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Abstract

Persistent endoplasmic reticulum stress promotes aberrant inflammation and induces cell death, and inflam-
mation is implicated in the pathogenesis of pneumonia. Vanillic acid exerts pharmacological activities, such as 
anti-inflammatory, antimicrobial, and antioxidant effects. However, the role of vanillic acid in pneumonia has not 
been elucidated yet. Human lung fibroblasts (WI-38 and MRC-5) were incubated with different concentrations 
of lipopolysaccharides to mimic the cell model of pneumonia. Lipopolysaccharides-treated lung fibroblasts were 
then incubated with different concentrations of vanillic acid. Cell viability and apoptosis were detected by MTT 
assay and flow cytometry, respectively. Quantitative real-time polymerase chain reaction and enzyme-linked-im-
munosorbent serologic assay were used to measure the levels of inflammatory factors. Western blot assay was 
used to detect endoplasmic reticulum stress and downstream pathway. Lipopolysaccharides induced decrease of 
cell viability in WI-38 and MRC-5 whereas vanillic acid increased cell viability of lipopolysaccharides-treated lung 
fibroblasts. Lipopolysaccharides-induced increase of cell apoptosis in lung fibroblasts was suppressed by vanillic 
acid through up-regulation of BCL2, and down-regulation of BCL2 associated X (BAX) and cleaved caspase-3. 
Vanillic acid reduced levels of tumor necrosis factor-α (TNF-α), Interleukin 6 (IL-6), and IL-1β in lipopolysac-
charides-treated lung fibroblasts. Protein expression of glucose-regulated protein 78 (GRP78), X-box binding 
protein 1 (XBP-1), activating transcription factor-6 (ATF-6), ATF-4, and C/EBP homologous protein (CHOP) in 
lung fibroblasts were up-regulated by lipopolysaccharides while reduced by vanillic acid. Vanillic acid attenuated 
lipopolysaccharides-induced decrease of IκBα and increase of p-IκBα, p-p65, p-ERK, and p-JNK in fibroblasts. 
Vanillic acid exerted anti-inflammatory effect against lipopolysaccharides-induced human lung fibroblasts by 
inhibiting mitogen-activated protein kinase and nuclear factor kappa B pathways.
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Introduction

Pneumonia is one of the most common respiratory diseases 
in children and is the major cause of death in children aged 
less than 5 years (Hur, 2020). Almost one-third of neonatal 

deaths are caused by pneumonia, and the incidence of pneu-
monia in developing countries is on the rise (Marangu and 
Zar, 2019). Therapeutic strategies, including antibiotics, 
nebulizer therapy, and oxygen inhalation, are widely used 
for the treatment of pediatric pneumonia (Dassner et al., 
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2017; Müller-Redetzky et al., 2015). However, resistance 
to antibiotics weakens the therapeutic efficiency (Müller-
Redetzky et al., 2015). Therefore, novel strategies for the 
treatment of pneumonia are required urgently.

Bacterial or viral infections induce inflammatory response 
in the lungs, leading to pneumonia (Mizgerd, 2018). The 
severity of pneumonia is strongly correlated with the degree 
of inflammation (Mizgerd, 2018). Anti-inflammatory 
therapy has been regarded as the potential strategy for 
preventing pneumonia (Seki et al., 2010). In addition, envi-
ronmental stimulus induces loss of endoplasmic reticulum 
homeostasis and exacerbate inflammatory process in the 
lungs, thus resulting in development of pneumonia (Köseler 
et al., 2020). Suppression of endoplasmic reticulum stress 
reduced lipopolysaccharides-induced lung inflammation 
(Kim et al., 2013) and repressed lung cell apoptosis and 
autophagy (Huang et al., 2020). Therefore, inhibition of 
endoplasmic reticulum stress-induced inflammation could 
be a promising treatment for pneumonia.

Vanillic acid is a phenolic compound derived from dietary 
fruit and vegetation, and exerts a variety of pharmacolog-
ical activities, such as anti-inflammatory, antimicrobial, 
antioxidant, and neuroprotective effects (Ullah et al., 2020). 
For instance, vanillic acid improved cognitive impairment 
in mice and suppressed Aβ1-42-induced oxidative stress, 
thus exerting neuroprotective effect against progressive 
neurodegenerative diseases (Amin et al., 2017). Vanillic 
acid also promoted myelination and inhibited inflamma-
tion to ameliorate neurodegenerative diseases (Siddiqui 
et al., 2019). Streptozotocin-induced inflammation and 
oxidative stress were also attenuated by vanillic acid (Ji et 
al., 2020). Vanillic acid has been indicated to reduce the 
release of inflammatory cytokines in bronchoalveolar 
lavage fluid, and attenuated ovalbumin-induced asthma 
(Bai et al., 2019). However, the role of vanillic acid in pedi-
atric pneumonia has not been reported yet.

