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Abstract. Endothelial dysfunction is a crucial pathogenetic 
mechanism for sepsis. GRB2‑associated binder 1 (GAB1) 
alleviates sepsis‑induced multi‑organ damage; however, to the 
best of our knowledge, its function in endothelial dysfunction 
in sepsis remains unclear. HUVECs were induced by lipo‑
polysaccharide (LPS) to simulate endothelial cell injury under 
sepsis. Cell transfection was conducted to achieve GAB1 
overexpression or suppressor of cytokine signaling 3 (SOCS3) 
knockdown. The expression levels of GAB1 and SOCS3 
were detected by reverse transcription‑quantitative PCR and 
western blotting. Cell viability, apoptosis and migration were 
assessed using Cell Counting Kit‑8, TUNEL and wound 
healing assays, respectively. The production of cytokines and 
nitric oxide (NO) was detected using commercial kits. The 
interaction between GAB1 and SOCS3 was confirmed using 
a co‑immunoprecipitation assay. GAB1 was downregulated 
in LPS‑induced HUVECs. However, GAB1 overexpression 
significantly mitigated LPS‑induced cell viability decrease 
and apoptosis in HUVECs, accompanied by upregulation 
of Bcl2 expression, and downregulation of Bax and cleaved 
caspase‑3 expression. GAB1 also inhibited the production of 
pro‑inflammatory cytokines and increased NO level, increased 
the levels of endothelial NO synthase (eNOS) and phosphory‑
lated (p)‑eNOS, and promoted migration in LPS‑induced 
HUVECs. However, SOCS3 knockdown partially weakened 
the effects of GAB1 overexpression on cell viability, apoptosis, 
inflammation, p‑eNOS, eNOS expression and NO levels in 
LPS‑induced HUVECs. In addition, GAB1 and SOCS3 regu‑
lated Janus kinase 2 (JAK2)/STAT3 signaling in LPS‑induced 
HUVECs. In conclusion, GAB1 exerted a protective effect 
against LPS‑induced endothelial cell apoptosis, inflammation 

and dysfunction by modulating the SOCS3/JAK2/STAT3 
signaling pathway.

Introduction

Sepsis is a systemic inflammatory response syndrome caused 
by a dysregulated host response to infection, and can progress 
to multi‑organ dysfunction and even death, which has become 
the leading cause of mortality in critically ill patients (1,2). It 
is estimated that ~30 million individuals suffer from sepsis 
and >6 million patients die from sepsis worldwide annually, 
causing a large burden to the global health care system (3). It 
has been reported that, in 2020, the incidence of sepsis among 
intensive care unit patients in 44 hospitals in China was up to 
20.6%, and the mortality rate was as high as 35.5% (4). There 
is currently no targeted and effective therapeutic strategy 
for sepsis (5). Therefore, in‑depth studies to understand the 
pathogenesis of sepsis and identify effective prevention and 
treatment strategies are of significant importance.

The pathogenesis of sepsis involves highly complex and 
integrated responses, including the host immune response, 
circulatory abnormalities, endothelial dysfunction and 
organ‑organ crosstalk (6). Previous studies have demonstrated 
that the vascular endothelium is the main target of pathogens, 
microbial toxins or endogenous danger signals, and thus, 
sepsis‑induced endothelial dysfunction is considered as an 
important pathogenetic mechanism for the development of 
sepsis (6,7).

The GRB2‑associated binders (GABs) are a highly 
conserved class of scaffolding proteins, including GAB1, 
GAB2 and GAB3 (8). GABs are involved in signal transduc‑
tion, mainly through the activation of the classical signaling 
pathways SH2 domain‑containing tyrosine phosphatase 
2/RAS/ERK and PI3K/AKT, and through the coupling between 
membrane receptors and signaling proteins, thereby regulating 
a series of biological responses, such as cell proliferation, 
angiogenesis and the inflammatory response (8). As the most 
widely distributed and abundant member of the GAB family, 
GAB1 has received widespread attention due to its biological 
functions. It has been demonstrated that GAB1 is aberrantly 
downregulated in patients with sepsis, and upregulation of 
GAB1 expression can alleviate sepsis‑induced lung injury 
and renal injury by inhibiting apoptosis, oxidative stress and 
inflammatory responses, and thus, GAB1 is considered to be 
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a key regulator of sepsis (9‑11). In addition, existing evidence 
has also revealed the important regulatory role of GAB1 in the 
expression of key transcription factors for endothelial homeo‑
stasis and vascular cell adhesion molecule‑1, the production of 
proinflammatory cytokines to endothelium‑associated neovas‑
cularization and the inflammatory response (12). However, 
to the best of our knowledge, whether GAB1 is involved in 
endothelial dysfunction‑associated pathogenetic mechanisms 
for sepsis remains unclear.

