By screening 2100 nature compounds (Target Mol and NCI Na-
ture product library), we determined that the aporphine alkaloid,
Taspine (NSC76022), showed the best TLR2 inhibitory activity in
HEK-Blue hTLR2 cells (Fig. 1A, Supporting Information Table
S1). Taspine is a natural product found in several plants
including Caulophyllum, which belongs to the Berberidaceae
family. Caulophyllum is used in traditional Chinese medicine to
treat injury following a fall and rheumatism, suggesting that
Taspine may have anti-inflammatory properties. Although Taspine
shows significant anti-TLR2 activity, it also exhibits a certain level
of toxicity and poor water solubility, which limits its use as a
therapeutic drug. Therefore, we made a series of structurally
modified derivatives with the aim of identifying a superior
candidate drug. Despite being a natural product, it is important to
be able to synthesize this compound for the sake of subsequent
Figure 1 Screening and synthesis of potential TLR2 inhibitors. (A) Cell-

Taspine. (B) Total synthesis route of Taspine and derivatives. (1) Br2, Fe, C

rt, 4 h, 95%; (3) NaClO2, H2O2, NaH2PO4, THF, H2O, rt, 4 h, 90%; (4) CH

(6) Pd/C, H2, THF, rt, 95%; (7) allyl bromide, K2CO3, DMF, 60 �C, 4 h, 4

H2O, rt, 20 h, 40%; (10) dimethylamine, NaBH3CN, CH2Cl2, 4 h, rt, 45%
structure modification. Therefore, we looked to optimize the
synthesis methodologies that had already been reported31 and
were able to completely synthesize Taspine in 10 steps, including
oxidation, reduction and coupling reaction (Fig. 1B).

2.2. Structureeactivity relationship (SAR) studies

To effectively design the Taspine derivatives, it was necessary to
identify the key structural element(s) responsible for anti-TLR2
activity. Thus, we tested the anti-TLR2 activity of each interme-
diate involved in the synthesis of Taspine. The results indicated
that the lactone ring and amino side chain were essential to Tas-
pines’ activity (Supporting Information Table S2). When creating
the various derivatives, we kept the basic skeleton of Taspine,
including the lactone ring, but looked to modify the amino side
chain. Firstly, we experimented with replacing the dimethylamine
with different aliphatic amines to investigate whether steric hin-
drance plays a role in anti-TLR2 activity (Supporting Information
Scheme S1). Limited by commercial availability, we obtained
some derivative compounds Y6eY10 (Supporting Information
Table S2). We concluded that cyclic aliphatic amines maintain the
anti-TLR2 activity, but those with six-membered rings had the
best activity of this group. These results suggest that the relevant
protein binding site of the side chain amino group had good spatial
tolerance.

Given that Taspine only has minor hydrophilic groups, we
hoped to improve the solubility of the derivatives by extending the
carbon chain (which connects the main, planar structure with the
R group) and introducing hydrophilic hydroxyl groups to these
based screening of 2100 natural products and structure optimization of

H3COONa, CH3COOH, rt, 3 h, 70%; (2) BnBr, K2CO3, CH3CH2OH,

3COCl, CH3OH, rf, 4 h, 80%; (5) Cu, anhyd DMF, 155 �C, 4 h, 70%;

3%; (8) 215 �C, 1 h, 70%; (9) OsO4, NaIO4, NMO, CH2Cl2, t-BuOH,

.
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additional carbons. Our rationale was the hope that the introduc-
tion of extra hydrophilic groups would improve the lipid-water
partition coefficient, thus improving drug feasibility. Conse-
quently, we epoxidized the olefin of compound Y4 and opened it
under alkaline conditions, resulting in the compounds Y11eY15
(Scheme S1, Table S2). Our results showed that lengthening the
carbon chain and introducing hydroxyl groups did not affect anti-
TLR2 activity, giving us more latitude to make modifications to
improve the lipid‒water partition coefficient through the addition
of a hydrophilic hydroxyl group.

Because hydroxyl and carbonyl groups are isosteres, we
designed and synthesized amide derivatives Y16eY22 (Scheme
S1). As shown in Table S2, amide compounds exhibited little
anti-TLR2 activity, so no further synthesis of this type of deriv-
ative was carried out and the SAR was discontinued. We
concluded that the side chain required a certain level of alkalinity
for the derivative to have anti-TLR2 activity. Based on
SAR studies, we found that out of a panel of tested compounds,
SMU-Y6 exhibited the best inhibition of TLR2
(IC50 Z 0.11 � 0.04 mmol/L), which represented a 10-fold
improvement compared with Taspine. This optimized derivative
also exhibited reduced toxicity and improved water solubility that
was 20 times greater than Taspine (Fig. 2A and B, Supporting
Information Fig. S2). In short, we discovered that the lactone ring
and the side chain of amino group were essential to Taspine’s anti-
TLR2 activity and that extending the carbon side chain and
introducing hydrophilic groups yielded an optimized compound
(SMU-Y6) that had enhanced anti-TLR2 activity, improved water
solubility and reduced toxicity.

2.3. SMU-Y6 inhibits TLR2 preferentially to other TLRs in vitro

TLR2 can form a dimer with either TLR1 or TLR6, so we con-
jectured whether SMU-Y6 exhibited selectivity in binding with
TLR1/2 and TLR2/6. The results of our experimentation showed
that SMU-Y6 suppressed the SEAP signaling induced by
Pam2CSK4 (TLR2/6 ligand) or Pam3CSK4 (TLR1/2 ligand) in
HEK-Blue hTLR2 cells, which indicated that SMU-Y6 inhibits
both TLR1/2 and TLR2/6 (Supporting Information Fig. S3A). In
addition, TLR4 recognizes lipopolysaccharide or bacterial wall-
related components of Gram-negative bacteria, whose ligand
and location are both similar to TLR2, so it is promising for it to
exhibit selectivity between TLR2 and TLR4. Interestingly, as
shown in Fig. 2C and D, SMU-Y6 reduces the production of the
TLR2-induced inflammatory cytokines, TNF-a and IL-6, in
human and murine cell lines; whereas it exhibits little or even no
inhibitory activity with regards to TLR4, which suggested that
SMU-Y6 tend to block TLR2 rather than TLR4. In addition,
TLR3, TLR7 and TLR9 are all intracellular and mainly recognize
DNA or RNA from bacteria and viruses. Thus, we measured the
release of IL-6 in peritoneal macrophage which was activated by
TLR3, TLR7 or TLR9 agonist. The results indicated that SMU-Y6
has a negative effect on TLR3, TLR7 and TLR9 (Fig. 2E). In
summary, compound SMU-Y6 not only showed selectivity be-
tween TLR2 and TLR4, but also no significant inhibition to other
TLRs (TLR3, TLR7 and TLR9). Furthermore, we employed the
peritoneal macrophage from TLR2�/� knockout mice and
measured the effect of SMU-Y6 on IL-6 after being stimulated by
TLR3, TLR7 or TLR9 agonist. The results indicated that SMU-Y6
exhibited almost no inhibition on TLR3, TLR7 and TLR9, which
showed strong specific to TLR2 (Fig. 2F). Thus, we determined
that SMU-Y6 was a TLR2 inhibitor that shows excellent
selectivity between TLR2 and other TLRs in vitro. The further
selectivity, anti-inflammatory mechanism, as well as anti-
inflammatory activity studies of SMU-Y6 are discussed as
follows.

2.4. SMU-Y6 inhibited the release of inflammatory cytokines in
human and murine primary cell lines

Inflammatory cytokines play an important role in inflammation
development and are commonly used as indicators when evalu-
ating the progression of inflammation, such as TNF, interleukin,
chemokines, NO and so on. Blocking the production of inflam-
matory cytokines is beneficial to alleviating inflammation. We
have revealed that SMU-Y6 inhibited the release of Pam3CSK4-
induced TNF-a and IL-6 in peritoneal macrophages, as well as
TNF-a in THP-1 cells (Fig. 2C). Meanwhile, we were more
interested in the effect of SMU-Y6 on healthy human immune
cells for it is much more closely mimic the real immune condition
in vivo. In healthy human peripheral blood mononuclear cells
(PBMCs), 5 mmol/L SMU-Y6 completely inhibited the release of
TNF-a and IL-1b, but in a dose-dependent manner, after the cells
were treated by Pam3CSK4 (Fig. 3A and B). The chemokine,
regulated upon activation of normal T cell expressed and secreted
(RANTES), also called CCL5, acts as an agonist of CCR1 and
CCR5 (which are widely distributed in T cell, DC cell, NK cell
and basophilic granulocytes), activating these cells and conse-
quently the immune response33. As shown in Fig. 3C, levels of
CCL5, induced by Pam3CSK4 in primary murine peritoneal
macrophages, decreased significantly after treatment with SMU-
Y6. In addition, the production of pro-inflammatory nitric oxide
(NO) dilates the blood vessels local to the inflamed tissue and
facilitates the recruitment and infiltration of immune cells34,35. In
other words, inhibiting the production of pro-inflammatory NO
could reduce the infiltration of immune cells at the inflammation
site. In primary murine peritoneal macrophages, 10 mmol/L SMU-
Y6 significantly reduced the production of NO induced by
Pam3CSK4 (Fig. 3D). Dendritic cells also play an important role
as APCs, affecting some autoimmune diseases due to their strong
antigen uptake and presentation abilities. Similarly, they also
produce inflammatory cytokines during activation. As shown in
Fig. 3E, SMU-Y6 inhibited the release of IL-6 in bone marrow-
derived dendritic cells (BMDCs). Similarly, NO induced by
Pam3CSK4 decreased significantly after SMU-Y6 intervention
(Fig. 3F). Inflammatory cytokines, induced by Pam2CSK4 were
also blocked by SMU-Y6 (Supporting Information Fig. S3B and
C) and these results were consistent with previous observations.
Thus, we can summarize that SMU-Y6 reduced the release of
TLR2-induced inflammatory cytokines in both human and murine
primary cell lines to carry out its anti-inflammation effect. How-
ever, the underlying anti-inflammatory mechanisms need further
investigation.

