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Abstract. Glaucocalyxin A (GLA), an ent‑kauranoid diterpene 
derived from Rabdosia japonica var. glaucocalyx, possesses 
antibacterial, anti‑oxidative and anti‑neuroinflammatory 
properties. The present study aimed to investigate the potential 
mechanisms underlying GLA in the pathogenesis of pneumonia. 
Human pulmonary microvascular endothelial cells (hPMVECs) 
treated with lipopolysaccharide (LPS) were treated with GLA, 
followed by the detection of cell viability, inflammation, apop‑
tosis and cell permeability. Furthermore, the protein expression 
levels of apoptosis‑ and permeability‑associated proteins 
were determined using western blot analysis. Following treat‑
ment with a signal transducer and activator of transcription 3 
(STAT3) activator, the protein expression levels of STAT3 and 
endoplasmic reticulum stress‑associated proteins were deter‑
mined, to confirm whether STAT3 signaling was mediated 
by GLA. Lastly, the mRNA expression level of inflammatory 
cytokines, apoptosis and permeability injury were also deter‑
mined following treatment with a STAT3 activator. The results 
revealed that GLA ameliorated inflammation, apoptosis and 
permeability injury in LPS‑induced hPMVECs. Following 
treatment with a STAT3 activator, the therapeutic effects of 
GLA on LPS‑induced hPMVECs were abrogated. In conclu‑
sion, GLA alleviated LPS‑induced inflammation, apoptosis 
and permeability injury in hPMVECs by inhibiting STAT3 
signaling, which highlighted the potential therapeutic value of 
GLA in the treatment of pneumonia.

Introduction

Pneumonia is a respiratory disease characterized by lung 
inflammation that is mainly caused by pathogens (1). The 

main features of pneumonia include fever, cough, dyspnea, 
somnolence and chest pain, and is a common disease in 
children, accounting for 24.5‑65.2% of pediatric inpa‑
tients (2‑4). Lipopolysaccharide (LPS), the major bioactive 
component of the cell wall, serves a pivotal role in inducing 
an inflammatory response in patients with pneumonia (5). 
Despite substantial advances in the therapeutic approaches 
to pneumonia, further investigation is required (6). Thus, 
current research should focus on the mechanisms under‑
lying the inflammatory response and aim to identify novel 
treatment options for pneumonia. Emerging evidence has 
indicated that inflammation‑related proteins, including 
TNF‑α, IL‑1β and IL‑6, as well as apoptosis‑related proteins 
Bcl‑2 and Bax, were associated with LPS‑induced acute 
pneumonia (7‑10).

Glaucocalyxin A (GLA), an ent‑kauranoid diterpene derived 
from Rabdosia japonica var. glaucocalyx, possesses a number 
of antibacterial, anti‑oxidative and anti‑neuroinflammatory 
properties (11,12). The results of a previous study revealed the 
therapeutic potential of GLA in the treatment of LPS‑mediated 
septic shock and inflammation, in which GLA suppressed the 
activation of the NACHT, LRR and PYD domains‑containing 
protein  3 inflammasome  (13). Furthermore, GLA attenu‑
ated myocardial ischemia/reperfusion injury by alleviating 
microvascular thrombosis in a mouse model (14). HY1702, a 
novel small molecule diterpene acquired from the modifica‑
tion of GLA, reduced the injury of acute respiratory distress 
syndrome in mice induced by LPS (15). GLA also alleviated 
pulmonary fibrosis in mice, which improved the survival 
rates of mice with this disease (16). The results of previous 
studies demonstrated that GLA possessed anti‑inflammatory 
and anti‑oxidative stress effects (17,18). Furthermore, GLA 
inhibited the activation of signal transducer and activator of 
transcription 3 (STAT3) in osteosarcoma cells, and STAT3 
inhibition alleviated LPS‑induced acute lung injury (19‑21). In 
addition, a previous study demonstrated that STAT3 binds to 
the promoter site of activating transcription factor 6 to increase 
its expression, thereby inducing endoplasmic reticulum stress 
(ERS) (22). Therefore, the present study aimed to investigate 
the role of GLA in ERS inhibition regulated by ATF6 and 
the effects on STAT3 activity. In addition, the role of GLA in 
LPS‑induced inflammation and apoptosis in human pulmonary 
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microvascular endothelial cells (hPMVECs) and endothelial 
cell permeability injury was also analyzed.

