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Abstract— Excessive pulmonary inflammation in acute lung injury (ALI) causes high 
patient mortality. Anti-inflammatory therapy, combined with infection resistance,  
can help to prevent ALI and save lives. The expression of Src homology-2 domain- 
containing protein tyrosine phosphatase 2 (SHP2) was found to be significantly higher 
in macrophages and lung tissues with ALI, and SHP2-associated MAPK pathways were 
activated by lipopolysaccharide (LPS). The knockdown of the SHP2 gene suppressed the 
LPS-induced release of inflammatory factors and the phosphorylation of regulators in the 
NF-κB pathways in macrophages. Our findings showed crosstalk between the LPS-induced 
inflammatory pathway and the SHP2-associated MAPK pathways. SHP2 inhibition could 
be a valuable therapeutic approach for inhibiting excessive inflammation in ALI. We  
discovered that giving SHP099, a specific allosteric inhibitor of SHP2, to mice with ALI 
and sepsis relieves ALI and significantly increases animal survival. Our study highlights 
the important role of SHP2 in ALI development and demonstrates the potential application 
of SHP099 for treating ALI.
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INTRODUCTION

Sepsis and burn infections frequently result in acute 
lung injury (ALI) and acute respiratory distress syn-
drome (ARDS). LPS, a known endotoxin found on the 
outer membrane of gram-negative bacteria, causes neu-
trophil accumulation, inflammatory cell infiltration, and 
subsequent inflammatory response. LPS binds to Toll-
like receptor 4 (TLR4), triggers downstream cascades, 
and activates NF-κB signaling to induce inflammation. 
However, excessive pulmonary inflammation during 
ALI results in excessive secretion of cytokines such as 
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TNF-α and IL-6, leukocyte recruitment, high expression 
of adhesion molecule type 1 (ICAM-1) and vascular cell 
adhesion molecule-1 (VCAM-1), increased vascular per-
meability, and diffuse alveolar injury. Anti-inflammatory 
therapy, combined with infection resistance, can help to 
prevent ALI and save lives. Because ALI has a high mor-
tality rate, developing therapeutic interventions to prevent 
excessive inflammation in ALI patients is critical.

Src homology-2 domain-containing protein tyros-
ine phosphatase (PTP) 2 [SHP2] promotes cell survival 
and tumorigenesis as well as plays a role in pulmonary 
inflammation, fibrosis, and diabetes [1–4]. SHP2 regu-
lates allergic and chronic inflammation by activating the 
PI3K/AKT and ERK signaling pathways [1, 5, 6]. Con-
versely, SHP2 deficiency alleviates chronic pulmonary 
inflammation by downregulating myeloid cells [3, 7, 8] 
and triggers spontaneous pulmonary fibrosis by promot-
ing apoptosis of epithelial cells [9]. SHP2 protects the 
pulmonary endothelium against barrier permeability [10]. 
Inhibition or knockdown of SHP2 retained airway epithe-
lial barrier function by suppressing the ERK1/2 MAPK 
signaling pathway [11]. Integrin beta4-induced antagonis-
tic effect on the SHP2 pathway reduced lung endothelial 
inflammatory responses [12]. Through the activation of 
p65-nuclear factor-κB signaling (NF-κB), SHP2 pro-
motes inflammation-driven insulin resistance by trigger-
ing monocyte infiltration, reshaping tissue macrophage 
populations, and regulating the expression of macrophage 
polarization genes [8, 13]. Although the literature sug-
gests that SHP2 may be a potential therapeutic target 
for chronic inflammatory diseases, it remains to be seen 
whether SHP2 inhibition reduces the excessive inflam-
mation seen in ALI.