2.5. SMU-Y6 blocked the activation of NF-kB and MAPK
signaling pathway

We have revealed that SMU-Y6 inhibited the release of TLR2-
induced inflammatory cytokines. However, the underlying mech-
anism of action and signaling pathway remains to be elucidated.
Therefore, the next step was to confirm at a protein level whether
SMU-Y6 regulates inflammation through TLR2 and its down-
stream adaptor protein. As illustrated in Fig. 4A, the up-regulation
of TLR2 protein by Pam3CSK4 in HEK-Blue-hTLR2 cells was



Figure 2 Comparison between Taspine and SMU-Y6. (A) SEAP signaling of Taspine and SMU-Y6 in HEK-Blue hTLR2 cells. HEK-Blue

hTLR2 cells were treated with Pam3CSK4 100 ng/mL and Taspine or SMU-Y6 for 24 h. The supernatant was collected for SEAP signaling.

(B) Comparison of water solubility between Taspine and SMU-Y6. (C) TNF-a or IL-6 in supernatants of primary murine peritoneal macrophage

cells after treatment with indicated Pam3CSK4 (100 ng/mL) and differing concentrations of SMU-Y6 for 24 h. TNF-a in supernatants of THP-

1 cells after treatment with Pam3CSK4 (100 ng/mL) and differing concentrations of SMU-Y6 for 24 h. (D) TNF-a or IL-6 in supernatants of
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Figure 3 Inhibitory effect of SMU-Y6 on inflammatory cytokines in human and murine cell lines. (A) TNF-a and (B) IL-1b in supernatants of

primary PBMCs after treatment with Pam3CSK4 (100 ng/mL) and different concentrations of SMU-Y6 for 24 h. (C) CCL5 in the supernatants of

murine peritoneal macrophage after treatment with indicated Pam3CSK4 (100 ng/mL) and differing concentrations of SMU-Y6 for 24 h. (D) Pro-

inflammatory NO in murine peritoneal macrophage after treatment with Pam3CSK4 (100 ng/mL), IFN-g (40 ng/mL) and differing concentrations

of SMU-Y6 for 24 h. (E) IL-6 in supernatants of BMDC after treatment with indicated Pam3CSK4 (100 ng/mL) and differing concentrations of

SMU-Y6 for 24 h. (F) Pro-inflammatory NO in murine BMDCs after treatment with indicated Pam3CSK4 (100 ng/mL), IFN-g (40 ng/mL) and

different concentrations of SMU-Y6 for 24 h. Data presented is mean � SD and the figures shown are representative of three independent

experiments.
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reversed by SMU-Y6 in a dose-dependent manner. Similar results
were obtained when we used the specific TLR1/2 agonist SMU-
Z19, as an alternative positive control. Considering that TLR2 is
highly expressed in HEK-Blue-hTLR2 cells, we also used THP-
1 cells, which have more normal levels of TLR2 expression. Once
primary murine peritoneal macrophage cells after treatment with indicated

TNF-a in supernatants of THP-1 cells after treatment with indicated LPS (1

in supernatants of primary murine peritoneal macrophage cells after treatm

(5 mmol/L) and differing concentrations of SMU-Y6 for 24 h. (F) IL-6 in su

after treatment with indicated Poly I:C (10 mg/mL), R848 (10 mg/mL), ODN

Data presented is mean � SD and the figures shown are representative of
again, SMU-Y6 reduced the up-regulation of TLR2 and MyD88 in
THP-1 cells (Fig. 4B). It has already been documented that TLR2
recruits MyD88 to form a complex that activates its downstream
signaling pathway19. We observed that the formation of TLR2/
MyD88 complex increased after treatment with SMU-Z1 in THP-
LPS (100 ng/mL) and differing concentrations of SMU-Y6 for 24 h.

00 ng/mL) and differing concentrations of SMU-Y6 for 24 h. (E) IL-6

ent with indicated Poly I:C (10 mg/mL), R848 (10 mg/mL), ODN 2395

pernatants of primary murine peritoneal macrophage cells (TLR2�/�)
2395 (5 mmol/mL) and differing concentrations of SMU-Y6 for 24 h.

three independent experiments.



Figure 4 SMU-Y6 blocked the activation of TLR2/MyD88/NF-kB and MAPK signaling pathway and differential gene expression of seq-RNA

analysis. (A) SMU-Y6 inhibited the upregulation of TLR2 induced by Pam3CSK4 (300 ng/mL) and SMU-Z1 (1 mmol/L) in HEK-blue hTLR2

cells. (B) SMU-Y6 inhibited the up-regulation of TLR2 and MyD88 induced by Pam3CSK4 (300 ng/mL) in THP-1 cells. (C) Co-

immunoprecipitation showed that SMU-Y6 inhibited the formation of TLR2 and MyD88 complex induced by TLR2 agonist. (D) Murine

peritoneal macrophages were pre-treated for 1 h with medium (or SMU-Y6) and treated with Pam3CSK4 (300 ng/mL) for 15, 30, and 60 min in

3788 Junjie Yang et al.
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1 cells, whereas this formation decreased after the intervention of
SMU-Y6 (Fig. 4C, Supporting Information Fig. S4). TLR2/
MyD88 complex performs its pro-inflammatory function through
activating downstream NF-kB and MAPK signaling pathway19.
Our results show that SMU-Y6 reduces the recruitment of MyD88
to TLR2. Thus, our next focus was whether the activation of NF-
kB and MAPK signaling pathways were affected. As shown in
Fig. 4D, as a result of stimulation by Pam3CSK4, IKKa/b is
phosphorylated, which promotes the degradation of IKB-a and
increases the phosphorylation of p65. This cascade accounts for
the activation of the NF-kB signaling pathway. Significantly,
SMU-Y6 reverses the activation of the NF-kB signaling pathway
by reducing the phosphorylation of IKKa/b, preventing IKB-a
from being degraded, thus reducing the phosphorylation of p65
(Fig. 4D). With regards to the MAPK signaling pathway, phos-
phorylation of ERK1/2 and p38 are shown to be significantly
increased at 30 min after treatment with Pam3CSK4. We deter-
mined that 30 min post treatment, SMU-Y6 had suppressed the
activation of the ERK-MAPK signaling pathway. SMU-Y6 had
little effect on the p38-MAPK signaling pathway during this time,
however, we detected a decrease in phosphorylation of p38 at
60 min post SMU-Y6 treatment (Fig. 4D). Therefore, SMU-Y6
can inhibit the MAPK signaling pathway by blocking the phos-
phorylation of ERK and p38. In contrast, SMU-Y6 did not reverse
the LPS-induced up-regulation of TLR4 (Fig. 4E), which may
account for why SMU-Y6 failed to inhibit the TLR4-regulated
release of inflammatory cytokines, providing further evidence to
illustrate its selectivity between TLR2 and TLR4. We also carried
out RNA-seq bioinformatics analysis to investigate the potential
anti-inflammatory mechanism of SMU-Y6. After the treatment of
SMU-Y6, there are 392 genes that significantly up-regulated (fold
change >2 and P value < 0.05), while 577 genes are down-
regulated (fold change >2 and P value < 0.05) (Fig. 4F). We
analyzed the signaling pathway in which these genes were located
through GSEA enrichment and found that MAPK signaling
pathway was involved (Fig. 4F). These results are consistent with
our previous observations that SMU-Y6 blocked MAPK signaling
pathway, via interaction with p38 and ERK. Among those
signaling pathway, some genes with significant differences in
expression and associated with inflammation were list out, such as
NLRP12, TNFSF18, CXCL5 and TNFSF4 (Fig. 4G). Overall, we
determined that SMU-Y6 reduced the recruitment of TLR2 to
MyD88 and blocked the activation of the NF-kB and MAPK
signaling pathways through reducing the phosphorylation of
IKKa/b, p65, p38 and ERK1/2, as well as the degradation of
IKB-a.