Materials and methods

Cell lines and treatment. GLA was purchased from 
MedChemExpress. Immortalized hPMVECs were obtained 
from The Cell Bank of Type Culture Collection of The 
Chinese Academy of Sciences (https://www.biomart.cn/infos‑
upply/33021544.htm?from=search_1) and cultured in DMEM, 
supplemented with 10% FBS and 1% penicillin/streptomycin 
(all, Invitrogen; Thermo Fisher Scientific, Inc.), at 37˚C 
in an incubator with 5% CO2. LPS (Sigma‑Aldrich; Merk 
KGaA; resuspended in DMEM) was added to the cells for 
cell model establishment, at a concentration of 100 ng/ml for 
24 h. In subsequent experiments, 1.25, 2.5, 5 and 10 µM GLA 
(MedChemExpress; resuspended in 100 mg/m DMSO) and 
0.5 µM colivelin (MedChemExpress; resuspended in DMEM), 
which is an activator of STAT3, were used for the treatment of 
the cells (18,23,24).

Cell Counting Kit (CCK)‑8 assay. Briefly, hPMVECs were 
seeded in 96‑well plates, at a density of 3x105 cells/well. 
After the cells were treated with GLA, 10 µl CCK‑8 reagent 
(Dojindo Molecular Technologies, Inc.) was added to the 
cells and incubated for 4 h, according to the manufacturer's 
protocol. Cell viability was determined by measuring the 
optical density at 450 nm using a microplate reader (BioTek 
Instruments, Inc.).

Reverse transcription‑quantitative (RT‑q) PCR analysis. 
Following LPS and GLA treatment, total RNA was 
extracted from the hPMVECs using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.). Single‑stranded cDNA 
was subsequently synthesized from total RNA using the 
PrimeScript™ RT Reagent kit, with gDNA Eraser (cat. 
no. RR047A; Takara Biotechnology Co., Ltd.) according 
to the manufacturer's protocol. SYBR Green qPCR Master 
Mix (MedChemExpress) was used for qPCR. The following 
thermocycling conditions were used for qPCR: Initial dena‑
turation for 2 min at 95˚C; followed by 40 cycles at 94˚C for 
30 sec, 60˚C for 30 sec and 72˚C for 2 min; and a final extension 
at 72˚C for 5 min. mRNA expression levels were determined 
using the 2‑∆∆Cq method (25) and GAPDH was used as the 
internal control for quantitative normalization of mRNA. 
The following primers were used: TNF‑α forward, 5'‑CCT​
CTC​TCTA​ATC​AGC​CCT​CTG‑3' and reverse, 5'‑GAG​GAC​
CTG​GGA​GTA​GAT​GAG‑3'; IL‑1β forward, 5'‑ATG​ATG​
GCT​TAT​TAC​AGT​GGC​AA‑3' and reverse, 5'‑GTC​GGA​
GAT​TCG​TAG​CTG​GA‑3', IL‑6, forward, 5'‑ACT​CAC​CTC​
TTC​AGA​ACG​AAT​TG‑3' and reverse, 5'‑CCA​TCT​TTG​
GAA​GGT​TCA​GGT​TG‑3'; GAPDH forward, 5'‑GGA​GCG​
AGA​TCC​CTC​CAA​AAT‑3' and reverse, 5'‑GGC​TGT​TGT​
CAT​ACT​TCT​CAT​GG‑3'.

TUNEL assay. A TUNEL assay was used to detect the apop‑
tosis of cultured hPMVECs. After the cells were fixed with 4% 
paraformaldehyde at room temperature for 30 min, a TUNEL 
assay kit (Roche Diagnostics GmbH) was used to detect the 
apoptotic cells according to the manufacturer's protocol. 

Apoptotic cells of each section were stained using 50  µl 
TUNEL at 37˚C for 60 min. Following nuclear staining with 
DAPI (0.1 µg/ml) at room temperature for 5 min in the dark, 
Antifade mounting medium was used to mount the sections 
(Beyotime Institute of Biotechnology). Fluorescent images 
taken at four random fields of view were captured using an 
inverted microscope and subsequently analyzed using ImageJ 
(v1.38; National Institutes of Health).