To avoid the inhibition of other phosphatases, 
SHP099, an allosteric PTP inhibitor specific to SHP2, 
was discovered. SHP099 suppresses the RAS-ERK 
signaling pathway to inhibit receptor tyrosine kinase 
(RTK)–driven cancer cell proliferation and is efficacious 
in patient-derived tumor xenograft models [14]. SHP099 
suppresses the proliferation of non-small cell lung cancer 
(NSCLC) cells by inhibiting the ERK signaling pathway. 
It also inhibits cancer cells showing resistance to ana-
plastic lymphoma kinase (ALK) inhibitors because of 
ALK gene rearrangement [15, 16]. Considering the role 
of SHP2 in activating inflammation and causing pulmo-
nary diseases, it is important to investigate the effect of 
SHP099 on pulmonary inflammation and ALI.

In the present study, we found that the expression 
of SHP2 was increased in the lung tissue of mice with 

ALI. In the LPS-induced ALI mouse model, SHP099 
inhibited the inflammatory response. SHP099 inhibited 
NF-κB phosphorylation and alleviated cytokine expres-
sion and release in macrophage cells, resulting in patho-
logical remission in the ALI mouse model. The knock-
down of the SHP2 gene in macrophage cells inhibited the 
phosphorylation of ERK and suppressed the expression 
of inflammatory cytokines, thus, validating the effect of 
SHP099. Thus, our study showed the inhibition effect 
of SHP099 on excessive pulmonary inflammation and 
demonstrated the use of SHP099 for treating ALI.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice weighing 18–22  g were 

obtained from the Animal Centre of Hangzhou Medical 
College (Hangzhou, China). The mice were housed at 
constant room temperature with a 12-h light/dark cycle, 
fed with a standard rodent diet and water, and acclima-
tized to the laboratory for at least 7 days before their use 
for studies. The Animal Policy and Welfare Committee 
at Hangzhou Medical College approved all animal care 
and experimental procedures.

Construction of an ALI Mouse Model

Twenty-one mice were randomly divided into three 
groups (control group, LPS treatment group, and SHP099 
treatment group). Mice in the SHP099 treatment group 
received 15 mg/kg SHP099 intraperitoneally for 12 h and 
30 min before LPS injection. For treatments, all groups 
received the same volume of solution. After isoflurane 
anesthesia, LPS (5 mg/kg) was injected into the trachea 
to induce ALI. The negative control group was injected 
with the same amount of saline. After 6 h, chloral hydrate 
anesthesia was performed on the animals, and the eyeballs 
were removed to collect serum. The spine was dislocated, 
and the lungs were washed with PBS to obtain bronchoal-
veolar lavage fluid (BALF). The remaining lungs were 
subsequently used for morphological investigation and 
molecular biology experiments.

Construction of a Sepsis Mouse Model

Eighteen mice were randomly divided into three 
groups (control group, LPS group, and SHP099 group). 



SHP099 prevents LPS-induced acute lung injury by inhibiting SHP2 in mice

The SHP099 group was intraperitoneally injected with 
15 mg/kg SHP099 solution at 12 h and 30 min before LPS 
treatment. The same amounts of solutions were injected 
into the negative control group and the LPS positive 
group. The LPS and SHP099 groups were treated with 
32 mg/kg LPS through tail vein injection [17–19]. The 
same volume of saline was given to the control group. 
The survival rate was calculated after 11 days of continu-
ous observation of the treated mice.

Cell Culture and Transfection

RAW 264.7 cells were purchased from ATCC. The 
cells were cultured in DMEM (Cat. #D6429, Sigma-
Aldrich, MO, USA) supplemented with 10% fetal bovine 
serum (FBS, Cat. #FSP500, ExCell Bio) at 37 °C in 
a 5% CO2 incubator. The cells were then seeded onto 
6-well plates containing an antibiotic-free medium 
the day before transfection, and knockdown of SHP2 
was performed using Lipofectamine RNAiMAX (Cat. 
#13778150, Thermo Fisher Scientific, MA, USA). The 
siRNAs were synthesized by GenePharma (GenePharma, 
Shanghai, China) and are listed in Table 1.