2.6. SMU-Y6 targeted and competitive combined with TLR2

The interaction between the drug candidate and the target protein
is the basis of its pharmacological activity. Therefore, evaluation
of this ligand‒protein binding represents an important task in the
drug development process. Cellular thermal shift assay (CETSA),
which is based on the ligand-induced thermal stabilization of
target proteins after combination, was used to evaluate drug
the presence of medium or SMU-Y6. IB was performed using whole-cell ly

by LPS (100 ng/mL) in THP-1 cells. (F) Volcano plot exhibited genes di

THP-1 cells compared to SMU-Y6 treated cells and GSEA enrichment an

noting that MAPK signaling pathway was involved. (G) Heatmap showed

SMU-Y6 among GSEA enrichment signaling pathway. The gene expressi
binding to the target protein in cells and tissue samples36,37. We
used CETSA to investigate whether SMU-Y6 increased TLR2
protein thermal stabilization and confirm whether SMU-Y6
interacted directly with TLR2 protein. As shown in Fig. 5A, the
TLR2 protein was gradually degraded as the temperature
increased from 45 to 53 �C. However, the TLR2 protein exhibited
higher thermal stabilization after the addition of SMU-Y6, espe-
cially at 51 �C, which indicated that SMU-Y6 interacted with and
stabilized the TLR2 protein. On the contrary, SMU-Y6 failed to
induce the thermal stabilization of TLR4 (Supporting Information
Fig. S5A). In addition, we carried out an experiment, using surface
plasmon resonance (SPR), to investigate the binding affinity be-
tween SMU-Y6 and hTLR2 protein. As shown in Fig. 5B, SMU-
Y6 bound with recombinant hTLR2 protein with a KD value of
0.18 mmol/L. We also demonstrated that the interaction between
SMU-Y6 and TLR2 protein sets up a state of dynamic equilibrium
with the molecules quickly binding and dissociating. SMU-Y6
completely dissociates from TLR2 protein after 500 s, indicating
that SMU-Y6 does not covalently bind with TLR2 protein.
However, we did not detect a binding signal between SMU-Y6
and recombinant hTLR4 protein (Fig. 5B); whereas the TLR4-
specific inhibitor TAK-242, exhibited the ability to bind with re-
combinant hTLR4 protein (Fig. S5B). Moreover, we further
investigated the potential binding sites of SMU-Y6 to TLR2.
Pam3CSK4 is the natural ligand of TLR2 and its binding mode to
TLR2 has been reported38. The competitive binding experiment
between SMU-Y6 and Rhodamine-Pam3CSK4 demonstrated that
SMU-Y6 reduced the fluorescence intensity of Rhodamine-
Pam3CSK4 at 1 mmol/L (Supporting Information Fig. S6). Thus,
we hypothesized that the binding site of SMU-Y6 to TLR2 is
similar to Pam3CSK4. When SMU-Y6 binds with TLR2,
Pam3CSK4 fails to combine with TLR2 in the way that it is
supposed to be. In summary, we determined that SMU-Y6
competitively binds with the binding sites where Pam3CSK4

binds with TLR2 and had no influence on TLR4.

2.7. SMU-Y6 reverses the polarization of M1 phenotype in
macrophage and activation in dendritic cells

TLR2 was wildly distributed in APCs, given that APCs played
an important role in innate and adaptive immunity, however, the
over-activation of APCs could cause some inflammatory dis-
eases39. Research suggests that resting macrophages (M0s) can
polarize into a pro-inflammatory phenotype (M1) following
TLR2 activation, which resulted in autoimmune rheumatic
diseases40. We had revealed that SMU-Y6 blocked TLR2/
MyD88/NF-kB and MAPK signaling pathway to reduce the
production of cytokines in macrophages. Hence, we hypothesize
that reducing the M1 polarization of macrophage induced by
TLR2 may impair inflammation. Studies indicate that CD86, a
surface marker of macrophages, is up-regulated when macro-
phages are polarized to their M1 phenotype40. As shown in
Fig. 5C, after treatment of Pam3CSK4 and IFN-g, the expression
of CD86 is up-regulated significantly compared to the control.
The percentage of CD11bþ CD86þ macrophage cells decreased
sates. (E) SMU-Y6 did not inhibit the up-regulation of TLR4 induced

fferentially expressed (determined by RNA-seq analysis) in untreated

alysis shows variation in signaling pathway after SMU-Y6 treatment,

the expression of inflammation-associated genes on the treatment of

on data were assessed by RNA-seq array.



Figure 5 SMU-Y6 targeted TLR2 and flow cytometry analysis of peritoneal macrophage and BMDC. (A) CETSA experiment indicates SMU-

Y6 (20 mmol/L) reduces the degradation of TLR2 when heated to different temperatures. THP-1 cells were stimulated with PMA for 24 h, then

cultured in a fresh medium for another 24 h. Cells were collected, suspended in PBS, and incubated with 20 mmol/L SMU-Y6 or medium for

0.5 h. Cells were heated at indicated temperature for 3 min. The proteins were extracted for Western blot. (B) Surface plasmon resonance

experiment of SMU-Y6 binding to recombinant hTLR2 and hTLR4 protein. (C) Flow cytometry analysis of CD86þ and CD11bþ in mouse
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Figure 6 The anti-inflammatory effect of SMU-Y6 in mice. (A) Mouse paw edema volume at different time points. (B) Myeloperoxidase

activity in the inflamed foot pads at 4 h. Before mice paws received a subcutaneous injection of 1% carrageenan, mice were treated with saline,

5 mg/kg carrageenan, 10 mg/kg indomethacin. (C) Photograph of mouse paw edema at 4 h taken after treatment with either saline, carrageenan

plus saline, carrageenan plus SMU-Y6 (5 mg/kg), carrageenan plus indomethacin (10 mg/kg). (D) HE staining and (E) immunohistochemical

analysis of iNOs of mouse paws treated with either saline, carrageenan plus saline, carrageenan plus SMU-Y6 (5 mg/kg), carrageenan plus

indomethacin (10 mg/kg) at 4 h injection. (F) Flow cytometry analysis of neutrophiles with Ly6Gþ and CD11bþ in local mice paws.
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from 51% to 20.7% after treatment with 10 mmol/L SMU-Y6,
while the treatment had no effect on the polarization induced
by LPS and IFN-g (Fig. 5C). We were also interested in another
important APCs, dendritic cells. Similarly, when BMDCs trig-
gered by Pam3CSK4 are treated with 10 mmol/L SMU-Y6, the
percentage of CD80þ CD86þ cells more than halved from
primary peritoneal macrophage. Mouse primary Peritoneal macrophag

(100 ng/mL), IFN-g (40 ng/mL) plus Pam3CSK4 (100 ng/mL) and SMU-Y

LPS (100 ng/mL) and SMU-Y6 for 24 h. (D) Flow cytometry analysis of C

medium, Pam3CSK4 (300 ng/mL), Pam3CSK4 (300 ng/mL) plus SMU-Y

Figures presented are mean � SD, derived from three independent experi
16.6% to 8.1% (Fig. 5D). SMU-Y6 failed to reverse the LPS-
induced activation of BMDCs (Fig. 5D). In summary, these
results indicated that SMU-Y6 reverses the polarization of M1
phenotype macrophage and the activation of dendritic cell
induced by TLR2, but not TLR4, thus having potential appli-
cation in selective inflammation suppression.
e was treated with medium, IFN-g (40 ng/mL) plus Pam3CSK4

6, IFN-g (40 ng/mL) plus LPS (100 ng/mL), IFN-g (40 ng/mL) plus

D86 and CD80 in mouse primary BMDCs. BMDCs were treated with

6, LPS (300 ng/mL) and LPS (300 ng/mL) plus SMU-Y6 for 24 h.

ments.



Figure 7 The anti-inflammatory effect of SMU-Y6 in mice colitis induced by DSS. (A) Body weight of mice of each group. (B) Photograph of

mice colon on Day 8. (C) TNF-a and IL-6 were measured in serum and local colonic tissue after mice treated with vehicle, 5 mg/kg SMU-Y6,

25 mg/kg SMU-Y6 and 25 mg/kg dexamethasone. (D) HE staining results and immunohistochemical analysis of iNOs (E) and MPO (F) in colon

tissue. Results of mice were treated with vehicle, 5 mg/kg SMU-Y6, 25 mg/kg SMU-Y6 and 25 mg/kg dexamethasome. (G) Flow cytometry

analysis of neutrophile in local colon tissue.
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Table 1 Pharmacokinetic parameters of SMU-Y6 in rat

plasma following intraperitoneal injection (n Z 5) and oral

administration (n Z 5).

Parameters Units Intraperitoneal

injection

Oral

administration

Tmax h 0.25 � 0.01 3.00 � 1.00

Cmax mg/L 208.00 � 31.11 52.33 � 5.83

t1/2 h 9.16 � 1.11 11.54 � 2.70

AUC0‒t mg/L$h 1787.22 � 409.66 619.21 � 84.17

AUC0‒N mg/L$h 2159.02 � 600 844.08 � 184.14

F % e 37 � 10
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2.8. Evaluation of the in vivo anti-inflammatory activity of
SMU-Y6

Given that our in vitro experiments demonstrated that SMU-Y6
exhibits excellent anti-inflammatory potential, through binding
with TLR2, blocking its downstream signaling pathway, thus
reducing the production of inflammatory cytokines, we looked to
investigate if the same were true in vivo. The anti-inflammatory
effect of SMU-Y6 in acute inflammation was investigated with
the carrageenan-induced paw edema model41. As shown in
Fig. 6A, after the mice received a subcutaneous injection in their
paws of 1% carrageenan, the resulting edema lasted for 24 h,
peaking at 4 h. When the mice were intraperitoneally injected with
SMU-Y6 or indomethacin (used as an anti-inflammatory agent in
the clinic) prior to the injection with carrageenan, the paw
swelling (measured by volume) was significantly reduced at 4 h
(Fig. 6A). In addition, SMU-Y6 not only impaired the severity of
paw edema at 4 h, but the mice receiving this treatment also
experienced a better overall prognosis (Fig. 6A). We measured the
activity of myeloperoxidase in paw tissue to indicate the devel-
opment of inflammation42. As shown in Fig. 6B, the activity of
local myeloperoxidase (MPO) was significantly up-regulated after
carrageenan treatment, compared with the control. However, this
inflammation could be reversed with SMU-Y6 or indomethacin
treatment. Histopathologic sections indicated that the mouse
group injected with carrageenan presented higher aggregation of
immune cells (black arrow), compared to the group injected with
saline; however, treatment with SMU-Y6 or indomethacin could
effectively reduce this aggregation (Fig. 6D). In addition, we
detected M1 phenotype macrophage through immunohistochem-
ical staining to iNOs. As shown in Fig. 6E, we concluded that
iNOs was identified at local tissue significantly when treated with
carrageenan, suggesting that those M0 macrophage was recruited
and polarized into M1 phenotype. On the contrary, iNOs was not
detected significantly in local tissue after SMU-Y6 intervention.
The rapid infiltration of neutrophiles and secretion of MPO
contributed to the formation of inflammation. We have identified
SMU-Y6 reduced the production of MPO, so we wondered
whether SMU-Y6 reduced the infiltration of neutrophile in mice
paw to impair inflammation. We identified neutrophiles through
anti-CD11b/Ly6G antibodies as reported43. As shown in Fig. 6F,
we found that the infiltration of neutrophile was signficantly
increased in local tissue after carrageenan treatment, while SMU-
Y6 could reverse it. We also detected the expression of TLR2
protein in mouse paw, which was significantly up-regulated in the
carrageenan group, compared with the control group. Once again,
the presence of SMU-Y6 effectively reversed this over-expression
of TLR2 observed in the paw tissue (Supporting Information
Fig. S7A and S7B).