Therefore, the present study aimed to explore the biological 
role of GAB1 in sepsis‑mediated endothelial dysfunction, 
as well as its potential mechanism of action, offering novel 
insights for developing endothelium‑specific therapies for the 
treatment of sepsis.

Materials and methods

Cell culture and treatment. HUVECs (cat. no. iCell‑h110; iCell 
Bioscience, Inc.) were incubated with specific culture medium 
(cat. no. iCell‑h110‑001b; iCell Bioscience, Inc.) supplemented 
with 10% FBS (Thermo Fisher Scientific, Inc.), 1% endothelial 
cell growth supplements (ECGS; iCell Bioscience, Inc.) and 
1% penicillin/streptomycin (Thermo Fisher Scientific, Inc.) 
in a humified incubator with 5% CO2 at 37˚C. To simulate 
endothelial cell injury under sepsis conditions, HUVECs 
were exposed to 2.5, 5 and 10  µg/ml lipopolysaccharide 
(LPS; Sigma‑Aldrich; Merck KGaA) for 24 h at 37˚C. LPS 
at the concentration of 10 µg/ml was utilized in the following 
functional experiments.

Reverse transcription‑quantitative PCR. Total RNA was 
isolated from HUVECs using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), followed by detection of its 
purity and concentration using a NanoDrop ND‑1000 spec‑
trophotometer. Total RNA (1 µg) was reverse transcribed into 
cDNA using the PrimeScript RT reagent kit (Takara Bio, Inc.) 
according to the manufacturer's instructions. Subsequently, 
quantitative PCR was conducted with the application of 
Power SYBR Master Mix (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) on the ABI 7500 PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The thermocy‑
cling program was as follows: 10 min at 95˚C; 40 cycles of 
2 sec at 95˚C; 20 sec at 60˚C and 10 sec at 70˚C. The following 
primer sequences were used: GAB1 forward, 5'‑ACCA​CCA​
CGA​CAA​CAT​TCC​A‑3' and reverse, 5'‑CGC​TGG​CTT​GAC​
TTT​TCT​GT‑3'; suppressor of cytokine signaling 3 (SOCS3) 
forward, 5'‑ATC​CTG​GTG​ACA​TGC​TCC​TC‑3' and reverse, 
5'‑GGC​ACC​AGG​TAG​ACT​TTG​GA‑3'; and GAPDH forward, 
5'‑CAG​GAG​GCA​TTG​CTG​ATG​AT‑3' and reverse, 5'‑GAA​
GGC​TGG​GGC​TCA​TTT‑3'. The relative expression levels of 
the target gene were calculated using the 2‑ΔΔCq method (13), 
and GAPDH served as the internal control.

Western blotting. Total protein was isolated from HUVECs 
using RIPA lysis buffer (Thermo Fisher Scientific, Inc.), 
followed by quantification of the protein concentration 
using a BCA Protein Assay kit (Thermo Fisher Scientific, 
Inc.). Subsequently, equal amounts of protein (40 µg/lane) 
were separated by 10% SDS‑PAGE, and transferred onto 
PVDF membranes (MilliporeSigma). Membranes were then 