RNA Extraction and Quantitative Real‑Time 
PCR Assay

TRIzol (Cat. #T9424, Sigma-Aldrich, St. Louis, 
MO, USA) was used to extract RNA, and the concentra-
tion was determined using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, USA). One microgram of 

RNA was reverse transcribed to cDNA according to the 
manufacturer’s protocol (Cat. #11141ES60, YEASEN, 
Shanghai, China). The expression levels of genes were 
measured by the relative quantification method using 
SYBR Green Master Mix (Cat. #11201ES08, YEASEN). 
Quantitative PCR (qPCR) amplifications were performed 
on the CFX Connect real-time system (Bio-Rad, Her-
cules, CA). The primers used in this study are listed in 
Table 1.

Histopathology and Immunofluorescence 
Assays

Lung tissues were fixed with 4% paraformalde-
hyde and then paraffin-embedded, sectioned, and sub-
jected to hematoxylin and eosin (H&E) staining by 
Haoke Biologicals (www.​haoke​bio.​com, Hangzhou, 
China). Frozen slices of lung tissues and Cell Culture 
Slides were prepared, fixed with 4% paraformaldehyde, 
permeabilized with Triton X-100 (Cat. #P1080, Solar-
bio Science & Technology Co. Ltd., Beijing, China), 
blocked with 1% BSA for 1 h at room temperature, 
incubated with primary antibodies overnight at 4 °C, 
washed with PBS for three times, and incubated with 
fluorescent secondary antibodies for 30 min and with 
DAPI (0.5 µg/mL) for 10 min. Photographs were cap-
tured using an inverted fluorescence microscope (EVOS 
M7000, Invitrogen, Carlsbad, CA, USA). Cell Signal-
ing Technology supplied antibodies against SHP2 (Cat. 
#3397S) and P65 (Cat. #8242 T) (Danvers, MA, USA). 
ImageJ was used to process fluorescence images (NIH, 
Bethesda, MD, USA).

Table 1   The Nucleotides Used in This Study

Primer/siRNA Forward (5′ to 3′) Reverse (5′ to 3′) Application

IL-6 GAG​GAT​ACC​ACT​CCC​AAC​AGACC​ AAG​TGC​ATC​ATC​GTT​GTT​CAT​ACA​ qPCR
IL-1β CCA​CAG​ACC​TTC​CAG​GAG​AATG​ GTG​CAG​TTC​AGT​GAT​CGT​ACAGG​ qPCR
TNF-α
ICAM
VCAM

TGA​TCC​GCG​ACG​TGGAA​
AAA​CCA​GAC​CCT​GGA​ACT​GCAC​
GCT​ATG​AGG​ATG​GAA​GAC​TCTGG​

ACC​GCC​TGG​AGT​TCT​GGA​A
GCC​TGG​CAT​TTC​AGA​GTC​TGCT​
ACT​TGT​GCA​GCC​ACC​TGA​GATC​

qPCR
qPCR
qPCR

β-ACTIN CCG​TGA​AAA​GAT​GAC​CCA​GA TAC​GAC​CAG​AGG​CAT​ACA​G qPCR
SHP2 siRNA GCA​GCU​GAA​AGA​GAA​GAA​UTT​ AUU​CUU​CUC​UUU​CAG​CUG​CTT​ Knockdown
Negative siRNA UUC​UCC​GAA​CGU​GUC​ACG​UTT​ ACG​UGA​CAC​GUU​CGG​AGA​ATT​ Knockdown

http://www.haokebio.com
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Myeloperoxidase Activity Assay

The myeloperoxidase (MPO) detection kit (Cat. 
#A044, Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) was used to measure the activity of 
MPO in the lung tissues of each group.