There are a large number of Gram-positive bacteria and their
secretion of lipid polypeptide in the gut. Moreover, the incidence
of enteritis gradually increases with the acceleration of the pace of
life and irregular diet. It had been reported that TLR signaling
pathway regulated inflammation in colitis44,45, so we further
investigated the anti-inflammation effect of SMU-Y6 in dextran
sulfate sodium-induced colitis. As shown in Fig. 7A, the weight of
mice declined gradually since day 5 with oral administration of
3.5% dextran sulfate sodium (DSS), which indicated that the mice
colitis model had been established. Oral administration of SMU-
Y6 or dexamethasone reduced weight loss on Day 8, suggesting
that SMU-Y6 may perform anti-inflammatory effects in colitis. On
Day 8, the mice were sacrificed and the colon were collected. We
noticed that the colon from the DSS model displayed shorted
length and dark red than the control (Fig. 7B). Contrastly, the
intervention of SMU-Y6 or dexamethasone could reverse it. In-
flammatory cytokines were secreted in local colonic tissue to
promote inflammation during colitis, so we measured the repre-
sentative inflammatory factors TNF-a and IL-6 in local colonic
tissue to evaluate the progress of colitis. Both TNF-a and IL-6
were increased in DSS model group, while SMU-Y6 reduced
the production of TNF-a and IL-6 (Fig. 7C). As shown in Fig. 7D,
histopathological analysis indicated that the mice with DSS
treatment exhibited incompleted supermucous (red arrow) and
submucous (black arrow), lysis of muscular cells (between
supermucous and submucous) and irregular colonic recesses. On
the contrary, SMU-Y6 reduced the injury of the mucous layer,
lysis of muscular cells and maintained the function of colonic
recesses in a dose-dependent way. We were also interested in
whether M1 phenotype macrophage played a role in the formation
of colitis, so we detected them through immunohistochemical
analysis of iNOs. We could conclude that when treated with DSS,
most iNOs (red arrow) were expressed in the mucosa layer
(Fig. 7E), but the intervention of SMU-Y6 could reverse it in a
dose-dependent manner. The over-production of NO increases the
permeability of local tissue, which may lead to loss of interstitial
fluid and give rise to severe diarrhea. In addition, the increasing
permeability of local tissue was beneficial to the infiltration of
immune cells, which produced TNF-a and IL-6 to arise inflam-
mation and damage muscular cells. Meanwhile, we detected the
expression of MPO in local tissue. Results revealed that the
expression of MPO was significantly up-regulated in DSS treated
group, which suggested the infiltration of neutrophiles in the in-
flammatory tissue (Fig. 7F). Notably, SMU-Y6 could reduce the
production of MPO in a dose-dependent way. In addition, we
analyzed the neutrophils in colon tissue by flow cytometry. Results
showed that SMU-Y6 significantly reduced neutrophil infiltration
(Fig. 7G), which is consistent with the situation observed in MPO.
Thus, it could be seen that our TLR2 inhibitor has potential anti-
inflammatory effects both in acute paw edema and colitis model.
TLR2 was initially designed as a membrane receptor to recognize
Gram-positive bacteria to avoid infection, so we were also inter-
ested in whether SMU-Y6 performed protection effect in infec-
tious disease like sepsis. We constructed the sepsis model through
cecum ligation and puncture. Surprisingly, SMU-Y6 seemed to
perform protection effect on sepsis, as we found that SMU-Y6
significantly reduced the production of TNF-a and IL-6 (Sup-
porting Information Fig. S8). In short, our results showed that
SMU-Y6 could be a potential anti-inflammatory agent in acute
inflammation treatment through reducing the infiltration of



Figure 8 Cell-based screening and structural modification of Taspine yields SMU-Y6. (A) SMU-Y6 exhibited less cytotoxicity, higher sol-

ubility and better activity in blocking TLR2 in preference to TLR4. It exerts its anti-inflammatory effect through the TLR2/MyD88/NF-kB and

MAPK signaling pathway. (B) SMU-Y6 blocked TLR2/MyD88/NF-kB and MAPK signaling pathways to reduce the production of inflammatory

cytokines and play an anti-inflammatory role.

3794 Junjie Yang et al.
neutrophils, production of MPO, polarization of macrophage and
secretion of inflammatory cytokines.

2.9. Pharmacokinetics studies and safety evaluation in vivo

To further validate the potential of SMU-Y6 as a therapeutic
agent, we also investigated its metabolism in vivo. Pharmacoki-
netics studies indicated that SMU-Y6 persisted in rat plasma, with
t1/2 of almost 9 h. This may account for the sustained anti-
inflammatory effect of SMU-Y6 in mouse paw edema model.
The drug concentration in the plasma peaked at 3 h post-oral
administration, but was still detectable at 24 h, indicating it was
unnecessary to maintain blood concentration by frequent dosing.
The plasma concentrationetime curve with different administra-
tion procedures is shown in Supporting Information Fig. S9. In
addition, SMU-Y6 exhibits a high bioavailability (Fw37%),
which mitigated having to administer high doses of SMU-Y6 to
achieve the required blood concentration (Table 1). In order to
evaluate the safety of SMU-Y6 in vivo, KM mice were given 10
times the therapeutic dose of SMU-Y6 (250 mg/kg) in oral
administration every other day. The body weight of mice were
recorded every day. Compared with the control group, frequent
oral administration of SMU-Y6 with large doses did not seem to
exhibit immediate toxicity for no mouse sacrificed on Day 7
(Supporting Information Fig. S10A). We performed a pathological
analysis of the local tissue of mice. Results showed that there was
no obvious organic damage to the local tissue in mice which was
treated with SMU-Y6, including heart, liver, spleen, lung and
kidney (Fig. S10B). In summary, SMU-Y6 has a long half-life,
high bioavailability and hypotoxicity in vivo, making it an
excellent long-term anti-inflammatory drug candidate.

3. Conclusions

TLR2 is an important immunoregulatory protein in blocking in-
fections, removing cancerous cells and maintaining the homeo-
stasis of the internal environment. However, the over-activation of
TLR2 is closely related to the progression of inflammation-related
diseases, including arthritis, Alzheimer’s, and sepsis14e16. Hence,
the discovery of new TLR2 inhibitor is particularly interesting, as
currently, there is no marketed drug that acts as an TLR2 inhibitor,
and existing TLR2 inhibitors have shortcomings, such as easy
oxidation and hydrolysis, which limit their feasibility as drugs.
Natural products as a reservoir of feasible drugs have been
demonstrated by numerous marketed drugs. In our works, after
screening of 2100 natural compounds, one compound in partic-
ular, Taspine, stood out as an excellent drug candidate, as it
inhibited TLR2 in HEK-Blue hTLR2 cells. However, it too had
limitations, including poor solubility and unacceptable levels of
toxicity. Thus, we looked at ways to overcome these problems and
enhance Taspine’s anti-inflammatory properties. We looked to
optimize the 10 steps of chemical synthesis of Taspine, then
carried out structureeactivity relationship studies. The results of
these analyses yielded a novel compound (SMU-Y6), which has
an IC50 value of 0.11 � 0.04 mmol/L; exhibited selective inhibi-
tion TLR2 as opposed to other TLRs, including TLR3, TLR4,
TLR7 and TLR9; improved anti-inflammatory activity by 10-fold,
and water solubility by a factor of 20, as well as exhibiting
reduced toxicity. SAR studies revealed that it is Taspine’s lactone
ring and aliphatic side chain (terminating with a basic amino
group) that are essential for its activity. As for the anti-
inflammation mechanism, we identified a potential mechanism
in vitro as follow. On the one hand, SMU-Y6 reduced the
recruitment of MyD88 to TLR2, and impaired the phosphorylation
of IKKa/b, p65, p38, ERK1/2 as well as the degradation of IKBa
(Fig. 8A). As a result, TLR2 and its downstream NF-kB/MAPK
signaling pathway were blocked and the release of inflammatory
cytokines (such as TNF-a, IL-1b, IL-6) were reduced in both
human and murine cell lines. On the other hand, SMU-Y6 reduces
the polarization of macrophage into M1 phenotype and activation
of dendritic cells, suggesting that SMU-Y6 inhibits the progress of
inflammation, induced by APCs, in the innate and adaptive im-
mune system. Potentially, SMU-Y6 might have advantages in the
treatment of TLR2-related autoimmune diseases. In addition,
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CETSA and SPR assays suggested that SMU-Y6 targets TLR2
rather than TLR4 with a Kd value of 0.18 mmol/L. Competitive
experiment showed that SMU-Y6 competitively binds with the
binding sites where Pam3CSK4 binds with TLR2. In mice paw
edema model, we found that SMU-Y6 reduced the local infiltra-
tion of neutrophiles, production of MPO and inhibited the polar-
ization of M1 macrophages. In vivo colitis model, SMU-Y6
reduced the release of local cytokines, reversed the polarization
of the M1 phenotype of macrophages and reduced the infiltration
of neutrophiles, thereby alleviating colon damage. In summary, we
first highlight the aporphine alkaloid TLR2 inhibitor (SMU-Y6)
that was optimized from Taspine, by retaining the latter’s lactone
ring, but modifying its side chain amine, with better anti-TLR2
activity, superior water solubility and less toxicity. We reveal
SMU-Y6’s anti-inflammatory effect through blockage of TLR2/
MyD88/NF-kB and MAPK signaling pathway to reduce the
release of cytokines, the infiltration of neutrophiles and the po-
larization of macrophages in vitro and in vivo (Fig. 8B). As a
result, we have identified a much-needed potential drug candidate
for inflammatory and autoimmune disease therapy as well as lay a
foundation for the anti-inflammatory research of TLR2 inhibitors.