Western blot analysis. Total protein was extracted from the 
hPMVECs using RIPA Lysis Buffer (Beyotime Institute of 
Biotechnology) according to the manufacturer's protocol. 
Total protein was quantified using a BCA kit (Beyotime 
Institute of Biotechnology) and the proteins (30 µg per lane) 
were separated using 12% SDS‑PAGE. The separated proteins 
were subsequently transferred onto PVDF membranes and 
blocked with 5% (w/v) skimmed milk for 2 h at room tempera‑
ture. The membranes were incubated overnight at 4˚C with the 
following primary antibodies at 1:1,000 dilution: Anti‑Bcl‑2 
(cat. no. ab32124), anti‑Bax (cat. no. ab32503), anti‑vascular 
endothelial (VE)‑cadherin (cat. no.  ab232880), anti‑zona 
occludens protein‑1 (ZO‑1; cat. no. ab216880), anti‑claudin 5 
(cat. no.  ab131259), anti‑phosphorylated (p)‑STAT3 (cat. 
no.  ab76315), anti‑STAT3 (cat. no.  ab68153), anti‑ATF6 
(a cat. no. b122897), anti‑C/EBP‑homologous protein (CHOP; 
cat. no. ab11419), anti‑glucose regulated protein 78 (GRP78; 
cat. no. ab21685) and anti‑GAPDH (cat. no. ab9485) (all from 
Abcam). The membranes were subsequently incubated with 
horseradish peroxidase‑conjugated secondary antibodies (cat. 
no. sc‑2357; 1:10,000; Santa Cruz Biotechnology, Inc.) for 1 h 
at room temperature. GAPDH was used as an internal control. 
Protein bands were visualized using ECL (Thermo Fisher 
Scientific, Inc.).

FITC‑dextran assay. The FITC‑dextran assay was performed 
as previously described (26). Briefly, monolayers were cultured 
using the treated hPMVECs with LPS combined with GLA or 
GLA and colivelin at 2x105 cells/cm2 at 37°C. Subsequently, 
500 µg/ml FITC‑dextran was added to the apical compartment 
of the transwell chamber (Corning, Inc.), and 200 µl samples 
from serum‑free DMEM (lower chamber) were collected 2 h 
later at 37°C, following the addition of FITC‑dextran. The 
absorbance was measured using a microplate reader with 
excitation at 485 nm and emission at 535 nm.

Statistical analysis. The data are presented as the mean ± SD. 
The comparisons between more than two groups were 
assessed using one‑way ANOVA followed by Tukey's post 
hoc test, using GraphPad Prism 5 (GraphPad Software Inc.). 
Each experiment was repeated at least three times. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GLA ameliorates LPS‑induced hPMVEC injury. The 
dysfunction of endothelial cells has been associated with the 
pathophysiological consequences of acute lung injury (27). To 
investigate the role of GLA in acute pneumonia, hPMVECs 
were treated with different concentrations of GLA to observe 
the corresponding cytotoxicity. As exhibited in Fig. 1A, low, 
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medium and high doses of GLA did not impose cytotoxic effects 
on hPMVECs. Thus, 2.5, 5 and 10 µM GLA concentrations 

were used for subsequent experiments. In addition, following 
LPS induction, the viability of the hPMVECs was reduced to 

Figure 1. GLA ameliorates LPS‑induced hPMVEC injury. Cell viability of (A) hPMVECs treated with different concentrations of GLA was determined by 
performing a Cell Counting Kit‑8 assay and (B) hPMVECs treated with GLA after LPS induction. ***P<0.001 vs. LPS (‑) + GLA (µM) (‑); #P<0.05, ##P<0.01 
and ###P<0.001 vs. LPS (+) + GLA (µM) (‑). hPMVECs, human pulmonary microvascular endothelial cells; GLA, glaucocalyxin A; LPS, lipopolysaccharide. 

