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The Src homology 2 domain-containing phosphatase 2 (SHP2) plays a pivotal role in cellular pro-
cesses and is associated with various diseases. Activation of SHP2 has been shown to be effective in
inflammation-related diseases such as colitis, atherosclerosis and Parkinson’s disease. Although SHP2 in-
hibitors have been extensively studied in recent years, especially allosteric inhibitors, only a small number
of SHP2 activators exhibiting weak activation effects have been reported. Herein, we developed a facile
approach to the total synthesis of plasiatine, which was extracted from the seeds of Plantago asiatica as a
direct SHP2 activator. Iterative study on the structure-activity relationship identified a potent SHP2 activa-
tor, compound €8, with median effective concentration (ECsp)=0.11 pmol/L and Enax = 3.75-fold. Surface
plasmon resonance experiment revealed a robust binding affinity between €8 and the SHP2 catalytic do-
main, with a dissociation constant (Ky) of 70.4 nmol/L. In vivo study showed that C8 significantly reduced
atherosclerotic plaques and increased anti-inflammatory factors, highlighting its potential as an effective
anti-atherosclerotic agent.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Src homology 2 domain-containing phosphatase 2 (SHP2) en-
coded by protein tyrosine phosphatase non-receptor type 11
(PTPN11) gene is a 68 kDa protein tyrosine phosphatase (PTP) con-
taining two Src homologous structure domains (SH2), a conserved
catalytic domain and a flexible C-terminal tail with two phospho-
rylation sites [1]. SHP2 has a context-dependent dual role in can-
cer, acting as both a promoter and a suppressor [2,3]. SHP2 is asso-
ciated with a large number of tumor cell signaling pathways, reg-
ulating rat sarcoma virus oncogene homolog-extracellular signal-
regulated kinase (RAS-ERK) [4], phosphatidylinositol 3-kinase-
protein kinase B (PI3K-AKT) [5,6], and Janus Kinase-Signal Trans-
ducer and Activator of Transcription (JAK-STAT) [7] signaling path-
ways and serves as a key mediator of immune checkpoint pathway
mediating immune evasion of tumor cells [8-10]. However, SHP2
can also play a cancer suppressing role in glioma, myeloma [11],
and colon cancer [12].

In addition, recent evidences are mounting that SHP2 plays
an important role in the regulation of inflammation related dis-
eases [13,14]. SHP2 inhibits the sustained activation of STAT3 in
DU145 cells and inhibits the inflammatory response [15]. SHP2 in-
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hibits inflammation by disrupting the interaction between STAT3
and interleukin-6 receptor alpha (IL-6Ra) and inhibits the activa-
tion of STAT3 to block Th17 differentiation, and effectively relieves
colitis in mice [16]. Activation of SHP2 effectively enhances Parkin-
mediated mitochondrial autophagy, and significantly reduces neu-
roinflammation in Parkinson mice [17].

SHP2 activators can be divided into direct activators and indi-
rect activators according to their binding properties. Direct activa-
tors include CG902 [15], plasiatine [18], oleanolic acid [16,19], lo-
vastatin [17] and ethacrynic acid [20]. Indirect activators include
trichomide A [21] and fusaruside [22] . Most of them are natural
products or clinically used drugs and exhibit weak activation ef-
fects (Fig. S1 in Supporting information).

Atherosclerosis, a chronic inflammatory disease driven by lipids
[23], involves macrophages that take up oxidized low-density
lipoproteins (ox-LDL) [24] and release pro-inflammatory factors
[25], leading to foam cell formation and plaque accumulation
[26,27]. The effectiveness of various anti-inflammatory thera-
pies for atherosclerosis has been extensively investigated [28-31].
Very recently, Ke et al. demonstrated that SHP2 promoted anti-
inflammatory polarization and efferocytosis in macrophages by sta-
bilizing peroxisome proliferator-activated receptor y (PPARy) [32].
Therefore, developing anti-inflammatory drugs based on SHP2 acti-
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vator is expected to become an effective anti-atherosclerosis strat-
egy.