Enzyme‑Linked Immunosorbent Assay (ELISA)

The collected serum, bronchoalveolar lavage 
fluid (BALF), and tissue proteins of each mice group 
were analyzed to detect TNF-α and IL-6 by ELISA. 
The ELISA kits were purchased from Invitrogen (Cat. 
#88–7064 and #88-7324, Invitrogen).

Isolation of Mouse Primary Peritoneal 
Macrophages

A 6% broth solution was prepared by sterilization 
in an autoclave. Next, 2–3 mL of the broth solution 
was injected intraperitoneally in male C57BL/6 mice. 
The mice were sacrificed by cervical dislocation after 
48–72 h of normal feeding, and the peritoneal cavity 
was washed repeatedly with serum-free RPMI-1640 
medium (Cat. #R8758, Sigma-Aldrich) to collect peri-
toneal macrophages. After cell counting, the cells were 
resuspended in RPMI-1640 complete medium (contain-
ing 10% FBS, 50 U/mL penicillin, and 50 mg/mL strep-
tomycin) and plated onto cell culture dishes. After 2 h 
of the cells were placed in a 37 °C cell incubator with 
5% CO2, the mouse primary peritoneal macrophages 
(MPMs) were completely adherent, and the medium 
was then replaced with RPMI-1640 complete medium 
for overnight culture.

Protein extraction and Preparation

A total of 106 cells were cultured in a 6-well plate. 
The pre-cooled protein extraction reagents (containing 
PMSF and phosphatase inhibitors) were added to the 
wells. The cells were lysed on ice for 10 min and then fur-
ther with 30% power by 10 times of ultrasound with the 
frequency of 1 s on and 2 s off. The lysed cells were cen-
trifuged at 15,000 g for 15 min at 4 °C. The absorbance 
value was measured in a microplate reader using Coomas-
sie brilliant blue (Cat. #5000205, Bio-Rad) at 595 nm, 
and the protein concentration was calculated using the 

standard curve. A 5 × SDS protein loading buffer was 
used for preparing protein samples, and 40 µg protein in 
20 µL volume of each sample was heated at 100 °C water 
bath for 10 min for denaturation. The protein samples 
were used for western blotting assays.

Western Blotting Assay

Tissue protein extraction: The lung tissue was 
placed in a 1.5 mL EP tube. Steel beads and pre-cooled 
protein extraction reagents (containing PMSF and a 
phosphatase inhibitor) were added, and the mixture was 
homogenized at 60 Hz for 120 s with a Scientz-48 homog-
enizer (Scientz, Ningbo, China). After homogenization, 
the steel beads were removed, and the samples were cen-
trifuged at 15,000 g for 15 min at 4 °C. Protein concentra-
tions in the samples were measured using a Coomassie 
brilliant blue kit (Cat. #5000205, Bio-Rad) with a micro-
plate reader at the wavelength of 595 nm. The protein 
concentration was determined using the standard curve. 
Denatured and analyzed samples containing 70 µg protein 
in a volume of 20 µL.

The prepared protein samples were separated by 
SDS-PAGE and transferred on a 0.45 µm PVDF mem-
brane. After blocking the PVDF membrane with 5% 
milk or 5% BSA for 1 h, the membrane was incubated 
overnight with primary antibodies at 4  °C, washed 
with PBS, incubated further with secondary antibod-
ies, washed again with PBS, and then subjected to 
development with ECL reagent (Cat. #P10300, NCM 
Biotech, Jiangsu, China). Antibodies against ERK (Cat. 
#4695S), p-ERK (Cat. #4695S), p-p65 (Cat. #3033), 
p65 (Cat. #8242), p-IκB-α (Cat. #2859), IκB-α (Cat. 
#4812S), and SHP2 (Cat. #3397S) were purchased 
from Cell Signaling Technology (Danvers, MA, USA). 
ImageJ software was used to process and quantify the 
band density (NIH, Bethesda, MD, USA).