Figure 2. GLA ameliorates inflammation and apoptosis in LPS‑induced hPMVECs. (A) mRNA expression level of inflammatory cytokines, (B) rate of apop‑
tosis (magnification, x200) and (C) protein expression of apoptosis‑related proteins in LPS‑induced hPMVECs treated with GLA was analyzed using reverse 
transcription‑quantitative PCR, TUNEL and western blot analysis, respectively. ***P<0.001 vs. LPS (‑) + GLA (µM) (‑); #P<0.05, ##P<0.01 and ###P<0.001 
vs. LPS (+) + GLA (µM) (‑). hPMVECs, human pulmonary microvascular endothelial cells; GLA, glaucocalyxin A; LPS, lipopolysaccharide.
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Figure 3. GLA ameliorates damage of cell permeability in LPS‑induced hPMVECs. (A) Permeability of LPS‑induced hPMVECs treated with GLA was 
detected using FITC‑dextran. (B) Protein expression level of VE‑cadherin, ZO‑1 and claudin 5 in LPS‑induced hPMVECs treated with GLA was analyzed 
using western blot analysis. ***P<0.001 vs. LPS (‑) + GLA (µM) (‑); #P<0.05, ##P<0.01, ###P<0.001 vs. LPS (+) + GLA (µM) (‑). hPMVECs, human pulmonary 
microvascular endothelial cells; GLA, glaucocalyxin A; LPS, lipopolysaccharide; VE‑cadherin, vascular endothelial cadherin; ZO‑1, zonula occludens‑1. 

Figure 4. GLA reduces the STAT3‑mediated expression of ERS‑related proteins in LPS‑induced hPMVECs treated with GLA. Protein expression level of 
(A) p‑STAT3 and STAT3 and (B) ERS‑related proteins in LPS‑induced hPMVECs treated with GLA was analyzed using western blot analysis. ***P<0.001 
vs. LPS (‑) + GLA (µM) (‑); #P<0.05, ##P<0.01, ###P<0.00 vs. LPS (+) + GLA (µM) (‑). hPMVECs, human pulmonary microvascular endothelial cells; GLA, 
glaucocalyxin A; LPS, lipopolysaccharide; p, phosphorylated, ERS, endoplasmic reticulum stress; GRP78, glucose regulated protein 78; ATF6, activating 
transcription factor 6; CHOP, C/EBP‑homologous protein; STAT3, signal transducer and activator of transcription 3. 
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almost half of that in the control group, whereas this trend was 
reversed by increasing the dose of GLA (Fig. 1B).

GLA ameliorates inflammation, apoptosis and permeability 
injury in LPS‑induced hPMVECs. The effect of GLA on 
inflammation and apoptosis in LPS‑induced hPMVECs was 
determined. The results of RT‑qPCR analysis revealed that 
LPS increased the mRNA expression levels of the inflam‑
matory factors, IL‑6, IL‑1α and TNF‑α, while various 
doses of GLA caused a reduction in these expression levels 
in a dose‑dependent manner (Fig.  2A). The apoptosis of 
hPMVECs was significantly increased following treatment 
with LPS, and the level of apoptosis was decreased following 
GLA treatment (Fig. 2B). Apoptosis‑related Bcl‑2 protein 
was markedly decreased compared with control, while Bax 
levels were increased after LPS stimulation. These effects 
were considerably reversed by GLA treatment (Fig. 2C).

FITC‑dextran analysis demonstrated that LPS increased 
the permeability of hPMVECs and reduced the mRNA and 
protein expression levels of VE‑cadherin, ZO‑1 and claudin 
5. These effects were reversed following treatment with GLA 
(Fig. 3A and B).

Collectively, the present results demonstrated that GLA 
ameliorated inflammation, apoptosis and dysfunctional 
permeability of LPS‑induced hPMVECs.

GLA reduces the release of ERS‑related proteins, the inflam‑
mation and the apoptosis of LPS‑induced hPMVECs by 
inhibiting STAT3 signaling. To examine whether the function 
of STAT3 was associated with the underlying mechanisms 
by which GLA exerted protective effects on LPS‑induced 

hPMVECs, western blot analysis was conducted. Notably, 
treatment with LPS increased the protein expression levels 
of p‑STAT3 and ERS‑related proteins (ATF6, CHOP and 
GRP78), which were decreased following GLA treatment 
(Fig. 4A and B).