Plasiatine, extracted from the seeds of Plantago asiatica, at-
tracted our attention due to its relatively high phosphatase acti-
vation activity, which enhanced the SHP2 activity with median ef-
fective concentration (ECsq)=0.97 umol/L [18]. However, plasiatine
contains three chiral centers with a novel scaffold assembled with
an indole alkaloid and a phenylpropanol moiety via the dihydro-
furan core. Due to the complexity of its structure, there is no to-
tal synthesis work achieved so far. Herein, we report the first to-
tal synthesis of plasiatine and the structure-activity relationship of
a series of novel plasiatine analogues. Compound C8 was shown
to be a potent SHP2 activator and an effective anti-atherosclerotic
agent.

Our research began with total synthesis of plasiatine and its
isomers. Given that plasiatine containing three chiral centers as-
sembled indole alkaloid and phenylpropanol together via the dihy-
drofuran core, construction of this new scaffold by cyclization re-
action is crucial. Particularly, the configuration of the chiral center
needs to be considered meticulously. However, there was no rel-
evant studies towards the construction of this new scaffold, and
some relevant chiral synthesis provided poor selectivity [33,34].
Our proposed synthetic routes to plasiatine are shown in Scheme
S1 (Supporting information). Route 1 involves the preparation of
$1 and S2 from 5-methoxyisatin and trans-ferulic acid, respectively,
followed by cyclization to obtain S3, which is expected to be fur-
ther transformed into plasiatine. In Route 2, we envisage that S4
could be obtained through the first cyclization reaction from S2
and 4-N-Boc-aminophenol, followed by the second cyclization re-
action to obtain isatin S5. Plasiatine and its isomers are expected
to be obtained from S5 through an addition reaction.

We first explored the cyclization reaction since the construc-
tion of dihydrofuran moiety was important in both routes. 4-N-
Boc-aminophenol and ethyl ferulate were successfully coupled to
construct the dihydrofuran moiety utilizing a radical «-addition in-
volved electro-oxidative [3+2] annulation [35]. Regrettably, sub-
sequent cyclization to form isatin moiety was unsuccessful. More-
over, S2 failed to cyclize with most 5-hydroxy-indole derivatives
(S3a-c, Scheme S2 in Supporting information).

Nonetheless, S2 could be coupled with 5-hydroxy-2-oxindole to
obtain S3d. Although subsequent oxidation of S3d to form isatin
was also unsuccessful, this result suggested that the electron-
withdrawing group at indole C3 was detrimental to the annula-
tion reaction. Consequently, we hypothesized that introduction of
ketal at 5-hydroxyisatin C3 position could reduce the electron-
withdrawing effect and facilitate the electro-oxidative [3 + 2] annu-
lation reaction. Our hypothesis was validated when S3e was suc-
cessfully synthesized from compound 1 and ethyl ferulate. To fa-
cilitate separation of the enantiomer, ferulic acid was orthogonally
protected and Evans chiral auxiliary was introduced at the car-
boxyl group, yielding compound 2. After optimization of the re-
action conditions (Table S1 in Supporting information) 3a and 3b
were obtained in a 3:1 diastereomeric ratio with yields of 39%
and 13%, respectively. The Evans auxiliary was then reduced by
NaBH4 to yield 4a and 4b with an 82% yield, followed by ben-
zoylation of the primary alcohol to obtain 5a and 5b in 89% yield,
which modulated the molecular polarity to facilitate separation of
the subsequent epimers. The deprotection procedure of ketal and
silyl was carried out under reflux in an aqueous solution of 80%
CH3COOH and 2% concentrated HCI to obtain 6a and 6b in 75%
yield. Subsequently, 7a, 7b and 7c, 7d were obtained by addition
of 6a and 6b with cyanoacetic acid, which could be separated by
column chromatography. Finally, plasiatine and its isomers (8a-8d)
were obtained through a standard deprotection procedure in Me-
ONa/MeOH with 82 % yield. In summary, plasiatine and its isomers
were synthesized for the first time through a radical «-addition in-
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volved electro-oxidative [3 + 2] annulation, followed by twice con-
venient separations of diastereoisomers with column chromatogra-
phy in 8 linear steps with overall yields of 3.2% for 8a, 3.2% for
8b, 1.1% for 8c and 1.1% for 8d (Scheme 1).