blocked with 5% skimmed milk at room temperature for 2 h, 
and probed with primary antibodies against GAB1 (1:1,000; 
cat. no. ab59362; Abcam), Bcl2 (1:1,000; cat. no. ab32124; 
Abcam), Bax (1:1,000; cat. no.  ab32503; Abcam), cleaved 
caspase‑3 (1:1,000; cat. no. 9661; Cell Signaling Technology, 
Inc.), caspase‑3 (1:5,000; cat. no. ab32351; Abcam), endothelial 
nitric oxide (NO) synthase (eNOS; 1:1,000; cat. no. ab199956; 
Abcam), phosphorylated (p‑)eNOS (1:1,000; cat. no. ab215717; 
Abcam), SOCS3 (1:1,000; cat. no. ab16030; Abcam), p‑Janus 
kinase 2 (JAK2) (1:1,000; cat. no. ab32101; Abcam), JAK2 
(1:5,000; cat. no. ab108596; Abcam), p‑STAT3 (1:1,000; cat. 
no. 9131; Cell Signaling Technology, Inc.), STAT3 (1:2,000; 
cat. no. 4904; Cell Signaling Technology, Inc.) and GAPDH 
(1:2,500; cat. no. ab9485; Abcam) at 4˚C overnight. On the 
following day, after three washes with TBS with 10% Tween‑20, 
the membranes were incubated with HRP‑conjugated goat 
anti‑rabbit IgG antibody (1:2,000; cat. no. ab6721; Abcam) at 
room temperature for 2 h. Finally, blots were visualized using 
an enhanced chemiluminescence kit (Thermo Fisher Scientific, 
Inc.), and the band intensity was semi‑quantified using ImageJ 
software (version 1.8.0; National Institutes of Health).

Cell transfection. The full‑length coding sequence of GAB1 
was cloned into the pcDNA3.1 vector (Sangon Biotech Co., 
Ltd.) to construct a GAB1‑overexpressing vector (Ov‑GAB1), 
and the empty pcDNA3.1 vector acted as the negative control 
(Ov‑NC). Small interfering RNA (siRNA) targeting SOCS3, 
including siRNA‑SOCS3‑1 (sense, 5'‑CCU​GGU​GGG​ACG​
AUA​GCA​ACC‑3'; antisense, 5'‑GGA​CCA​CCC​UGC​UAU​
CGU​UGG‑3') and siRNA‑SOCS3‑2 (sense, 5'‑AAC​AAG​UUC​
CGU​UGG​AAA​GUU‑3'; antisense, 5'‑UUG​UUC​AAG​GCA​
ACC​UUU​CAA‑3'), were also obtained from Sangon Biotech 
Co., Ltd., and non‑targeting siRNA acted as the negative 
control (siRNA‑NC; sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​
UTT‑3'; antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'). 
Upon achieving 60‑70% confluence, HUVECs were trans‑
fected with 50 nM SOCS3 siRNA, 50 nM siRNA‑NC, 10 µg 
Ov‑GAB1 or 10 µg Ov‑NC at 37˚C using Lipofectamine® 3000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. In brief, the aforementioned 
vectors and the Lipofectamine® 3000 reagent were separately 
diluted in Opti‑MEM. Subsequently, the two dilutions were 
mixed for 20 min, and then added to each well. Cells were 
incubated with the mixture for 6 h before the medium was 
changed. After 48 h, the transfection efficiency was deter‑
mined via reverse transcription‑quantitative PCR and western 
blotting as aforementioned and were used for subsequent 
experiments.

Cell viability assay. Cell viability was assessed using a Cell 
Counting Kit‑8 (CCK‑8; Dojindo Molecular Technologies, Inc.) 
assay according to the manufacturer's instructions. In brief, 
HUVECs were inoculated into 96‑well plates (5x103 cells/well) 
and cultured at 37˚C with 5% CO2. Cells were treated with 
LPS (2.5, 5 and 10 µg/ml) for 24 h at 37˚C, and 10 µM CCK‑8 
solution was added to each well for an additional incubation 
for 2 h. Finally, the absorbance at 450 nm of each well was 
detected using a microplate reader. Relative cell viability 
(%) was calculated as follows: [Treated optical density (OD)
A450‑blank ODA450]/(control ODA450‑blank ODA450) x100%.
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TUNEL assay. The apoptotic cells were assessed using 
a One Step TUNEL Detection kit (Beyotime Institute of 
Biotechnology) according to the manufacturer's instructions. 
In brief, cells were fixed with 4% paraformaldehyde for 5 min 
at room temperature and then incubated with 0.3% Triton 
X‑100 for 5 min at room temperature. After washing with 
PBS, cells were incubated with TUNEL reagent for 60 min 
at 37˚C in the dark. Finally, cells were stained with 1 mg/ml 
DAPI solution (Invitrogen; Thermo Fisher Scientific, Inc.) for 
10 min in the dark at room temperature, washed with PBS and 
mounted in glycerol. Images were captured in three randomly 
selected fields of view using an inverted fluorescence micro‑
scope (Olympus Corporation). The cell apoptosis rate (%) was 
calculated as follows: Number of apoptotic positive cells/total 
number of cells.