However, following treatment with 0.5  µM colivelin 
in LPS‑induced hPMVECs treated with GLA, the protein 
expression levels of p‑STAT3, ATF6, CHOP and GRP78 were 
increased, whereas no significant changes were observed in 
the expression levels of total STAT3 (Fig. 5). The impacts of 
colivelin in STAT2 are similar to those reported in a previous 
study (28).

Following colivelin treatment, the mRNA expression 
level of inflammatory cytokines (TNF‑α, IL‑1β and IL‑6) 
were analyzed by RT‑qPCR, while apoptosis was detected 
by performing a TUNEL assay. The results revealed that the 
mRNA expression of inflammatory cytokines and apoptosis 
were increased, indicating that colivelin treatment reversed the 
suppressive effects of GLA on inflammation and cell apoptosis 
(Fig. 6A and B). We also found that the activator of STAT3 
significantly blunted the impacts of GLA in the expression of 
Bcl‑2 and Bax in LPS‑treated hPMVECs (Fig. 6C).

Collectively, the present results demonstrated that GLA 
reduced the release of ERS‑related proteins in LPS‑induced 
hPMVECs by inhibiting STAT3 signaling.

G L A a m e l i o ra t e s  t h e  p e r m e a b i l i t y  i n j u r y  o f 
LPS‑induced hPMVECs by inhibiting STAT3 signaling. 
In order to further investigate the functions of GLA, 
FITC‑dextran analysis was used to detect the effect of coliv‑
elin on the permeability of LPS‑induced hPMVECs treated 

Figure 5. GLA reduces the release of ERS in LPS‑induced hPMVECs by inhibiting STAT3 signal. The protein expression level of p‑STAT3, STAT3 and 
ERS‑related protein expression in LPS‑induced hPMVECs co‑treated with GLA and colivelin was analyzed using western blot analysis and subsequently 
quantified using densitometry. ***P<0.001 vs. LPS (‑) + GLA (µM) (‑); ###P<0.001 vs. LPS (+) + GLA (µM) (‑) + Colivelin (µM) (‑); ∆∆P<0.01, ∆∆∆P<0.001 
vs. LPS (+) + GLA (µM) (10) + Colivelin (µM) (‑). hPMVECs, human pulmonary microvascular endothelial cells; GLA, glaucocalyxin A; LPS, lipopolysac‑
charide; p, phosphorylated, ERS, endoplasmic reticulum stress; ATF6, activating transcription factor 6; CHOP, C/EBP‑homologous protein; STAT3, signal 
transducer and activator of transcription 3; GRP78, glucose regulated protein 78. 



CAO et al:  INHIBITION OF STAT3 BY GLAUCOCALYXIN A TREATMENT6

with GLA. The results demonstrated that the increased 
level of cell permeability in LPS‑induced hPMVECs was 
reduced following treatment with GLA, whereas treat‑
ment with colivelin increased cell permeability (Fig. 7A). 
Furthermore, the mRNA expression levels of VE‑cadherin, 
ZO‑1 and claudin 5 were decreased following treatment 
with LPS, while the expression levels of these proteins were 
increased following GLA treatment (Fig. 7B). The observed 
increase in the mRNA expression levels was partially 
reversed following treatment with colivelin. Similar results 
were found in the protein expression levels of VE‑cadherin, 
ZO‑1 and claudin 5 (Fig.  7C). Collectively, the present 
results indicated that GLA ameliorated the permeability 
injury of LPS-induced hPMVECs by inhibiting STAT3 
signaling.

Discussion

Pneumonia is one of the most infectious diseases affecting 
both children and adults, with high prevalence and morbidity 
rates (8). A number of studies have described the pivotal role 
of inflammatory cytokines and inflammation in the progres‑
sion of pneumonia (29,30). Furthermore, the aggregation of 
inflammatory cytokines in pneumonia development induces 
cell apoptosis and microvascular dysfunction (31). The results 
of the present study initially demonstrated that GLA did not 
exert cytotoxicity in hPMVECs. Furthermore, hPMVECs 
were treated with LPS to simulate inflammation observed in 
the development of pneumonia. An increase in the mRNA 
expression levels of TNF‑α, IL‑1βα and IL‑6, and an increase 
apoptosis were observed in hPMVECs following treatment 