Statistical Analysis

Data from three or more independent experiments 
were expressed as mean ± standard error (mean ± SEM). 
ANOVA and normality tests were routinely performed, 
and a t-test was used to analyze the difference in the 
mean value of the two groups. Each in vitro experiment 
included at least three replicates. GraphPad Prism 8.0 was 
used for graphical analysis, and P < 0.05 indicated a sta-
tistically significant difference.
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RESULTS

SHP2 Expression was Induced in Lung Tissues 
of Mice with ALI

Figure 1A depicts the establishment of the ALI 
mouse model. ALI resulted in pulmonary inflamma-
tory cell infiltration and thickening of the alveolar wall. 
To validate the ALI model, the expression and secre-
tion levels of ICAM, VCAM, and several inflamma-
tory factors were measured. ICAM and VCAM mRNA 
expression levels were increased (Fig. 1B). The ELISA 
assays revealed an increase in TNF-α and IL-6 expres-
sion in both BALF and serum samples (Fig. 1C). Many 
erythrocytes accumulated in the pulmonary capillaries 

and pulmonary septum, along with fibrin exudation in 
the local alveolar cavity, and the normal alveolar struc-
ture was lost (Fig. 1D). Elevated expression of SHP2 
was detected in ALI tissues in the immunofluorescence 
assay, together with the emergence of CD68-positive 
macrophages (Fig. 1E). SHP2 mRNA expression was 
upregulated in ALI tissues (Fig. 1F).

SHP099 Inhibited LPS‑Induced Activation 
of the SHP2 Signaling Pathway

MPM cells subjected to LPS treatments for 15 min to 
1 h showed SHP2 upregulation and ERK phosphorylation. 

Fig. 1   SHP2 was induced in ALI. A Establishment of the mouse ALI model by tracheal instillation of LPS (5 mg/kg). After 6 h of LPS treatment, 
the mice were anesthetized and sacrificed by spinal dislocation. BALF and lung tissue samples were collected. B The right lower lobe of the mice 
lungs was homogenized for RNA extraction, and qPCR was performed to detect the expression levels of ICAM and VCAM. C BALF and serum 
samples collected from mice were subjected to ELISA to detect the secretion of the cytokines IL-6 and TNF-α. D The middle lobes from the right 
lungs of mice were fixed with paraformaldehyde for histological examination. E SHP2 expression in lung macrophages detected by immunofluo-
rescence of CY3 as a marker for CD68 was used to detect macrophages. FITC-labeled SHP2 was used to detect the expression and localization of 
SHP2. F SHP2 expression in ALI lung tissues was detected by qPCR. Data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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This finding suggested that LPS treatment induced the activa-
tion of the SHP2 pathway (Fig. 2A). To confirm the activa-
tion of SHP2 by LPS, SHP2 knockdown was performed in 
RAW 264.7 cells by using siRNA (Fig. 2B). SHP099 treat-
ment was then performed to inhibit SHP2 signaling. The 
results confirmed that SHP099 inhibited the phosphoryla-
tion of AKT and ERK induced by LPS treatment (Fig. 2C).

SHP099 Treatment Suppressed Inflammation

To determine whether SHP099 treatment could 
suppress LPS-induced inflammation, the expression of 
cytokines in RAW 264.7 cells with SHP2 knockdown was 
examined. The results revealed that LPS-induced inflam-
mation was blocked by SHP099 treatment (Fig. 3A). 