In the present study, the effects of vanillic acid on cell via-
bility, apoptosis, inflammation, and endoplasmic retic-
ulum stress of lipopolysaccharides-treated human lung 
fibroblasts were investigated. The underlying mechanism 
of anti-inflammatory effect of vanillic acid against lipo-
polysaccharides-treated human lung fibroblasts could 
provide potential strategy for pediatric pneumonia.

Materials and methods

Effect of vanillic acid on cell viability and 
lipopolysaccharides-induced apoptosis

Human lung fibroblasts (WI-38 and MRC-5) were 
acquired from American Type Culture Collection 

(Manassas, VA, USA), and cultured in Dulbecco's 
modified Eagle’s medium (Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum and 
penicillin–streptomycin (Invitrogen). Cells were incu-
bated with 1-, 2-, 5-, or 10-μg/mL lipopolysaccharides 
(Sigma-Aldrich, St Louis, MO, USA) for 12 h to induce 
inflammation. Cells were also incubated with 5-, 10-, 20-, 
or 40-μg/mL vanillic acid (Sigma-Aldrich) for 12 h to 
investigate cytotoxicity. Cells were cotreated with 10-μg/
mL lipopolysaccharides and 5-, 10-, or 20-μg/mL vanillic 
acid to investigate the protective effect of vanillic acid.

WI-38 and MRC-5 were seeded into 96-well plates, and 
treated with lipopolysaccharides or vanillic acid. MTT 
solution (5 mg/mL, 10 μL) (Sigma-Aldrich) was added 
into each well and incubated at 37°C for 4 h. Dimethyl 
sulfoxide was then added and absorbance at 450 nm was 
measured by microplate reader (Bio-Rad, Hercules, CA, 
USA). For flow cytometry, WI-38 and MRC-5 with lipo-
polysaccharides or vanillic acid treatment were harvested 
and resuspended in binding buffer of Annexin V fluores-
cein isothiocyanate (FITC)/propidium iodide (PI) staining 
assay (Invitrogen). Cells were then stained with 5 µL of PI 
and 5 μL of Annexin V (Invitrogen). The apoptotic ratio 
was analyzed by fluorescence-activated cell sorting (FACS) 
flow cytometer (Life Technologies, Darmstadt, Germany).

Enzyme-linked-immunosorbent serologic assay (ELISA) 
and quantitative real-time polymerase chain reaction 
(qRT-PCR)

The cultured medium of WI-38 and MRC-5 was collected, 
and the protein concentration was measured by BCA kit 
(Applygen, Beijing, China). Levels of tumor necrosis fac-
tor-α (TNF-α), Interleukin 6 (IL-6), and IL-1β were deter-
mined using ELISA kits (ExCell Biology Inc., Shanghai, 
China). For qRT-PCR analysis, WI-38 and MRC-5 were 
lysed in TRIzol kit (Invitrogen), and the isolated RNAs 
were synthesized into complementary DNAs (cDNAs) 
by MultiscribeTM reverse transcription kit (Applied 
Biosystems, CA, USA). PreTaq II kit (Takara, Dalian, 
Liaoning, China) was used for the qRT-PCR analysis with 
the primers given in Table 1. The messenger RNA (mRNA) 
expression was normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) through 2−∆∆Ct method.

Western blot assay

WI-38 and MRC-5 were lysed in radioimmunoprecip-
itation assay (RIPA) buffer (Beyotime, Beijing, China), 
and the protein samples were collected and separated by 
10% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE). Samples were transferred on 
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nitrocellulose membranes, and the membranes were 
blocked in 5% bicinchoninic acid (BCA). Following over-
night incubation with specific antibodies: anti- BCL2 
associated X (BAX) and anti-BCL2 (1:1,500, Abcam, 
Cambridge, UK), anti-GRP-78 and anti-XBP-1 (1:2,000, 
Abcam), anti-activating transcription factor-6 (anti-ATF-6) 
and anti-ATF-4 (1:2,500, Abcam), anti-C/EBP homologous 
protein (CHOP) and anti-β-actin (1:3,000, Abcam), anti-
pro caspase-3 and anti-cleaved caspase 3 (1:3,000, Abcam), 
anti-JNK and anti-p-JNK (1:3,500, Abcam), anti-ERK and 
anti-p-ERK (1:4,000, Abcam), anti-p65 and anti-p-p65 
(1:4,500, Abcam), and anti-IκBα and anti-p-IκBα (1:5,000, 
Abcam), the membranes were washed and probed with 
horseradish peroxidase-conjugated secondary antibody 
(1:5,000, Abcam). The immunoreactivities were visualized 
using enhanced chemiluminescence (Sigma-Aldrich) fol-
lowed by incubation with tetramethylbenzidine.