4. Experimental

4.1. Biology

4.1.1. QUANTI-blue SEAP assay
HEK-blue hTLR2 cells were cultured in 96-well plates
(4 � 104 cells per well) (Thermo Scientific) at 37 �C with the
condition of 5% CO2 for 24 h in 200 mL DMEM, supplemented
with 10% FBS and 1% penicillin/streptomycin. After 24 h, no
adherent cells and medium were removed and replaced with
supplemented fresh DMEM medium. The cells were treated with
different concentrations of compounds and agonist (100 ng/mL
Pam3CSK4, InvivoGen) in 200 mL DMEM total. Cells were
cultured for another 24 h. The supernatant (50 mL) was collected
and transferred to another 96-well plate. QUANTI-Blue (50 mL,
InvivoGen) buffer was added to each well and the 96-well plate
was shaken in the dark. The measure was conducted by a plate
reader at an absorbance of 620 nm (OD620) at 15e30 min.

4.1.2. Cell toxicity assays
HEK-hTLR2 cells (3 � 104 cells per well) were seeded in a 96-
well plate with 100 mL DMEM medium (with 10% FBS and
1% pen/strep) and incubated at 37 �C overnight. After that,
different concentrations of SMU-Y6 were added to 200 mL total
and incubated at 37 �C for another 24 h. Cell counting kit-8
(CCK-8) (Beyotime, C0038) was added into each well of above
96-well plate for 20 mL and incubated at 37 �C for 1e4 h until it
turned into orange. The absorbance was measured at an absor-
bance of 450 nm through a plate reader.

4.1.3. Cytokines ELISA assays
Murine peritoneal macrophage, BMDCs or human PBMC cells
were seeded in 12-well plates at a density of 0.5 � 106 cells per
well with 1 mL of RMPI 1640 medium supplemented with 10%
FBS, and 1% penicillin/streptomycin. The cells were treated with
different concentrations of SMU-Y6 and Pam3CSK4 (100 ng/mL,
Invivogen) or LPS (100 ng/mL, Invivogen) as positive control and
incubated for 24 h at 37 �C in a 5% CO2 humidified incubator. The
cell culture supernatants were collected and frozen at �80 �C until
measurement. THP-1 cells at a density of 2.5 � 105 cells/mL were
differentiated by treatment with 100 nmol/L PMA (Sigma) in
RPMI 1640 cell culture medium, containing 10% FBS, 1%
penicillin and streptomycin for 24 h at 37 �C in a 5% CO2 hu-
midified incubator. After that, cells were washed with PBS and
cultured in fresh RPMI 1640 cell culture medium (containing 10%
FBS, 1% pen/strep) for another 24 h. The cell culture supernatant
was replaced with new fresh culture medium and treated with
100 ng/mL Pam3CSK4 or 100 ng/mL LPS and different concen-
trations of compound for 24 h. The cell culture supernatants were
collected and frozen at �80 �C until measurement. The level of
cytokines was determined using recombinant human-cytokine
standards, cytokine-specific capture antibodies and detection an-
tibodies according to the commercially available ELISA kit (BD
Biosciences) with each sample for triplicate.

4.1.4. Immunoblot analysis
HEK-Blue hTLR2 cells were seeded in 6-well plate (Thermo
Scientific, 145380) at density of 1.5 � 106 per well in 3 mL
DMEM (supplemented with 10% FBS, 10 � penicillin/strepto-
mycin, and 10 � glutamine) and incubated for 24 h. The super-
natant was removed and replaced with fresh DMEM medium to
3 mL totally and treated with different concentrations of
Pam3CSK4 (InvivoGen, 112208-00-1), SMU-Z1 and SMU-Y6 for
24 h. The cells were harvested and lysed with 150 mL cell lysis
buffers (RIPA mixed with protease inhibitor and protein phos-
phatase inhibitor, Booster). Cell lysates of equal amounts were
denatured, separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred to nitrocellulose
membrane (Millipore). Then use skim milk (BD, 6342932) to
block the membrane for 2 h, and then incubated with the TLR2
(cell signaling technology, 12276s), GAPDH (Boster, BM1623)
antibody overnight at 4 �C, followed with incubating by a
horseradish peroxidase conjugated secondary antibody. The im-
munoblots were visualized by enhanced exposure machine. Peri-
toneal macrophages were seeded in 6-well plate (Thermo
Scientific, 145380) at density of 1.5 � 106 per well in 3 mL RPMI
1640 (supplemented with 10% FBS, 10 � penicillin/streptomycin,
and 10 � glutamine) and incubated for 24 h. The supernatant was
removed and replaced with fresh RPMI 1640 medium to 3 mL
totally and treated with different concentrations of Pam3CSK4

(InvivoGen, 112208-00-1), SMU-Y6 for 15 min, 30 min. The cells
were harvested and lysed with 100 mL cell lysis buffers (RIPA
mixed with protease inhibitor and protein phosphatase inhibitor,
Booster). Cell lysates of equal amount were denatured, separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to nitrocellulose membrane (Milli-
pore). Then use skim milk (BD, 6342932) to block the membrane
for 2 h, and then incubated with the p-p65 (Cell Signaling Tech-
nology, 3033s), p-p38 (Cell Signaling Technology, 4511s), IKBa
(Cell Signaling Technology, 44D4), p-IKKa/b (Cell Signaling
Technology, 16A6), p-ERK (Cell Signaling Technology, 4370s),
GAPDH (Boster, BM1623) antibody overnight at 4 �C, followed
with incubating by a horseradish peroxidase conjugated secondary
antibody. The immunoblots were visualized by an enhanced
exposure machine.

4.1.5. Co-immunoprecipitation assay
THP-1 cells were seeded in 6-well plate (Thermo Scientific) at a
density of 3 � 106 per well in 3 mL RPMI 1640 (supplemented
with 10% FBS, 10 � penicillin/streptomycin) and treated with
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100 nmol/L PMA (Sigma) for 24 h. The supernatant was removed
and cells were washed with PBS twice, then fresh 3 mL RPMI
1640 (supplemented with 10% FBS, 1% penicillin/streptomycin)
was added in. The cells were incubated for another 24 h. The
supernatant was removed and cells were pre-treated with indicated
SMU-Y6 for 0.5 h. Then SMU-Z1, as a TLR2 agent, was added
in. An hour later, the cells were harvested and lysed with 100 mL
cell lysis buffers (RIPA mixed with protease inhibitor and protein
phosphatase inhibitor, Booster). The cell lysates were centrifuged
at 13,000�g for 10 min, and the supernatant was collected. 1 mL
TLR2 anti-body (cell signaling technology, 12276s) was added in
80 mL cell lysates and shaken overnight. After that, 30 mL protein
A þ G beads (EarthOx, PA001-01) were added in and shaken for
6 h. Later, the beads were collected through centrifuging at 300�g
for 5 min and washed twice with cell lysis. Loading Buffer
(Solarbio, PC0020) was added in and the samples were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to nitrocellulose membrane. Than
5% skim milk (BD, 6342932) was used to block the membrane for
1 h at room temperature. Then incubated with the primary anti-
body of TLR2 (Cell Signaling Technology, 12276s) and MyD88
(Proteintech, 23230-1-AP) overnight at 4 �C, followed with
incubating by a horseradish peroxidase conjugated secondary
antibody [diluted by 5% skim milk solution, goat anti-rabbit
(Booster, BA1056). The immunoblots were visualized by an
enhanced exposure machine.

4.1.6. Cellular thermal shift assay
THP-1 cells at a density of 1.5 � 106 cells per well were differ-
entiated by treatment with 100 nmol/L PMA (Sigma) in RPMI
1640 cell culture medium, containing 10% FBS, 1% penicillin and
streptomycin for 24 h at 37 �C in 6 well-plate. Cells were
collected, washed with PBS in three times and suspended in PBS
with protease inhibitor. The cells were divided into two aliquots
with one aliquot being treated with indicated SMU-Y6 and the
other aliquot with equivalent solvent. After 30 min incubation at
room temperature, the respective cell suspensions were divided
into smaller (40 mL) aliquots and heated individually at different
temperatures for 3 min followed by cooling for 3 min at room
temperature. Then, half volume of cell lysis buffer (20 mL) was
added in. The whole cell suspensions were vortexed, frozen and
thawed at �80 �C for three times. The suspensions were centri-
fuged at 16,000�g for 30 min at 4 �C. The supernatants were
transferred to new microtubes and analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed
by Western blot analysis.