Measurement of cytokine concentrations and NO levels. The 
culture medium was harvested and centrifuged at 500 x g 
for 5 min at 4˚C, and the supernatant was collected. The 
concentrations of the inflammatory cytokines, including 
TNF‑α, IL‑1β and IL‑6, in the supernatant were detected using 
their corresponding commercial ELISA kits (TNF‑α, cat. 
no. PT518; IL‑1β, cat. no. PI305; IL‑6, cat. no. PI330; Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions. The absorbance at 450 nm was detected using 
a microplate reader. The levels of NO in the culture medium 
were detected using a commercial kit (cat. no. BC1475; Beijing 
Solarbio Science & Technology Co., Ltd.) according to the 
manufacturer's protocol, and the absorbance at 550 nm was 
detected using a microplate reader.

Wound healing assay. HUVECs were inoculated into 6‑well 
plates and cultured at 37˚C with 5% CO2. Upon reaching 100% 
confluence, a wound was generated using a 200‑µl sterile 
micropipette tip. Cells were washed with PBS to remove the 
scratched cells, and incubated with serum‑free medium for 
24 h. Images at 0 and 24 h were captured under an inverted 
light microscope (Olympus Corporation). The relative migra‑
tion rate (%)=(wound width at 0 h‑wound width at 24 h)/wound 
width at 0 h x100.

Co‑immunoprecipitation (Co‑IP) assay. The interaction 
between GAB1 and SOCS3 was confirmed using a Co‑IP 
assay. In brief, the total protein was extracted using RIPA 
lysis buffer (Thermo Fisher Scientific, Inc.) and the super‑
natant was collected after centrifugation at 13,000 x g for 
10 min at 4˚C. The lysed protein samples (500 µg) were then 
incubated with 2 µg anti‑IgG, IP‑indicated antibodies against 
GAB1 (1:100; cat. no. ab133486; Abcam), SOCS3 (1:30; cat. 
no. ab280884; Abcam), and untreated proteins as an input 
control. The mixtures were incubated with 50 µg Protein A/G 
PLUS‑Agarose (Santa Cruz Biotechnology, Inc.) at 4˚C for 
6 h. After the IP reaction, agarose beads were centrifuged at 
1,000 x g for 3 min at 4˚C to the bottom of the tube. The super‑
natant was then carefully absorbed, and the agarose beads 
were washed three times with 1 ml lysis buffer. Subsequently, 
the immunoprecipitated protein complex was boiled and 
denatured, and western blotting with the anti‑GAB1 and 
anti‑SOCS3 antibodies was carried out as aforementioned to 
detect the precipitated protein.

Bioinformatics tools. By searching for ‘GAB1’ and selecting 
‘Homo sapiens’ in Biogrid version 4.4.232 (https://thebiogrid.
org/) and entering ‘GAB1’ as the protein ID in the FpClass 
(http://dcv.uhnres.utoronto.ca/FPCLASS/ppis/) database 
(threshold value>0.25), the interaction between GAB1 and 
SOCS3 was predicted.

Statistical analysis. All data are presented as the mean ± stan‑
dard deviation. GraphPad Prism software 9.0 (Dotmatics) 
was used to perform statistical analysis. All experiments 
were independently repeated in triplicate. One‑way ANOVA 
followed by Tukey's post hoc test was performed to compare 
the differences among groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

GAB1 is downregulated in LPS‑challenged HUVECs. 
HUVECs were exposed to 2.5, 5 and 10 µg/ml LPS for 24 h 
to construct an in vitro model of sepsis‑induced endothelial 
cell injury. As shown in Fig. 1A, cell viability was signifi‑
cantly reduced following treatment with 5 and 10 µg/ml LPS. 
Furthermore, the mRNA and protein expression levels of 
GAB1 were significantly decreased following LPS exposure 
in a concentration‑dependent manner (Fig. 1B and C).