Fig. 2   SHP099 inhibited LPS-induced activation of the SHP2 signaling pathway. A LPS was used to treat MPM cells for different periods from 
15 min to 1 h. SHP2 expression and ERK phosphorylation were assessed by western blotting assay. B SHP2 knockdown was performed in RAW 
264.7 cells by siRNA targeting SHP2. LPS treatment was then performed to induce inflammation. ERK phosphorylation was then assessed. The 
knockdown efficiency was validated. C SHP099 at 1 or 5  µM was used to inhibit LPS-induced phosphorylation of ERK and AKT. Values are 
mean ± SEM, (n = 3 per group). * p < 0.05, ** p < 0.01, *** p < 0.001.
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SHP099 treatment inhibited inflammation in MPM cells, 
according to a validation experiment (Fig. 3B). SHP099 
treatment reduced the phosphorylation of the p65 pro-
tein induced by LPS stimulation in RAW 264.7 cells 
(Fig. 3C). Furthermore, the immunofluorescent localiza-
tion of NF-κB showed that SHP099 reduced LPS-induced 
nuclear translocation of the p65 subunit (Fig. 6D). These 
results confirmed that SHP099 has an effective anti-
inflammatory effect at the cellular level.

SHP099 Protected Against LPS‑Induced ALI

SHP099 was administered to the ALI mice model to 
validate its effect in vivo based on evidence that it inhib-
ited LPS-induced activation of the SHP2 and NF-κB 
pathways and suppressed subsequent cytokine expres-
sion and secretion (Fig. 4A). Following LPS treatment, 
the pulmonary air-blood barrier was damaged, alveolar-
capillary permeability increased, and a large number of 
inflammatory cells infiltrated into the lung interstitium 
and alveoli, as observed in the successful ALI model. 

However, SHP099 treatment reversed the pulmonary 
structure damage (Fig. 4B). BALF was collected as an 
indicator to measure the degree of lung injury. The total 
cell number and protein concentration in BALF showed 
that SHP099 alleviated pulmonary damage (Fig. 4C, D). 
The expression levels of cytokines IL-6 and TNF-α in 
BALF and serum were measured by ELISA. Compared 
to LPS-induced intense inflammatory reaction, SHP099 
treatment inhibited the release of cytokines to approxi-
mately half of the extent achieved on LPS treatment 
(Fig. 4E, F).

SHP099 Attenuates Inflammation in ALI 
Tissues

The levels of IL-6 and TNF-α in the lung tissue 
homogenate were detected by ELISA. Compared to the 
nontreated negative control group, the ALI model group 
showed a significant increase in IL-6 and TNF-α levels, 
but SHP099 suppressed the release and expression of 
these cytokines (Fig. 5A). The same results were found 

Fig. 3   A RAW 264.7 cells were transfected with the negative control siRNA (siNC) or SHP2 siRNA (siSHP2), and the mRNA levels of inflamma-
tory cytokines after LPS (1 µg/mL) stimulation were detected by qPCR. B MPM cells were subjected to extraction, and the mRNA expression levels 
of inflammatory cytokines after LPS (1 µg/mL) stimulation were detected by qPCR. RAW 264.7 cells were pretreated with SHP099 (1 µM) for 1 h 
and then incubated with LPS for 1 h. C Protein levels of phosphorylated p65 were measured by western blotting assay. D Representative images of 
immunofluorescence staining of p65. SHP099 (5 µM) also inhibited the nuclear translocation of the p65 subunit in LPS-induced RAW 264.7 cells. 
Data are expressed as mean ± SEM, (n = 3 per group). * p < 0.05, ** p < 0.01, *** p < 0.001.
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at the mRNA level in the lung tissue (Fig. 5B). This evi-
dence demonstrates that SHP099 protects against LPS-
induced inflammation in ALI lung tissues. Neutrophil 
accumulation is essential for host defense and is a patho-
logical feature of bacterial infections. Excessive neutro-
phil accumulation leads to lung damage [20]. MPO activ-
ity is specific for validating neutrophil infiltration and 
is usually used as a marker for detecting inflammatory 
damage. In the present study, the MPO activity increased 
remarkably in the LPS-treated group but declined signifi-
cantly in the SHP099-treated group (Fig. 5C). The phos-
phorylation of ERK, IκB, and NF-κB in ALI lung tissues 
was then examined. LPS promoted ERK phosphorylation 
as well as IκB and NF-κB phosphorylation. SHP099 treat-
ment, on the other hand, inhibited this phosphorylation 

which was consistent with the findings in cultivated cells 
(Fig. 2). The current study found that SHP099 reduced 
inflammation in ALI tissues (Fig. 5D).