4.1.7. Surface plasmon resonance assay
(1) h-TLR2 and h-TLR4 protein coating: Human TLR2 protein
was expressed in insect H5 cells as described earlier11. The TLR2
protein was diluted with PBS to a concentration of 1 mg/mL and
the TLR4 protein (10146-H08B, SinoBiological) was diluted
with PBS to a concentration of 0.1 mg/mL. The 3D dextran chip
was washed in PBS three times and dried with N2. The solution
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(Macklin, N915145, 0.765 g dissolved in H2O for 10 mL) and N-
hydroxy succinimide (Macklin, H6231, 0.115 g, dissolved in H2O
to 10 mL) were mixed and the 3D dextran chip was immersed in
the mixture for 15e20 min and then washed with PBS for three
times before drying with N2. The TLR2 protein solution (1 mL)
was dropped to the surface of the 3D dextran chip with a pipette,
more gently. Then the chip was incubated at 4 �C overnight with
more than 60% of humidity. On Day 2, the chip was washed three
times with PBS and blocked by 1 mol/L ethanolamine aqueous
solution (pH Z 8.4). The chip was stored at 4 �C until used. (2)
Preparation of loading buffer: 8.0 g NaCl, 0.2 g KCl, 1.44 g
Na2HPO4 and 0.24 g KH2PO4 were dissolved into 800 mL
distilled water, and con. hydrochloric acid was used for pH
adjustment (pHZ 7.4). Then, the solution was constant to 1 L. (3)
Preparation of recycling buffer: Glycine (Macklin, G800883,
1.965 g) was dissolved in 480 mL of deionized water in a volu-
metric flask. Con. hydrochloric acid was used to adjust the pH to
2.0. Finally, the volume of solution was made up to 500 mL. (4)
Sample testing: SMU-Y6 was dissolved in the loading buffer at a
final concentration of 100, 50, 25, 12.5, 6.26 and 0 mmol/L. All the
samples were tested by PlexArray HT A100 (plexera) and data
were analyzed using BIA evaluation Software.

4.1.8. Nitric oxide (NO) assay
Nitrite, the end product of NO metabolism, was measured using
the Griess reagent. Briefly, murine primary peritoneal macro-
phages cells were seeded in a 12 well plastic plate at a density of
1 � 106 per well, pretreated with IFN-g (40 ng/mL, peprotech)
and Pam3CSK4 (100 ng/mL) and then stimulated with for 48 h. To
measure the nitrite concentration, the culture supernatant (50 mL)
was mixed with an equal volume of Griess reagent for 10 min. The
nitrite concentration in each culture supernatant was measured at
570 nm with reference to the standard curve using sodium nitrite.

4.1.9. Preparation of peritoneal macrophage
Peritoneal macrophages were obtained by peritoneal lavage from
6 to 8 weeks C57BL/6 mice (purchased from the Laboratory
Animal Center of Southern Medical University) 4 day after ip
injection of 3 mL 4% sterile thioglycolate. Cells were washed with
PBS three times and cultured in RPMI 1640 [supplemented with
10% FBS, penicillin (100 U/mL), and streptomycin (100 mg/
mL)]. The cells were used in subsequent experiments.

4.1.10. Preparation of bone marrow-derived dendritic cells
(BMDC)
Total cells were harvested by flushing cells from femurs and tibiae
of C57BL/6 mice and cultured with RPMI 1640 [supplemented
with 10% FBS, penicillin (100 U/mL), and streptomycin (100 mg/
mL)] for 2 h in petri dish. The supernatant was transferred to new
petri dish to remove adherent cells and murine IL-4 (10 ng/mL,
peprotech), murine GM-CSF (40 ng/mL, peprotech) were added
in. On day three, the cells were dissociated slightly to discard the
strongly adherent cells. The suspended cells were transferred to a
new petri dish, then murine IL-4 (10 ng/mL, peprotech), and
murine GM-CSF (40 ng/mL, peprotech) were added in. On day
seven, BMDC were collected for subsequent experiments.

4.1.11. Peritoneal macrophage phenotype assay
Murine Peritoneal Macrophage cells were seeded in 12-well plate
(Thermo Scientific) at density of 1 � 106 per well in 1 mL RPMI
1640 [supplemented with 10% FBS, penicillin (100 U/mL), and
streptomycin (100 mg/mL)] and incubated overnight. Peritoneal
macrophage was treated with medium, Pam3CSK4 (InvivoGen,
100 ng/mL) plus murine IFN-g (40 ng/mL, Peprotech), LPS
(InvivoGen, 100 ng/mL) plus murine IFN-g (40 ng/mL,
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Peprotech) and indicated SMU-Y6 for 24 h. Cells were collected
into centrifuge tube after trypsinization and carefully aspirated the
supernatant after centrifugation at 300�g for 5 min. The cells
were washed twice with PBS and stained with a mixture of anti-
bodies for 30 min, including anti-mouse CD86-PE-Cy7 (BD
Biosciences), anti-mouse CD11b-FITC (BD Biosciences). After
incubation, the cells were centrifuged at 300�g for 5 min and
washed twice with PBS. Stained cells were analyzed by flow
cytometer (FACScanto II, BD) and the flow cytometry data were
analyzed using FlowJo software.

4.1.12. BMDCs activation assay
BMDCs were seeded in 12-well plate (Thermo Scientific) at
density of 5 � 105 per well in 1 mL RPMI 1640 [supplemented
with 10% FBS, penicillin (100 U/mL), and streptomycin (100 mg/
mL)] and incubated overnight. BMDCs were treated with
Pam3CSK4 (InviviGen, 300 ng/mL), LPS (InviviGen, 100 ng/mL)
and indicated SMU-Y6 for 24 h. Cells were collected into
centrifuge tube after trypsinization and carefully aspirated the
supernatant after centrifugation at 300�g for 5 min. The cells
were washed twice with PBS and stained with a mixture of anti-
bodies for 30 min, including anti-mouse CD86-PE-Cy7 (BD
Biosciences), anti-mouse CD80-PerCP-Cy5.5 (BD Biosciences)
and CD11c-APC-Cy7 (BD Biosciences). After incubation, the
cells were centrifuged at 300�g for 5 min and washed twice with
PBS. Stained cells were analyzed by flow cytometer (FACScanto
II, BD) and the flow cytometry data were analyzed using FlowJo
software.

4.1.13. Paw edema experiment
All animal studies were conducted according to institutional ani-
mal care and use regulations approved by the Animal Research
Center of Southern Medical University (Permit number SCKK
2016-0041). The anti-inflammatory activity was investigated using
the carrageenan-induced paw edema model. The male C57Bl/6
mice were purchased from the Laboratory Animal Center of
Southern Medical University at 6e8 weeks old and were
randomly divided into four groups of six animals each. Prior to the
injection of carrageenan, the mice’s pedal volume up to the ankle
joint was recorded using plethysmometer (Taimeng PV-200 7500,
Chengdu, China). Before subcutaneous injection of carrageenan,
mice were treated with saline, indomethacin (10 mg/kg, ip) or
SMU-Y6 (5 mg/kg, ip) for 1 h. Later, 50 mL of 1% carrageenan
suspended in saline or saline was injected into the plantar side of
right hind paw. The paw volume was measured at 1, 4, 8 and 24 h
after injection using a plethysmometer. The right hind paws of
mice were surgically dissected at 4 h post-injection for the his-
tological analysis and myeloperoxidase activity assay.

4.1.14. Histological analysis
Tissue slices were fixed in 10% formalin for 3 days, decalcified
overnight and embedded in paraffin and sectioned into 4 mm tissue
sections. Tissue sections were stained with hematoxylin and eosin
before being examined under a BX60 microscope (Olympus,
Melville, NY, USA) for pathological changes.