GAB1 mitigates LPS‑induced cell viability decrease and 
apoptosis in HUVECs. To explore the regulatory role of 
GAB1 underlying sepsis‑mediated endothelial cell injury, a 
gain‑of‑function experiment was performed. As shown in 
Fig. 2A and B, compared with those in the Ov‑NC group, 
both the mRNA and protein expression levels of GAB1 were 
significantly increased in the Ov‑GAB1 group. Subsequently, 

Figure 1. GAB1 is downregulated in LPS‑treated HUVECs. HUVECs were 
exposed to 0, 2.5, 5 and 10 µg/ml LPS for 24 h. (A) Cell viability was assessed 
using a Cell Counting Kit‑8 assay. (B) mRNA expression levels of GAB1 
were examined using reverse transcription‑quantitative PCR. (C) Protein 
expression levels of GAB1 were detected using western blotting. *P<0.05, 
**P<0.01 and ***P<0.001 vs. 0 µg/ml LPS. GAB1, GRB2‑associated binder 1; 
LPS, lipopolysaccharide.
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the normal HUVECs and GAB1‑overexpressing HUVECs 
were exposed to LPS for 24 h, and the CCK‑8 assay showed 
that GAB1 overexpression partly counteracted LPS‑induced 
cell viability decrease in HUVECs (Fig. 2C). In addition, it 
was observable from the TUNEL assay that LPS stimula‑
tion caused an elevation of apoptosis in HUVECs, which 
was partly abolished by GAB1 overexpression (Fig.  2D). 
The downregulated protein expression levels of Bcl2 and the 
upregulated protein levels of Bax and cleaved caspase‑3 in the 
LPS group compared with the control group further confirmed 

the high apoptosis rate of LPS‑exposed HUVECs. However, 
these changes were partly weakened by GAB1 overexpres‑
sion (Fig.  2E), suggesting that GAB1 could partly inhibit 
LPS‑induced apoptosis in HUVECs.

GAB1 mitigates LPS‑induced inflammation and endothelial 
dysfunction in HUVECs. An ELISA revealed that, after LPS 
exposure, the concentrations of TNF‑α, IL‑1β and IL‑6 in the 
culture medium of HUVECs were notably elevated, which 
were all decreased in the LPS + Ov‑GAB1 group (Fig. 3A‑C). 

Figure 2. GAB1 mitigates LPS‑induced cell viability decrease and apoptosis in HUVECs. (A) HUVECs were transfected with Ov‑NC or Ov‑GAB1, and the 
mRNA expression levels of GAB1 were detected using reverse transcription‑quantitative PCR. (B) Protein expression levels of GAB1 were detected using 
western blotting. ***P<0.001 vs. Ov‑NC. Un‑transfected HUVECs (LPS group) and transfected HUVECs (LPS + Ov‑NC and LPS + Ov‑GAB1 groups) were 
exposed to LPS for 24 h. HUVECs without transfection and LPS induction served as the control group. (C) A Cell Counting Kit‑8 assay was performed to 
assess cell viability. (D) A TUNEL assay was conducted to examine cell apoptosis; magnification, x200. (E) Expression levels of apoptosis‑related proteins 
were detected using western blotting. ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. LPS + Ov‑NC. GAB1, GRB2‑associated binder 1; LPS, 
lipopolysaccharide; Ov‑GAB1, GAB1‑overexpressing vector; Ov‑NC, scramble pcDNA3.1 vector.
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eNOS and p‑eNOS levels were significantly reduced following 
LPS stimulation; however, GAB1 overexpression partly 
restricted this reduction (Fig.  3D). Overexpressing eNOS 
protein is an important approach to promote NO produc‑
tion (14). Accordingly, compared with that in the control group, 
the NO level in LPS‑induced HUVECs was significantly 
decreased, while GAB1 overexpression notably elevated NO 
levels (Fig. 3E). In addition, the results of the wound healing 
assay revealed that LPS induction significantly weakened the 
migration of HUVECs, which was partly counteracted by 
GAB1 overexpression (Fig. 3F).

SOCS3 knockdown partly weakens the impacts of GAB1 
overexpression on cell viability, apoptosis, inflammation 
and endothelial function in LPS‑induced HUVECs. The 
present study also attempted to identify GAB1‑interacting 
proteins to explain its regulatory mechanisms. Based on 