Upon completion of the total synthesis, we proceeded with the
structural identification of the synthesized compounds, which pro-
vided definitive evidence that isomer 8b is indeed the natural
product plasiatine (Figs. S2-S7 in Supporting information).

To explore the influence of chiral centers on the biological ac-
tivity, the enzymatic activities of all isomers were measured using
6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) as a sub-
strate [36]. The result revealed that 8a had a stronger activation
effect than plasiatine in the SHP2-PTP domain. In contrast, isomers
8c and 8d did not show any significant activating or inhibiting ac-
tivity (Fig. 1A). These findings suggested that the stereochemistry
of the dihydrofuran ring was crucial for the SHP2-activating ef-
fect. Since the SHP2 protein is known to play a significant role in
the mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) pathway [37], we investigated the effects of
8a and 8b on this pathway in the MV4-11 and DU145 cell lines,
with SHP099 (a potent SHP2 inhibitor) [38,39] and lovastatin (a
moderate activator) [17] as controls. Western blot (WB) revealed
that both 8a and 8b induced the phosphorylation of ERK 1/2 in
a dose-dependent manner across both cell lines (Figs. 1B and C).
However, 8a was significantly more potent than 8b and was ob-
served to stimulate the phosphorylation of ERK 1/2 in DU145 cells
in a time-dependent manner (Fig. 1D). To identify whether the
target of 8a is SHP2, SW480 cells were transfected with siRNA
to downregulate SHP2 expression level. Subsequently, both the
control and SHP2 knockdown groups were treated with 50 and
100umol/L of 8a for 24 h, respectively. WB results indicated that
upon SHP2 knockdown with siRNA, the ability of 8a to activate
the phosphorylation of ERK was significantly diminished. In con-
trast, 8a maintained its capacity to activate ERK 1/2 phosphory-
lation in the control group (Fig. 1E). To further validate the tar-
get of 8a, a cellular thermal shift assay (CETSA) was performed in
MV4-11 cells. The CETSA result demonstrated that the thermal sta-
bility of SHP2 in MV4-11 cells was significantly increased in the
presence of 8a compared with the control group (DMSO). These
findings provided compelling evidences that 8a directly interacted
with SHP2 (Figs. 1F and G).

Molecular docking was conducted to elucidate the difference of
binding modes between 8a and 8b. As depicted in the Figs. S9B
and D (Supporting information), both the 8a and 8b indole moi-
eties were well positioned in the catalytic pocket. In the binding
mode of 8b and catalytic pocket (Fig. S9A in Supporting informa-
tion), the oxoindoline carbonyl established two hydrogen bonds
with Arg465 (2.9 and 3.5A), the tertiary hydroxyl group engaged
in two hydrogen bonds with GIn506 (2.9A) and GIn510 (2.9A), and
the acetonitrile group formed hydrogen bond with Gly464 (3.1 A).
The hydroxymethyl group, positioned at the edge of the PTP pocket
(E loop), interacted with residue Lys366 (3.2A) through hydrogen
bond interaction. Additionally, there was a w-m stacking interac-
tion between the phenyl ring and Tyr279 (5.3A). 8a also bound
to the catalytic pocket through a network of hydrogen bond inter-
actions (Fig. S9C in Supporting information). Specifically, the ox-
oindoline carbonyl formed hydrogen bond with Arg464 (3.2 and
3.4A), the tertiary hydroxyl group engaged in two hydrogen bonds
with GIn506 (2.6 A) and GIn510 (3.2A), and the acetonitrile group
formed hydrogen bonds with Lys366 (3.4A). Although hydrogen
bond interaction network established between the indole ring and
the PTP pocket appeared to be somewhat weakened, the cation-
7 interaction was established between the indole ring and Lys366
(3.7A), as well as between the phenyl ring and Lys364 (3.4A). The
cation-7r interaction plays a significant role in molecular recogni-
tion and can greatly influence the binding affinity between a lig-
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Fig. 1. Evaluation of SHP2 activity, cell activity of plasiatine and its isomers. (A) SHP2 activity assay of 8a-8d in SHP2 PTP domain. (B, C) WB of MV-4-11 and DU145 cells
incubated with 8a and 8b for 24 h. (D) Time-dependent activating ERK effect of 8a in DU145 cells. (E) SHP2 knockdown with siRNA in SW480 cells. (F, G) CETSA between
8a and SHP2 in MV4-11 cells. The SHP2 relative abundance was measured by Image ], and the data were shown as means + SEM.