4.1.15. Tissue immunoblot analysis
The male C57Bl/6 mice were purchased from the Laboratory
Animal Center of Southern Medical University at 6e8 weeks old
and were randomly divided into three groups. Before subcutane-
ous injection of carrageenan, mice were treated with saline or
SMU-Y6 (5 mg/kg, ip) for 1 h. Later, 50 mL of 1% carrageenan
suspended in saline or saline was injected into the plantar side of
right hind paw. Four hours later, the right hind paws of mice were
surgically dissected. The skin surface of each paw was removed
with surgical scissors and local tissue was isolated. Then the tissue
was lysed with RIPA lysis buffers (containing protease inhibitor)
under ultrasonic treatment for 0.5 h. The samples were centrifuged
at 12,000�g for 10 min at 4 �C. The supernatants were collected.
The subsequent treatment was followed by immunoblot analysis.
4.1.16. Myeloperoxidase activity assay
Tissue myeloperoxidase activity assay was performed as an index
of granulocyte recruitment, as previously described by Kotsyfakis.
Briefly, the injected paws obtained from the above experiments
were weighed and homogenized in 2 mL of 0.5% hexadecyl-
trimethylammonium bromide phosphate buffered solution (pH
6.0). The homogenate was then centrifuged at 12,000 rpm for
5 min. Three aliquots of each supernatant were then transferred
into 96-well plates before the addition of a solution containing
3,30-dimethoxybenzidine and 1% hydrogen peroxide. In parallel,
dilutions of pure myeloperoxidase (SigmaeAldrich, St. Louis,
MO, USA) were used for the construction of a standard curve (OD
as a function of units of enzyme activity). OD readings at 450 nm
were taken at 1 min (time point corresponding to the linear portion
of the enzymatic reaction) using a microplate reader (TECAN
Company, Männedorf).
4.1.17. RNA-seq analysis
THP-1 cells at a density of 1.5 � 106 cells per well were differ-
entiated by treatment with 100 nmol/L PMA (Sigma) in RPMI
1640 cell culture medium, containing 10% FBS, 1% penicillin and
streptomycin for 24 h at 37 �C in 6 well-plate. The cells were
washed with PBS three times and were cultured in new fresh
RPMI 1640 cell culture medium for 24 h. Total RNA were
collected through Trizol method (LS1040, Gibco), then analyzed
RNA integrity assessment by Bioanalyzer2100 (Agilent) and
samples with RIN value � 7 were used. Poly (A) RNA is purified
by using Dynabeads Oligo (dT) (2561005, ThermoFisher) and
broken into pieces by Magnesium RNA Fragmentation Module
(e6150, NEB) under 94 �C for 5e7 min. Then cDNAwas obtained
through the reverse transcription of cleaved RNA by Super-
Script™II Reverse Transcriptase (1896649, Invitrogen) and indi-
cated to synthesize U-labeled second-stranded DNAs by E. coli
DNA polymerase I (m0209, NEB), RNaseH (m0297, NEB) and
dUTP Solution (R0133, ThermoFisher). A-base is then ligated to
the blunt ends of each strand for index adapters ligation containing
a T-base overhang, and AMPureXP beads performed size selec-
tion. Under the treatment of heat-labile UDG enzyme (NEB, cat.
m0280, USA), the ligated samples are amplified through PCR by
the following steps: the denaturation of samples at 95 �C for
3 min; denaturation at 98 �C for 15 s for 8 cycles, annealing at
60 �C for 15 s, and extension at 72 �C for 30 s; and the last
extension at 72 �C for 5 min. For the cDNA library in RNA-Seq,
the average insert size was 300 � 50 bp. We finally displayed the
paired-end sequencing (PE150) on an Illumina Novaseq™ 6000
(LC-BioTechnology Co., Ltd., Hangzhou, China) following the
recommended protocol. FPKM were calculated by StringTie and
ballgown, and were applied to evaluate the expression of all
mRNA transcripts. The significant expression of mRNAs was
identified with fold change>2 or fold change<0.5 and P
value < 0.05 by R package edgeR or DESeq2, and were used for
KEGG enrichment analysis.
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4.1.18. Establishment of mice colontis
The male C57Bl/6 mice were purchased from the Laboratory
Animal Center of Southern Medical University at 6e8 weeks old
and were randomly divided into five groups (control group; DSS
induced-colitis group treated with vehicle; DSS induced-colitis
group treated with 5 mg/kg SMU-Y6; DSS induced-colitis group
treated with 25 mg/kg SMU-Y6; DSS induced-colitis group
treated with 25 mg/kg dexamethasome). All mice were given 3.5%
DSS dissolved in daily drinking water for 5 days except for the
control group. After the fifth day, 3.5% DSS solution was removed
and all mice were given normal water. From Day 2, 5 mg/kg
SMU-Y6, 25 mg/kg SMU-Y6, and 25 mg/kg dexamethasome
were given through oral administration. The body weight of each
mice were collected for each day. On Day 8, all mice were
sacrificed and blood samples as well as colonic tissue were
collected.

4.1.19. Seurm elisa assay
All blood samples from mice were placed in room temperature for
1 h. The samples were centrifuged for 15 min at 12,000�g. After
that, the serum was collected and IL-6 was tested by using re-
combinant mouse-cytokine standards, cytokine-specific capture
antibodies and detection antibodies according to the commercially
available ELISA kit (BD Biosciences).

4.1.20. Colonic tissue elisa assay
All colonic tissue samples from mice were collected and extracted
with 200 mL cell lysis buffers (RIPA mixed with protease inhibitor
and protein phosphatase inhibitor, Booster) under an ultrasonic
cell disruptor at 4 �C. The samples were centrifuged for 30 min at
12,000�g. The supernatant was collected and the protein quan-
tification using BCA method. The lysis with the same concen-
tration of protein were tested IL-6 as well as TNF-a by using
recombinant mouse-cytokine standards, cytokine-specific capture
antibodies and detection antibodies according to the commercially
available ELISA kit (BD Biosciences).

4.1.21. Toxicity studies in vivo assay
The male and female KM mice were purchased from the Labo-
ratory Animal Center of Southern Medical University at 6e8
weeks old and were randomly divided into two groups (the control
group and SMU-Y6 group). Each group contained 10 KM mice
(half male). The mice in SMU-Y6 group were given 250 mg/kg
SMU-Y6 through oral administration, while those in the control
group were given the same volume of solvent on Day 1, 3 and 5.
The body weight of each mouse was recorded every day and mice
were given ample food and water. On Day 7, all mice were
sacrificed and local tissue were collected for HE pathological
analysis.

4.1.22. Competitive combination assay
HEK-hTLR2 cells (3 � 104 cells per well) were seeded in 96-well
plate (Cellvis, P96-1-N) with 100 mL DMEM medium (with 10%
FBS and 1% pen/strep) and incubated at 37 �C overnight. The
supernatant was removed and 50 mL fresh DMEM medium which
contained 800 ng/mL Rhodamine-Pam3CSK4 (InvivoGen, tlr-
rpms) and 1 mmol/L SMU-Y6 was added in for 4 h incubation.
The supernatant was removed and the cells were washed with PBS
for three times. DAPI (Beyotime, C1005) was added in and
incubated for 5 min. Later, The DAPI was removed and the cells
were washed with PBS for three times. The cells were observed
under confocal microscopy (Carl Zeiss, LSM 880 with Airyscan).
4.1.23. Flow cytometry analysis of neutrophile
The epidermis of mice paw was removed and tissue was collected
through the scalpel. Mice colon was collected and the contents
were removed. Part of colon was separated and washed with PBS
three times. The mice paw tissue or colon tissue were placed in a
centrifuge tube, RPMI 1640 medium (containing collagenase V,
2 mg/mL) was added in. The tissue was cut into pieces through
surgical scissors and was digested at 37 �C for 2 h. The cell
suspension was filtered through a 40 mm filter membrane. The
cells were collected after centrifugation at 300�g for 5 min. The
cells were washed twice with PBS and stained with a mixture of
antibodies for 30 min, including anti-mouse Ly6G-APC (Elabs-
cience, E-AB-F1108E), anti-mouse CD11b-FITC (BD Bio-
sciences). After incubation, the cells were centrifuged at 300�g
for 5 min and washed twice with PBS. Stained cells were analyzed
by flow cytometer (FACScanto II, BD) and the flow cytometry
data were analyzed using FlowJo software.

4.1.24. Cecum ligation and puncture model
The male C57Bl/6 mice were purchased from the Laboratory
Animal Center of Southern Medical University at 6e8 weeks old.
The polymicrobial sepsis was carried out by CLP. After the mice
were anesthetized, the cecum was exposed. The cecum was
ligated with a surgical suture and a through-and-through puncture
was made into the cecum by an 18-gauge needle. A portion of the
cecal content was extruded and the cecum was reset and sutured.
Sham-operated mice underwent laparotomy without CLP. All
mice were sacrificed 8 h after surgery and seurm and lung tissue
were collected for Elisa assay. 5 and 25 mg/kg dose of SMU-Y6
was oral administrated to mice 1 h before CLP. The sham-operated
mice were received the same volume of saline.

4.1.25. Statistical analysis
Data are displayed as mean � standard deviation (SD). Statistical
analysis was carried out using an unpaired two-tailed Student’s t-
test. *P < 0.05; **P < 0.01; ***P < 0.001 and ns denotes not
significant. P value < 0.05 was considered as significant.

4.2. Chemistry: General information and synthetic procedures

2-Bromo-3-hydroxy-4-methoxybenzaldehyde (compound 1). To a
mixture of 3-hydroxy-4-methoxybenzaldehyde (25.0 g,
0.164 mol), NaOAc (27.0 g, 0.325 mol), and Fe powder (0.755 g,
0.015 mol) were added in acetic acid (100 mL). The mixture was
stirred at room temperature for 15 min Br2 (9.9 mL, 0.18 mol) was
dissolved in acetic acid (50 mL) and dropped into the above
mixture. The mixture was stirred at room temperature for 4 h. Ice
water (150 mL) was added to the mixture and stirred for another
1 h. The solid was obtained by filtration and washed with EtOH
(40 mL) to get compound 1 (26.5 g, 70%) as a gray solid. 1H
NMR (400 MHz, DMSO-d6): dZ 10.11 (s, 1H), 9.90 (s, 1H), 7.42
(d, J Z 7.4 Hz, 1H), 7.39 (d, J Z 7.4 Hz, 1H), 3.92 (s, 3H). 13C
NMR (101 MHz, DMSO-d6) d 190.8, 153.3, 144.0, 126.6, 122.0,
113.3, 110.4, 56.4. ESI-HRMS m/z: calculated C8H8BrO3[MþH]þ

230.9651, found 230.9647.
3-Benzyloxy-2-bromo-4-methoxybenzaldehyde (compound 2).

Compound 1 (26.5 g, 0.114 mol) was dissolved in dehydrated
alcohol (200 mL). Anhydrous K2CO3 (47.7 g, 0.346 mol) and
benzyl bromide (19.8 mL, 0.172 mol) was added in above
mixture. The mixture was refluxed for 4 h. The alcohol was
removed in a vacuum after filtration. The residue was dissolved in
EtOAc (100 mL). The organic layers were washed with H2O
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(30 mL), 1 mol/L NaOH (30 mL), 2 mol/L HCl (30 mL), and brine
(20 mL). Then, the organic layer was concentrated and purified by
column chromatography to give compound 2 (38.6 g, 95%) as a
white solid. 1H NMR (400 MHz, CDCl3): d Z 10.27 (s, 1H), 7.76
(d, J Z 8.4 Hz, 1H), 7.55 (d, 2H), 7.40e7.35 (d, J Z 9.2 Hz, 3H),
6.97 (d, J Z 8.4, 1H), 5.05 (s, 2H), 3.96 (s, 3H). 13C NMR
(101 MHz, CDCl3) d 190.6, 156.9, 145.4, 136.4, 128.6, 128.5,
125.4, 122.5, 121.0, 117.2, 74.9, 56.6.