Biogrid and FpClass database, it was found that there may 
be a protein‑protein interaction between GAB1 and SOCS3, 
which was then verified using a Co‑IP assay (Fig. 4A). SOCS3 
expression was also downregulated in LPS‑induced HUVECs, 
while GAB1 overexpression increased SOCS3 expression 
(Fig.  4B). Therefore, to understand the role of SOCS3 in 
GAB1‑mediated endothelial function, HUVECs were trans‑
fected with siRNA‑SOCS3‑1/2 or siRNA‑NC to knock down 
SOCS3. As shown in Fig. 4C and D, compared with those in 
the siRNA‑NC group, the mRNA and protein expression levels 
of SOCS3 were significantly decreased in the siRNA‑SOCS3‑1 
and siRNA‑SOCS3‑2 groups. Due to the superior transfec‑
tion efficacy, siRNA‑SOCS3‑1 was used in the subsequent 
gain‑of‑function and loss‑of‑function experiments. As shown 
in Fig. 4E, HUVECs were transfected with Ov‑GAB1 alone or 
co‑transfected with siRNA‑NC or siRNA‑SOCS3, followed by 
LPS stimulation. The elevated cell viability caused by GAB1 

Figure 3. GAB1 mitigates LPS‑induced inflammation and endothelial dysfunction in HUVECs. HUVECs with or without transfection were exposed to LPS 
for 24 h. HUVECs without transfection and LPS induction served as the control group. Concentrations of (A) TNF‑α, (B) IL‑1β and (C) IL‑6 in the culture 
medium of HUVECs were detected using ELISA kits. (D) Protein levels of eNOS and p‑eNOS were examined using western blotting. (E) NO levels in the 
culture medium of HUVECs were examined. (F) Cell migration was assessed using a wound healing assay. Scale bar, 100 µm. *P<0.05 and ***P<0.001 vs. 
control; ##P<0.01 and ###P<0.001 vs. LPS + Ov‑NC. eNOS, endothelial NO synthase; GAB1, GRB2‑associated binder 1; LPS, lipopolysaccharide; NO, nitric 
oxide; Ov‑GAB1, GAB1‑overexpressing vector; Ov‑NC, scramble pcDNA3.1 vector; p‑, phosphorylated.
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Figure 4. SOCS3 knockdown partially weakens the impacts of GAB1 overexpression on cell viability and apoptosis in LPS‑induced HUVECs. (A) In HUVECs, a 
co‑immunoprecipitation assay was performed to verify the protein‑protein interaction between GAB1 and SOCS3. (B) HUVECs were transfected with Ov‑NC 
or Ov‑GAB1, followed by LPS stimulation. HUVECs without any treatment served as the control group. The protein expression levels of SOCS3 were detected 
using western blotting. ***P<0.001 vs. control; #P<0.05 vs. LPS + Ov‑NC. (C) HUVECs were transfected with siRNA‑SOCS3‑1/2 or siRNA‑NC to knock down 
SOCS3, and the mRNA levels of SOCS3 were detected using reverse transcription‑quantitative PCR. (D) Protein expression levels of SOCS3 were detected 
using western blotting. ***P<0.001 vs. siRNA‑NC. (E) HUVECs were transfected with Ov‑GAB1 alone or co‑transfected with siRNA‑NC/siRNA‑SOCS3, 
followed by LPS stimulation, and a Cell Counting Kit‑8 assay was performed to assess cell viability. (F) A TUNEL assay was conducted to examine cell 
apoptosis; magnification, x200. (G) Expression levels of apoptosis‑related proteins were detected using western blotting. ***P<0.001 vs. control; #P<0.05 and 
###P<0.001 vs. LPS; &P<0.05, &&P<0.01 and &&&P<0.001 vs. LPS + Ov‑GAB1 + siRNA‑NC. GAB1, GRB2‑associated binder 1; LPS, lipopolysaccharide; 
Ov‑GAB1, GAB1‑overexpressing vector; Ov‑NC, scramble pcDNA3.1 vector; siRNA‑NC, scramble small interfering RNA; siRNA‑SOCS3, small interfering 
RNA targeting SOCS3; SOCS3, suppressor of cytokine signaling 3.
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overexpression in LPS‑exposed HUVECs was partly reduced 
following additional SOCS3 knockdown. Furthermore, the 
inhibitory effects of GAB1 overexpression on TUNEL‑positive 
cells and the protein levels of Bcl2, Bax and cleaved caspase‑3 
in LPS‑exposed HUVECs were significantly abolished by 
additional SOCS3 knockdown (Fig. 4F and G).