SHP099 Suppresses LPS‑Induced Sepsis

As ALI is a severe illness that causes approxi-
mately 30–45% of deaths in patients [21], the influence of 
SHP099 on the lifespan of mice with acute inflammation 
was determined. An intravenous injection of 32 mg/kg 
LPS was used to create a sepsis mouse model. Following 
that, daily intraperitoneal injections of 15 mg/kg SHP099 
were administered. The mortality rate of the SHP099-
treated group was significantly lower than that of the 
sepsis model group during the 11-day monitoring period 

Fig. 4   SHP099 protects against LPS-induced ALI. A Mouse disease model and medication schedule. SHP099 (15 mg/kg) was injected intraperito-
neally at 12 h and 30 min before the establishment of the model. After 6 h of establishing the model, the mice were sacrificed under anesthesia. BALF, 
serum, and lung tissue samples were collected from each mouse group. B Lung tissue from the right middle lobe of mice was fixed with paraformal-
dehyde and subjected to HE staining. The BALF sample was collected and centrifuged, and protein concentration in the supernatant was detected (C). 
The cells in the pellet were resuspended and counted (D). The expression levels of the inflammatory cytokines TNF-α and IL-6 in BALF supernatant 
(E) and serum (F) were detected by ELISA. Data are expressed as mean ± SEM, (n = 6 per group). * p < 0.05, ** p < 0.01, *** p < 0.001.
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(Fig. 6A). SHP099 significantly improves the survival of 
mice with acute bacterial inflammation, according to our 
findings. This is consistent with the finding that SHP099 
resists severe inflammatory response induced by LPS in 
ALI (Fig. 5). These findings demonstrate the protective 
effect of SHP099 on LPS-induced ALI.

DISCUSSION

LPS is a component of the cytoderm of gram- 
negative bacteria [22, 23]. It stimulates the tyrosine  
kinase TLR4 to activate the classic intracellular 
pathway of NF-κB [22, 24–27]. SHP2 is a member  
of the classical nonreceptor PTP family, encoded by the 
PTPN11 gene [28], and plays many roles in cancer [29, 
30], Noonan syndrome [31], skeletal development [31, 
32], and hematopoietic cell development [33]. However, 

the relationship between SHP2 and inflammation has 
received little attention from researchers. Our present 
study demonstrated that SHP2 regulates LPS-induced 
activation of TLR4-associated NF-κB pathways. We 
also discovered that LPS causes Erk and Akt phospho-
rylation in SHP2-associated cells (Fig. 2). Therefore, 
our findings suggest that SHP2 and TLR4 interact and 
influence one another.

SHP2 catalyzes phosphatase, which is a key intra-
cellular regulator of RTKs on the cell membrane [34]. 
SHP2 is essential for activating ERK-MAPK signaling 
[35] and the growth factor-mediated Ras-Raf-ERK path-
way in most RTK-related signaling pathways. The phos-
phatase activity of SHP2 is critical for Ras-Raf-ERK. 
SHP2 also regulates the PI3K-AKT [36] and JAK/STAT 
pathways [32]. Our present study demonstrated that LPS 
induced Akt and Erk phosphorylation by SHP2, which 
confirmed that LPS can activate SHP2.