and and its binding pocket [40]. Furthermore, a new hydrogen in-
teraction was also formed between the hydroxymethyl group and
Lys364 (3.1A). The interaction between 8a and Lys364 allowed it
to conform more closely to the E Loop, which could potentially
activate SHP2 and improve its phosphatase activity as previously
reported [16]. However, 8a lost the -7 stacking interaction with
Tyr279 (pTyr Loop), and whether the introduction of interaction
with Tyr279 could further enhance the activation effect is worthy
of further investigation.

As indicated in Table S4 and Fig. S10 (Supporting informa-
tion), we explored the impact of various substituents introduced
at the indole ring C3 position, considering the hydrogen bond in-
teraction with the PTP catalytic pocket. However, we found that
these modifications did not lead to significant enhancement in po-
tency. The replacement of ethyl cyanide with allyl cyanide, hydrox-
ymethyl and hydroxyethyl groups led to varying degrees of ac-
tivity loss (A1-A4). The introduction of acetylmethyl diminished

the potency (A5, A6), and while the benzoylmethyl substituent A7
maintained activity, its epimer A8 showed a decrease in activity
with ECsg = 3.54 pmol/L. Similarly, the introduction of a thienylcar-
bonyl group attenuated the activity (A9), and the activity of A10
was even completely lost. An allyl group substitution was also not
conducive to improve the potency (A11, A12). The introduction of
a carbethoxy group and «-picoline led to deactivation (A13-A15).
The tertiary hydroxy was proved essential for maintaining activity
(A16). The difluoro substituent in A17 did not demonstrate signifi-
cant activity improvement either.

Enzymatic activity assays (Table S4) indicated that compound
B1 exhibited a moderate activation effect with ECsq = 0.68 pmol/L
and Emax = 1.54-fold. Given that some indole-based SHP2 orthos-
teric inhibitors had been reported [41], we sought to explore
whether the introduction of double bond substituents at the indole
C-3 position could maintain the activation effect [41]. However, we
found that the introduction of such substituents led to a loss of
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Fig. 2. Characterization of the target of C8. (A, B) Concentration and time-dependent activating SHP2 of C8 in DU145 cells. (C) SPR of C8 and SHP2-PTP. (D) Molecular
docking of C8 in SHP2 PTP domain (PDB ID: 4PVG). (E) SPR of €8 and SHP2-PTP (279A). (F) SPR of C8 and SHP2-PTP (364A).

activity and even an inhibitory effect (B2-B9). This result suggests
that while the indole scaffold is a promising starting point for the
development of SHP2 modulators, the specific substitution pattern
is crucial for maintaining the desired activity.

The hydroxymethyl group, located at the edge of the PTP pocket
(E loop), is another potential modification site. Replacing the hy-
droxyl group yielded compounds C1-C9. The introduction of es-
ter and amide groups resulted in a loss of activity (C1-C3), but
deoxofluorination of the hydroxyl group increased the potency
with ECsp =0.14 pumol/L (C5). Subsequently, replacing the hydroxyl
group with an amino group surprisingly demonstrated a remark-
able increase in activity, with EC5g=0.11 pmol/L and Emax =3.75-
fold (C8). C9, the 7-epimer of C8, showed activity comparable to
compound 8a. C6 and C7, as the precursor of C8 and C9 respec-
tively, did not show significant increase in activity. X-ray crystal-
lography of C9 derivative C9a revealed that the quaternary chiral
center at the indole C-3 was R-configuration, which was consistent
with 8b, indicating that the indole ring C-3 of C8 mantained a S-
configuration, consistent with 8a.