Figure 6. GLA reduces the inflammation and apoptosis in LPS‑induced hPMVECs by inhibiting STAT3 signal. (A) mRNA expression level of inflammatory 
cytokines, (B) rate of apoptosis (magnification, x200) and (C) protein expression level of apoptosis‑related proteins in LPS‑induced hPMVECs co‑treated 
with GLA and colivelin was analyzed using reverse transcription‑quantitative PCR, TUNEL and western blot analysis, respectively. hPMVECs, human 
pulmonary microvascular endothelial cells; GLA, glaucocalyxin A; LPS, lipopolysaccharide; STAT3, signal transducer and activator of transcription 3. 
***P<0.001 vs. LPS (‑) + GLA (µM) (‑); ###P<0.001 vs. LPS (+) + GLA (µM) (‑) + Colivelin (µM) (‑). ∆∆P<0.01 and ∆∆∆P<0.001 vs. LPS (+) + GLA (µM) (10) + 
Colivelin (µM) (‑). 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  23:  313,  2022 7

with LPS, which is consistent with previous studies (32,33). 
Whereas treatment with GLA resulted in decreased inflam‑
mation and apoptosis in LPS‑induced hPMVECs, as indicated 
by the reduced mRNA expression levels of inflammatory 
cytokines and a decrease in the rate of apoptosis. Loss of 
endothelial barrier integrity is another key characteristic of 
pneumonia (34), and the results from the present study demon‑
strated that the enhanced endothelial permeability stimulated 
by LPS was reversed following treatment with GLA.

STAT3 is a transcription factor that exerts biological 
effects in immunity and inflammation (35). The results of a 
previous study revealed the participation of STAT3 in bacterial 
Escherichia coli pneumonia, as the protein levels of p‑STAT3 
were markedly decreased in IL‑6‑deficient mice, highlighting 
STAT3 as a potential therapeutic target for the treatment of 
this disease (36). Furthermore, a reduction in the protein levels 
of STAT3 could aggregate lung injury during pneumonia (37). 
These findings associated STAT3 signaling with the severity 
and progression of pneumonia. Another previous study also 
revealed that the amelioration of ERS via caffeine treatment 
mitigated hyperoxia‑induced lung injury (38). In the present 
study, STAT3 protein expression level was markedly elevated 
in response to LPS treatment for 24 h in hPMVECs, which 
is consistent with the findings of a previous study  (20). 
Furthermore, GLA treatment suppressed the phosphoryla‑
tion of STAT3 and reduced the protein expression levels of 
ERS‑associated proteins in the present study, which further 
suggests that GLA may alleviate ERS by regulating STAT3 
signaling in pneumonia. To verify this hypothesis, hPMVECs 
were treated with colivelin to determine the changes in the 
protein expression levels of p‑STAT3 and ERS‑associated 
proteins. The suppressive effects of GLA on both the protein 
expression levels of p‑STAT3 and ERS‑associated proteins 
were reversed following treatment with colivelin. STAT3 was 

also suggested to be essential for the inflammation and patho‑
genesis of acute lung injury by regulating the expression of 
inflammation‑ and immune‑related proteins (39). The present 
study indicated that the GLA‑induced reduction in the mRNA 
expression level of inflammatory cytokines was reversed 
following treatment with colivelin in LPS‑induced hPMVECs, 
indicating that STAT3 may indirectly modulate the inflamma‑
tory response by mediating associated cytokines to affect the 
progression of pneumonia. In addition, further investigation 
also confirmed that the GLA‑induced levels of apoptosis and 
permeability injury in LPS‑induced hPMVECs were reversed 
following treatment with colivelin, demonstrating that GLA 
inhibited apoptosis and permeability injury in LPS‑induced 
hPMVECs by inhibiting STAT3 signaling. It was reported 
that the mTOR/STAT3 pathway or the JAK2/STAT3 signaling 
pathway was associated with lung injury, which provides an 
insight on understanding how GLA regulates STAT3 (40,41), 
which still requires further investigation.

In conclusion, GLA alleviated LPS‑induced inflammation, 
apoptosis and permeability injury of hPMVECs by inhibiting 
STAT3 signaling, which revealed the therapeutic value of 
GLA in the treatment of pneumonia. The functional effects of 
GLA in LPS‑induced hPMVECs were explored in vitro, and 
further studies should aim to expand these investigations into 
in vivo models.
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