In addition, SOCS3 knockdown also weakened the 
anti‑inflammatory activity of GAB1 overexpression in 
LPS‑exposed HUVECs, as demonstrated by the upregulated 
levels of TNF‑α, IL‑1β and IL‑6 in the LPS + Ov‑GAB1 + 
siRNA‑SOCS3 group compared with the LPS + Ov‑GAB1 + 
siRNA‑NC group (Fig. 5A‑C). Furthermore, the increase in 
the protein levels of p‑eNOS and eNOS, NO levels, and cell 

migration in LPS‑exposed HUVECs following GAB1 over‑
expression was partly counteracted by SOCS3 knockdown 
(Fig. 5D‑F).

GAB1 and SOCS3 regulate JAK2/STAT3 signaling in 
LPS‑induced HUVECs. The changes in JAK2/STAT3 
signaling underlying the regulation of the GAB1/SOCS3 axis 
in LPS‑exposed HUVECs were also explored. As shown in 
Fig. 6, compared with those in the control group, the protein 
levels of p‑JAK2 and p‑STAT3 were significantly increased 
in the LPS group, indicating that LPS triggered the activation 
of JAK2/STAT3 signaling in HUVECs. However, the activa‑
tion of JAK2/STAT3 signaling in LPS‑exposed HUVECs was 

Figure 5. SOCS3 knockdown partially weakens the impacts of GAB1 overexpression on inflammation and endothelial function in LPS‑induced HUVECs. 
Concentrations of (A) TNF‑α, (B) IL‑1β and (C) IL‑6 in the culture medium of HUVECs were detected using ELISA kits. (D) Protein levels of eNOS and 
p‑eNOS were examined using western blotting. (E) NO levels in the culture medium of HUVECs were examined. (F) Cell migration was assessed using a 
wound healing assay. Scale bar, 100 µm. *P<0.05 and ***P<0.001 vs. control; ###P<0.001 vs. LPS; &P<0.05, &&P<0.01 and &&&P<0.001 vs. LPS + Ov‑GAB1 + 
siRNA‑NC. eNOS, endothelial NO synthase; GAB1, GRB2‑associated binder 1; LPS, lipopolysaccharide; NO, nitric oxide; Ov‑GAB1, GAB1‑overexpressing 
vector; p‑, phosphorylated; siRNA‑NC, scramble small interfering RNA; siRNA‑SOCS3, small interfering RNA targeting SOCS3; SOCS3, suppressor of 
cytokine signaling 3.
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inhibited by GAB1 overexpression, which was then partly 
abolished by additional SOCS3 knockdown, suggesting that 
JAK2/STAT3 signaling might be involved in the regulation of 
the GAB1/SOCS3 axis in LPS‑exposed HUVECs.

Discussion

The present study was undertaken to explore the protective 
role and mechanism of action of GAB1 in attenuating the 
endothelial dysfunction induced by LPS. The major findings of 
the present study were that GAB1 could mitigate cell viability 
decrease, apoptosis, inflammation and endothelial dysfunction 
in LPS‑induced HUVECs, an in vitro cellular model stimu‑
lating sepsis‑induced endothelial dysfunction, partly through 
upregulating SOCS3, accompanied by the involvement of 
JAK2/STAT3 signaling.

Endothelial cells, which cover the inner wall of blood 
vessels, are non‑conventional immune cells of blood 
vessels and constitute the basic barrier between tissues 
and blood, serving a crucial role in the maintenance 
of the homeostasis of the internal environment of the 
body (15,16). During sepsis, endothelial cells are stimulated 
by a large number of pathogens and endotoxins, leading to 
endothelial cell activation and a gradual phenotypic shift 
toward pro‑apoptosis, pro‑inflammatory, pro‑adhesion and 
pro‑coagulant phenotypes, accompanied by the excessive 
release of pro‑inflammatory factors and upregulation of 
endothelial adhesion molecules. This leads to impaired 
endothelial barrier function and an uncontrolled systemic 
inflammatory response, and ultimately results in multisystem 
organ dysfunction and failure (17,18). Therefore, protection 
of endothelial cells is one of the mechanisms in the current 
treatment of sepsis. In the present study, LPS‑exposed 
HUVECs were used to mimic endothelial dysfunction in 
sepsis in vitro as previously proposed (19,20). It was demon‑
strated that LPS exposure resulted in the excessive production 
of pro‑inflammatory cytokines and apoptosis of HUVECs, 

while GAB1 overexpression significantly hindered these 
changes. In addition, there was a reduction in p‑eNOS and 
eNOS levels, and NO production in HUVECs in response to 
LPS exposure. Upregulation of eNOS protein is an important 
approach to promote NO production (14). NO was originally 
identified as a vasodilator, and the reduction of NO was 
regarded as one of the critical causes of endothelial dysfunc‑
tion (21). Therefore, a moderate increase in NO production 
is of great importance for maintaining endothelial function. 
Accordingly, elevated p‑eNOS and eNOS expression and 
NO production were observed following GAB1 overexpres‑
sion in LPS‑exposed HUVECs, indicating that GAB1 could 
attenuate LPS‑mediated endothelial dysfunction, and might 
have a protective effect against sepsis.