Upon observing that most SHP2 activators possessed aliphatic
side chains, we chose to introduce a series of alkyl substituents on
the phenolic hydroxyl group to assess their effects on activity (D1-
D10). However, our attempts did not produce a significant increase
in activity. To further investigate the influence of the amino group
of C8 on the biological activity, we undertook a series of modifi-
cations at the amino group to yield C8a-C8e. Acetylation resulted
in an inhibitory effect (C8a), while mesylation, thioureido substi-
tution, guanidine substitution and methylation all led to moder-
ate even sharp decrease in activity (C8b-C8e), indicating that the
amino group was the most suitable substituent.

The effect of C8 on the SHP2 and MAPK/ERK signaling pathway
was investigated in DU145 cells. As depicted in Fig. 2A, C8 demon-
strated the ability to increase the phosphorylation levels of SHP2
and ERK1/2 in a concentration-dependent manner. Remarkably, C8
exhibited a potent activating effect with a more pronounced ac-
tivation of SHP2 and ERK at a concentration as low as 30 nmol/L
compared to 8a at 30umol/L. Additionally, C8 triggered a time-
dependent activation of SHP2 and ERK at 100 nmol/L. The acti-
vation of SHP2 became evident 8 h post-treatment, the activation
of ERK peaked at 12h, and this effect persisted up to 24h post-
treatment (Fig. 2B).

Surface plasmon resonance (SPR) experiments were conducted
to reveal the robust affinity between C8 and the SHP2 PTP do-
main with K4 =70.4nmol/L (Fig. 2C). Molecular docking was per-
formed to elucidate the binding mode of C8 in the catalytic pocket
and to rationalize its potent activation effect. As depicted in Fig.
2D, C8 was found to be situated in the PTP domain, analogous to
the positioning of 8a. The indole moiety of C8 engaged in hydro-
gen bond interactions with Lys366 (3.0A), GIn506 (2.6A), GIn510
(3.1A), and Arg465 (2.8 A), which appeared to be less robust com-
pared to 8a. Concurrently, C8 retained the cationic-7 interaction
with Lys364 (3.6A) and Lys366 (4.6A). Surprisingly, a cationic-
7 interaction was formed between the -NH, and Tyr279 (3.6A),
alongside a weaker cationic-7 interaction between the phenol ring
and Lys366 (6.3A). Mutation of Y279C had been implicated in
abnormal SHP2 activation and was associated with developmen-
tal diseases like Noonan syndrome [42]. Therefore, the interaction
with Tyr279 might facilitate the activation of SHP2 by compet-
ing pTyr ligands [43]. Furthermore, Tyr279 and Lys364 were mu-
tated to alanine (Ala). SPR analysis demonstrated that the affin-
ity of C8 to SHP2-PTP-Y279A (K4=13.7 pmol/L) and SHP2-PTP-
K364A (Ky=20.4 pmol/L) was sharply decreased compared with
SHP2 PTP wild type (Figs. 2E&F). Although it seemed counterin-
tuitive to enhance SHP2 activity by occupying the active site, the
transition from plasiatine to C8 showed a trend where binding to
the catalytic core weakened while interactions with the surround-
ing loops intensified. This observation implied that C8 might in-
duce a conformational change in the active pocket of PTP, thereby
enhancing its catalytic activity.

The selectivity of compounds 8a, 8b and C8 were investigated
on SHP2, SHP1-PTP and PTP1B utilizing the DiFMUP phosphate flu-
orescence assay (Figs. S11 and S12 in Supporting information). To
investigate the anti-atherosclerotic effect of C8, an ox-LDL-induced
THP-1 cell model was established. After differentiation of THP-
1 cells into MO macrophages induced by PMA (25ng/mL, 48h),
the cells were treated with various concentrations of C8, with
Lovastatin serving as a control, and co-incubated with 50ng/mL
of ox-LDL for 48 h. WB analysis demonstrated that C8 could ele-
vate phosphorylation level of SHP2 and expression of PPARy in a
concentration-dependent manner consistent with the report (Fig.
3A) [32]. To explore the in vivo anti-atherosclerotic effects of C8,
an atherosclerosis model was established using ApoE~/~ mice. All
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Fig. 3. Evaluation of the anti-atherosclerosis effect of C8. (A) THP-1 cell model induced by ox-LDL. (B) Time line of treatment for high fat fed (HIF) ApoE’- mice. Body
weights of mice were measured every three days post administration (n=7-9). (C) Representative images of aortas stained with ORO (n=5). (D) Plaque deposition in the
aortic root with ORO staining (n=4). Scale bar: 250 pm. (E) Lesion in the aortic root with H&E staining (n=4). Scale bar: 250 um. (F) Lesion in the aortic root with Masson’s
trichrome stain (n=4). Scale bar: 100 or 250 pm. (G) PPARy staining for aortic roots with immunohistochemistry (n=3). Scale bar: 50 pm. Data were shown as means +
SEM. The statistical significances were calculated via one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. ns, non-significant; IHC, immunohistochemical.