Statistical analysis

Complete data with at least triple replicates were 
expressed as mean ± standard error of mean (SEM), and 
analyzed by Student’s t-test or one-way analysis of vari-
ance under SPSS software. P < 0.05 was considered statis-
tically significant.

Results

Vanillic acid suppressed cell apoptosis of 
lipopolysaccharides-treated human lung fibroblasts

In order to induce cell model of pneumonia, human 
lung fibroblasts (WI-38 and MRC-5) were incubated 
with lipopolysaccharides. Incubation with lipopolysac-
charides reduced cell viabilities of WI-38 and MRC-5 
(Figure 1A). Lipopolysaccharides below less than 2 μg/
mL showed demonstrated no significant effect on the cell 
viabilities (Figure 1A), and thebut 10- μg/mL lipopolysac-
charides reduced almost 50% of cell viabilities in WI-38 
and MRC-5 (Figure 1A). In order to investigate cytotox-
icity of vanillic acid on human lung fibroblasts, WI-38 
and MRC-5 were incubated with 5-, 10-, 20-, or 40- μg/
mL vanillic acid. Vanillic acid less thanbelow 20 μg/mL 
depictedshowed no significant effect on the cell viabilities 
of WI-38 and MRC-5 (Figure 1B). Therefore, to investigate 

the protective effect of vanillic acid, cells were cotreated 
with 10- μg/mL lipopolysaccharides and 5-, 10-, or 20- μg/
mL vanillic acid. Incubation with vanillic acid enhanced 
cell viabilities of lipopolysaccharides-treated WI-38 and 
MRC-5 in a dosage-dependent way manner (Figure 1C), 
and reduced the cell apoptosis (Figure 1D). Moreover, 
vanillic acid treatment decreased protein expression of 
BAX, while increased BCL2 and cleaved caspase 3 in lipo-
polysaccharides-treated WI-38 and MRC-5 (Figure 1E), 
suggesting anti-apoptotic effect of vanillic acid against 
lipopolysaccharides-treated human lung fibroblasts.

Vanillic acid suppressed inflammation of 
lipopolysaccharides-treated human lung fibroblasts

Expression levels of TNF-α, IL-6, and IL-1β were up-
regulated in WI-38 and MRC-5 post-lipopolysaccharides 
incubation (Figures 2A and B). However, vanillic acid 
treatment reduced the levels of TNF-α, IL-6, and IL-1β 
in lipopolysaccharides-treated WI-38 and MRC-5 in a 
dosage-dependent manner (Figures 2A and B), demon-
strating the anti-inflammatory effect of vanillic acid 
against lipopolysaccharides-induced inflammation in 
human lung fibroblasts.

Vanillic acid suppressed endoplasmic reticulum stress of 
lipopolysaccharides-treated human lung fibroblasts

Protein expressions of GRP-78, XBP-1, ATF-6, ATF-
4, and CHOP were up-regulated in WI-38 and MRC-5 
post-lipopolysaccharides incubation (Figure 3). However, 
vanillic acid treatment reduced the expression of GRP-78, 
XBP-1, ATF-6, ATF-4, and CHOP in lipopolysaccharides-
treated WI-38 and MRC-5 in a dosage-dependent man-
ner (Figure 3), demonstrating anti-endoplasmic reticulum 
stress effect of vanillic acid against lipopolysaccharides-
treated human lung fibroblasts.

Vanillic acid suppressed activation of mitogen-activated 
protein kinase (MAPK) and nuclear factor kappa B  
(NF-κκB) pathways

Although protein expressions of JNK and ERK in WI-38 
and MRC-5 were not affected by lipopolysaccharides 

Table 1.  Primer sequences.