SOCS3 is a novel intracellular regulator that negatively 
regulates the sustained activation of multiple cytokine‑asso‑
ciated signaling pathways, which in turn participates in 
biological processes such as inflammation, oxidative stress, 
cell proliferation and apoptosis  (22,23). SOCS3 has been 
shown to limit TNF‑α and endotoxin‑induced endothelial 
dysfunction by blocking essential autocrine IL‑6 signaling 
in human endothelial cells (24). For example, upregulation of 
SOCS3 protein levels was able to inhibit IL‑6 signaling and 
repair impairment of endothelial barrier function (25). This 
confirms that SOCS3 is a key component contributing to the 
inhibition of endothelial lesions during sepsis, and stabilizing 
endothelial SOCS3 could potentially be an effective measure 
against sepsis‑induced multi‑organ failure (25). Therefore, 
SOCS3 serves a protective role in sepsis‑induced endothelial 
cell injury. Notably, in the present study, the protein‑protein 
interaction between GAB1 and SOCS3 was verified, and 
GAB1 positively regulated SOCS3 expression. SOCS3 
knockdown significantly weakened the inhibitory effects of 
GAB1 overexpression on LPS‑mediated endothelial damage, 
further suggesting that the protective role of GAB1 against 
LPS‑induced endothelial dysfunction was partly achieved via 
upregulation of SOCS3.

Figure 6. GAB1/SOCS3 regulates JAK2/STAT3 signaling in LPS‑induced HUVECs. The levels of JAK2/STAT3 signaling‑related proteins were detected 
using western blotting. ***P<0.001 vs. control; ###P<0.001 vs. LPS; &&&P<0.001 vs. LPS + Ov‑GAB1 + siRNA‑NC. GAB1, GRB2‑associated binder 1; JAK2, 
Janus kinase 2; LPS, lipopolysaccharide; Ov‑GAB1, GAB1‑overexpressing vector; p‑, phosphorylated; siRNA‑SOCS3, small interfering RNA targeting 
SOCS3; siRNA‑NC, scramble small interfering RNA; SOCS3, suppressor of cytokine signaling 3.
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The JAK2/STAT3 signaling pathway is a common signaling 
pathway that regulates a variety of important biological 
behaviors such as cell proliferation, apoptosis, differentia‑
tion and inflammation (26). A previous study has shown that 
the development of sepsis is closely related to the persistent 
activation of the JAK2/STAT3 signaling pathway, and that 
modulation of the JAK2/STAT3 pathway can affect the course 
of sepsis and organ dysfunction (27). For example, melatonin 
alleviates sepsis‑induced myocardial injury by regulating the 
JAK2/STAT3 signaling pathway (28), and eupatilin effectively 
reduces inflammation and coagulation dysfunction by inhib‑
iting the JAK2/STAT3 signaling pathway, thereby reducing the 
progression of sepsis‑induced lung injury (29). Consistently, in 
the present study, GAB1 overexpression significantly inhibited 
the JAK2/STAT3 signaling pathway in LPS‑treated HUVECs, 
which may partly account for the protective effect of GAB1 
against endothelial dysfunction. Further studies have revealed 
that SOCS3 is a critical negative regulator of the JAK/STAT3 
signaling pathway (30,31). Therefore, the protective effect of 
GAB1 against LPS‑induced endothelial dysfunction might be 
achieved via regulation of the SOCS3/JAK/STAT3 signaling 
pathway.

In conclusion, to the best of our knowledge, the present 
study was the first to reveal that GAB1 exerted significant 
ameliorative effects on LPS‑induced endothelial cell apop‑
tosis, inflammation and dysfunction by modulating the 
SOCS3/JAK2/STAT3 signaling pathway. The findings may 
provide preclinical data to support the use of GAB1 as a 
candidate gene in targeted therapy and drug development for 
the treatment of sepsis.
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