animal experiments have been granted approval by the Institu-
tional Animal Care and Use Committee (IACUC) of Peking Univer-
sity Health Science Center (No. LA2017039) and strictly abide by
the ethical guidelines established by Peking University Health Sci-
ence Center. The mice were randomly assigned to control (saline),
low-dose (C8, 2 mg/kg, iv), high-dose (C8, 5mg/kg, iv), and posi-
tive drug groups (lovastatin, 20 mg/kg, po). All mice were fed with
a Western diet for 8 weeks before treatment with C8 or lovas-
tatin (Fig. 3B). Body weight was monitored every three days post
administration. From day 20 post-administration, a noticeable in-
crease in body weight was observed in the control group, while the
treatment group remained relatively stable. After dissection, the
whole aortas were stained with Oil Red O (ORO), and the dosed
groups were comparable to the positive drug groups. Analysis of
the plaque deposition area in the aortic root revealed a reduc-
tion in plaque accumulation in the high-dose group compared to
the control group (Figs. 3C and D). The lesion areas were distin-
guishably decreased in both high-dose group and positive group
through hematoxylin and eosin staining (H&E) staining (Fig. 3E).
Masson’s trichrome staining indicated no significant difference in
collagen content (Fig. 3F). Peritoneal macrophages (PMs) were iso-
lated for enzyme-linked immunosorbent assay (ELISA) assay (Fig.
S13A), which revealed a significant increase in the levels of anti-
inflammatory factors (mannose receptor C-type 1 (MRC1), resistin-
like molecule alpha (Fizz1) and arginase 1 (ARG1)) in the super-
natant of PMs, accompanied by a decrease in pro-inflammatory
factors (tumor necrosis factor alpha (TNFa), interleukin-1 beta (IL-

18)). WB analysis demonstrated that PMs of the high-dose group
exhibited a high level of SHP2 activation with the highest expres-
sion level of PPARy (Fig. S13B). The increased expression of PPARy
in the aortic root lesion area due to SHP2 activation was also veri-
fied by immunohistochemical analysis (Fig. 3G).

In conclusion, we report the first total synthesis of plasia-
tine and its three isomers, achieved through an electro-oxidative
[3+2] annulation reaction, with two convenient separations of di-
astereoisomers by chromatography, all within 8 linear steps. Pre-
liminary activity assay revealed that 8a (the 7-epimer of plasia-
tine) exhibited superior activation effect compared to the natu-
ral product plasiatine. Further exploration of the structure-activity
relationship led to the identification of compound C8, which
demonstrated a potent activation effect at the cellular level with
an EC59=0.11pmol/L and Emax = 3.75-fold. SPR experiments indi-
cated that C8 had a strong affinity for the PTP domain with a
K4=70.4nmol/L and molecular docking and protein site-directed
mutagenesis revealed that Tyr279 and Lys364 play essential roles.
In vitro THP-1 cell model induced by ox-LDL showed that acti-
vated SHP2 by C8 could enhance the expression of PPARy in a
concentration-dependent manner. In the ApoE~/~ atherosclerosis
mice model, C8 significantly reduced atherosclerotic plaques, de-
creased lesion area at a daily dose of 5mg/kg. ELISA assay re-
sults indicated that C8 could markedly elevate the levels of anti-
inflammatory factors while reducing pro-inflammatory factors in
the supernatant of PMs. Collectively, our research demonstrated
that C8 was a highly potent SHP2 activator, providing a powerful
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tool molecule for the study of the biological function of SHP2 and
warranted further investigation to elucidate the specific activation
mechanism.
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