Fig. 5   SHP099 attenuates inflammation in ALI. A The expression levels of the inflammatory cytokines TNF-α and IL-6 in lung tissue samples 
were detected by ELISA (n = 7 per group). B IL-6 and TNF-α expression levels in ALI lung tissues were determined by qPCR. C SHP099 inhibited 
the LPS-induced MPO activity in lung tissues. D SHP099 inhibited the NF-κB pathway. NF-κB activation was determined by measuring p-IκB and 
p-p65 levels. Data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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SHP099 is Novartis’ first allosteric inhibitor of 
SHP2 and has no significant activity against other PTP 
families (including SHP1) or kinases with an amino-
pyrazine compound as their parent core. SHP099 binds 
simultaneously to the interface of N-terminal SH2, 
C-terminal SH2, and PTP domains, thus, inhibiting 
SHP2 activity through an allosteric mechanism [14]. 
SHP099 suppresses RAS-ERK signaling to inhibit 
RTK-driven proliferation of human cancer cells in vitro 
and is effective in a mouse tumor xenograft model [14, 
37]. Our results confirmed that SHP099 inhibits both 
LPS-induced inflammation and MAPK activation. Ani-
mal experiments reconfirmed the suppressive effect of 
SHP099 on inflammation.

ALI leads to high mortality [38], which can be con-
sidered the early stage of ARDS, which usually leads to 
sudden respiratory failure and death [39, 40]. Effective 
diagnosis and treatment of ALI is the key strategy to save 
patients with ALI [38]. There are currently no specific 
drugs that target the pathogenesis of acute lung injury, and 
the main treatment methods are primary lesion treatment 
and respiratory support therapy, and many researchers are 
attempting to find drugs to treat ALI [41]. Finding out the 
pathogenesis of acute lung injury and developing targeted 
drugs for specific targets is clinically significant [42]. In 
the present study, we found that the SHP2 level increased 
in ALI tissues, which is consistent with Dawei Wang’s 
findings in rats and NR8383 Cells [43]. They found sup-
pression of Shp2 can attenuate the M1 polarization, which 
contributed to suppression of cell inflammation and atten-
uation of ALI progression, indicating that SHP2 is the 
potential target for ALI therapy. As macrophage cells are 
important for inducing inflammation [44], the expression 

of SHP2 in mice macrophages was investigated in our 
present study and was found to increase significantly. 
Therefore, SHP2 in macrophages could be a therapeutic 
target. Several SHP099-based small molecule allosteric 
SHP2 inhibitors are currently in clinical trials and have 
demonstrated promising therapeutic effects in metastatic 
head and neck cancer, advanced solid tumors, metastatic 
colorectal cancer, metastatic esophageal cancer, and other 
cancers. Indeed, we observed that SHP099 treatment sig-
nificantly prevented ALI and prolonged the survival rate 
of animals with sepsis.

Actually, there are several limitations to this 
study. Although the mice sepsis model created by tail 
vein injection of LPS can demonstrate the effect of the 
small molecule inhibitor SHP099 on inflammation, 
other effective animal models of sepsis exist, including 
intravascular live bacteria, bacterial peritonitis, cecal 
ligation and perforation, and others [45, 46]. These 
models can reflect important aspects of sepsis, but the 
occurrence of sepsis in the human body is a very com-
plex process. If additional research is required, several 
animal models can be tested at the same time to under-
stand the role and mechanism of SHP099 in the patho-
genesis of sepsis.

In summary, the present study demonstrates the 
critical role of SHP2 in LPS-induced inflammation in 
macrophages. ALI and sepsis were relieved using the 
SHP-2-specific inhibitor SHP099. Our findings regard-
ing anti-inflammatory effects of SHP099 in both cells 
and animals may also provide more useful information for 
the future use of SHP2 inhibitors in a variety of clinical 
treatments, as well as the potential application of SHP099 
to treat ALI.

Fig. 6   SHP099 suppresses LPS-induced sepsis. A SHP099 increases the survivals of animals with LPS-induced sepsis. The SHP099 treatment 
group was intraperitoneally injected with 15 mg/kg SHP099 at 12.5 h and 0.5 h before LPS injection. 32 mg/kg LPS was injected through the tail 
vein to induce sepsis. B The survivals of mice were observed every 12 h for 11 days.
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