3-Benzyloxy-2-bromo-4-methoxybenzoic acid (compound 3).
To a solution of compound 2 (38.6 g, 0.120 mol) in THF (200 mL)
was added distilled H2O (80 mL) and NaH2PO4 (8.65 g,
0.072 mol). The mixture was stirred for 5 min at room tempera-
ture. NaClO2 (36.08 g, 0.4 mol) and 30% H2O2 (27.52 mL,
0.265 mol) in distilled H2O (80 mL) were added into the above
mixture at ice-water bath. The mixture was stirred for 3 h. THF
was evaporated under vacuum and the residue was extracted with
EtOAc (200 mL). The organic layers were washed with H2O
(50 mL) and the product was extracted with 2 mol/L NaOH
(3 � 50 mL). The aqueous phase was collected and acidified with
con HCl. The white solid was obtained by filtration to give
compound 3 (36.52 g, 90%). 1H NMR (400 MHz, CDCl3):
d Z 7.88 (d, J Z 8.8 Hz, 1H),7.57 (d, J Z 6.9, 2H), 7.43e7.32
(m, 3H), 6.93 (d, J Z 8.8 Hz, 1H), 5.03 (s, 2H), 3.94 (s, 3H). 13C
NMR (101 MHz, CDCl3) d 170.6, 157.5, 146.3, 136.9, 129.4,
128.6, 128.5, 128.3, 123.0, 120.1, 110.4, 74.7, 56.3. ESI-HRMS
m/z: calculated C15H12BrO4[MþH]þ 338.0070, found 337.0068.

Methyl 3-benzyloxy-2-bromo-4-methoxybenzoate (compound
4). Acetyl chloride (15.2 mL, 0.213 mol) was added in MeOH
(150 mL) at 0 �C and stirred at room temperature for 15 min.
Compound 3 (36 g, 0.107 mol) was added to the above mixture
and refluxed for 4 h. MeOH was removed under vacuum and the
residue was extracted with EtOAc (150 mL). The organic extracts
were washed with H2O (50 mL), saturated NaHCO3 solution
(2 � 50 mL), brine (50 mL), and concentrated. The oily liquid was
purified by chromatographed on silica gel (PE:EtOAc Z 5:1) to
give compound 4 (29.9 g, 80%) as an oil. 1H NMR (400 MHz,
CDCl3): d Z 7.64 (d, J Z 8.7 Hz, H), 7.56 (d, J Z 6.9, 1H)
7.42e7.31 (m, 3H), 6.89 (d, J Z 8.7 Hz, 1H), 5.01 (s, 2H), 3.91
(s, 3H). 13C NMR (101 MHz, CDCl3) d 166.3, 156.5, 146.0,
136.9, 128.5, 128.4, 128.2, 127.8, 124.8, 119.0, 110.4, 74.6, 56.2,
52.3. ESI-HRMS m/z: calculated C16H14BrO4[MþH]þ 351.0226,
found 351.0019.

Dimethyl 6,6-dibenzyloxy-5,5-dimethoxybiphenyl-2,2-dicar-
boxylate (Y1). Compound 4 (29 g, 0.083 mol) was dissolved in
drying DMF (50 mL), added activated Cu (53 g, 0.83 mol) under
N2 protection, and the solution was heated at 156 �C for 4 h. The
mixture was filtered and the residue was washed with CHCl3
(3 � 100 mL). The organic layers were washed with aq 2 mol/L
HCl (3 � 50 mL) and brine (2 � 50 mL), and concentrated. The
residue was purified by chromatographed on silica gel (PE:
EtOAc Z 5:1) to give Y1 (15.6 g, 70%) as a white solid; 1H NMR
(400 MHz, CDCl3): d Z 7.88 (d, J Z 8.6 Hz, 2H),7.16e6.93 (m,
12H), 4.85 (d, J Z 11.1 Hz, 2H), 4.71 (d, J Z 11.1 Hz, 2H), 3.92
(s, 6H), 3.58 (s, 6H). 13C NMR (101 MHz, CDCl3) d 166.5, 156.3,
145.3, 138.1, 135.0, 127.9, 127.5, 127.3, 122.6, 110.4, 74.1, 55.9,
51.6. ESI-HRMS m/z: calculated C32H31O8[MþH]þ 543.2013,
found 543.2000.

Dimethyl 6,6-dihydroxy-5,5-dimethoxybiphenyl-2,2-dicar-box-
ylate (Y2). Compound Y1 (15 g) was dissolved in THF (100 mL),
added 10% Pd/C (4.5 g) under and stirred under H2 atmosphere at
room temperature for 6 h. The precipitate was filtered and washed
with CH2Cl2 until there was no distinct gray solids and only Pd/C
left. The combined organic layers were evaporated under vacuum
to give Y2 (9.6 g, 95%) as a gray solid. 1H NMR (400 MHz,
DMSO-d6): d Z 7.43 (d, J Z 8.5 Hz, 2H),6.96 (d, J Z 8.6 Hz,
2H), 3.87 (s, 6H), 3.46 (s, 6H). 13C NMR (101 MHz, DMSO-d6)
d Z 166.1, 150.2, 143.2, 126.6, 122.4, 121.3, 108.9, 55.6, 51.0.
ESI-HRMS m/z: calculated C18H19O8[MþH]þ 363.1074, found
363.1071.

Methyl 10-(allyloxy)-4,9-dimethoxy-6-oxo-6H-benzo[c]chro-
mene-1-carboxylate (Y3). Compound Y2 (9.6 g, 0.026 mol) was
dissolved in DMF (40 mL), added K2CO3 (5.56 g, 0.04 mol), ally
bromide (2.78 mL, 0.04 mol) and stirred at 60 �C for 12 h under
N2 protection. The mixture was filtered and the residue was
washed with CH2Cl2 (120 mL). The organic layers were extracted
were washed with H2O (2 � 50 mL), 2 mol/L HCl (2 � 30 mL),
brine (2 � 30 mL) and concentrated. The residue was purified by
chromatographed on silica gel (PE:EtOAc Z 5:1) to give Y3
(4.2 g, 43%) as a white solid. 1H NMR (400 MHz, CDCl3):
d Z 8.19 (d, J Z 8.7 Hz, 1H),7.63 (d, J Z 8.5 Hz, 1H), 7.20 (d,
JZ 8.7, 1H), 7.02 (d, JZ 8.5Hz, 1H), 5.80 (dd, JZ 17, 10.4 Hz,
1H), 5.07e4.98 (m, 2H), 4.23 (d, J Z 6.5 Hz, 2H), 4.01 (s,
3H),3.99 (s, 3H), 3.75 (s, 3H). 13C NMR (101 MHz, CDCl3):
d Z 168.6, 160.2, 157.9, 149.8, 144.1, 141.3, 133.1, 129.0, 127.4,
126.1, 124.6, 119.1, 116.0, 115.7, 113.6, 110.6, 75.1, 56.4, 52.1.
ESI-HRMS m/z: calculated C20H19O7[MþH]þ 371.1125, found
371.1118.

3,8-Dimethoxy-1-(prop-2-enyl)[1]benzopyrano[5,4,3-cde][1]
benzopyran-5,10-dione (Y4). Compound Y3 (4.2 g) was stirred at
210e220 �C for 50 min under N2 protection. The residue was
purified by column dichloromethane (CH2Cl2) to give Y4 (2.68 g,
70%) as a white solid. 1H NMR (400 MHz, CDCl3): d Z 8.21 (d,
J Z 8.7 Hz, 1H),7.31 (d, J Z 8.7 Hz, 1H), 7.14 (s, 1H),
6.12e6.06 (m, 1H),5.17e5.10 (m, 2H), 4.13e4.12 (m, 2H), 4.11
(s, 3H), 4.10 (s, 3H). 13C NMR (101 MHz, CDCl3): d Z 151.4,
144.0, 136.1, 127.1, 117.0, 115.8, 113.8, 111.8, 56.7, 56.6, 38.9.
ESI-HRMS m/z: calculated C19H15O6[MþH]þ 339.0863, found
339.0855.

3,8-Dimethoxy-1-(2-oxoethyl)[1]benzopyrano[5,4,3-cde][1]
ben-zopyran-5,10-dione (Y5). To a suspension of compound Y4
(240 mg, 0.7 mmol) in a mixture of CH2Cl2, H2O, and t-BuOH
(50 mL, 3:1:1) was added OsO4 (20 mL, 1 g/mL), 4-
methylmorpholine N-oxide (100 mL, 50% w/w). The mixture
was stirred at room temperature for 2 h in dark. NaIO4 (600 mg,
2.8 mmol) was added to the above mixture and stirred at room
temperature for another 20 h in dark. The mixture was evaporated
under vacuum to remove the organic solvent, and then filtration.
The residue was purified by column chromatography (CH2Cl2:
MeOH) to Y5 (96 mg, 40%) as a white solid. 1H NMR (400 MHz,
CF3COOD): d Z 11.43 (s, H), 9.90 (d, J Z 8.7 Hz, 1H), 9.04 (d,
J Z 8.7 Hz, 2H), 6.09 (s, 2H), 5.66 (s, 6H). 13C NMR (101 MHz,
CF3COOD): d Z 206.6, 154.2, 153.9, 138.4, 138.3, 130.2, 121.4,
119.6, 117.7, 116.7, 116.0, 114.9, 113.9, 111.5, 111.1, 110.2, 57.5,
57.4. ESI-HRMS m/z: calculated C18H13O7[MþH]þ 341.0655,
found 341.0651.

General procedure for the synthesis of compounds Y6eY22,
1H NMR, 13C NMR spectrum and HRMS (ESI) of all the com-
pounds please find in Supporting Information Note S1.
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