Gene Forward Reverse

TNF-α 5’-AGCCCATGTTGTAGCAAACC-3’ 5’-GCTGGTTATCTCTCAGCTCCA-3’

IL-6 5’-GGTGAGTGGCTGTCTGTGTG-3’ 5’-TTCGGTCCAGTTGCCTTCT-3’

IL-1β 5’-GTGGCAATGAGGATGACTTG-3’ 5’-TGGTGGTCGGAGATTCGTA -3’

GAPDH 5’-TCAACGACCACTTTGTCAAGCAGAGT-3’ 5’-GCTGGTGGTCCAGGGGTCTTACT-3’
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(Figure 4A), expressions of p-JNK and p-ERK were 
increased in lipopolysaccharides-treated WI-38 and 
MRC-5 (Figure 4A). Moreover, vanillic acid decreased 
p-JNK and p-ERK expressions in a dosage-dependent 
manner (Figure 4A). Similarly, vanillic acid attenu-
ated lipopolysaccharides-induced down-regulation of 
IκBα, and up-regulation of p-p65 and p-IκBα in WI-38 
and MRC-5 (Figure 4B), revealing that vanillic acid 

inactivated MAPK and NF-κB pathways in lipopolysac-
charides-treated human lung fibroblasts.

Discussion

Pneumonia is known as an inflammatory lung manifesta-
tion stimulated by bacterial or viral infections (Mizgerd, 

Figure 1.  Vanillic acid suppressed cell apoptosis of lipopolysaccharides-treated human lung fibroblasts. (A) Incubation with 
lipopolysaccharides (more than 2 μμg/mL) reduced cell viabilities of WI-38 and MRC-5. (B) Vanillic acid (40 μμg/mL) reduced cell 
viabilities of WI-38 and MRC-5, while vanillic acid below 20 μμg/mL demonstrated no significant effect on the cell viabilities 
of WI-38 and MRC-5. (C) Vanillic acid enhanced cell viabilities of lipopolysaccharides-treated WI-38 and MRC-5 in a dosage-
dependent manner. (D) Vanillic acid treatment suppressed cell apoptosis of lipopolysaccharides-treated WI-38 and MRC-5 in a 
dosage-dependent manner. (E) Vanillic acid treatment decreased protein expression of BAX while increasing BCL2 and cleaved 
caspase 3 in lipopolysaccharides-treated WI-38 and MRC-5. *P < 0.05, **P < 0.01, ***P < 0.001.

(A) (B) (C)

(D)

(E)
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2018). Dietary fruit and vegetation endowed with anti- 
inflammatory and antioxidant properties have been used 
for the prevention of pulmonary diseases (Scoditti et al., 
2019), including pneumonia (Simopoulos, 2021). The 
anti-inflammatory, antimicrobial, antioxidant, and neu-
roprotective effects of vanillic acid have been studied 
widely (Ullah et al., 2020). The present study established 
that vanillic acid suppressed endoplasmic reticulum 
stress-induced inflammation in human lung fibroblasts, 
thus providing potential strategy for the prevention of 
pneumonia.

During the development of pneumonia, lung inflam-
mation was promoted and the inflammatory cytokines 
were released to induce cellular damages (Tang et al., 
2020). Lipopolysaccharides are widely used to induce 
inflammation in human lung fibroblasts, thus mim-
icking cell model of pneumonia (Tang et al., 2020). 
Alleviation of lipopolysaccharides-induced inflamma-
tion contributed to the prevention of pneumonia (Quan 
et al., 2018). Results in this study established that treat-
ment with lipopolysaccharides reduced cell viability of 
human lung fibroblasts, promoted cell apoptosis, and 

Figure 2.  Vanillic acid suppressed inflammation of lipopolysaccharides-treated human lung fibroblasts. (A) Vanillic acid 
treatment reduced protein expression of TNF-αα, IL-6, and IL-1ββ in lipopolysaccharides-treated WI-38 and MRC-5 in a dosage-
dependent manner. (B) Vanillic acid treatment reduced mRNA expression of TNF-αα, IL-6, and IL-1ββ in lipopolysaccharides-treated 
WI-38 and MRC-5 in a dosage-dependent manner. +P < 0.05, ++P < 0.01, +++, ***P < 0.001.

(A)

(B)
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induced the secretion of inflammatory factors, including 
TNF-α, IL-6, and IL-1β. However, vanillic acid exerted 
anti-apoptotic and anti-inflammatory effects on lipo-
polysaccharides-treated human lung fibroblasts through 
up-regulation of BCL2, and down-regulation of BAX, 
cleaved caspase 3, TNF-α, IL-6, and IL-1β.

Endoplasmic reticulum stress has long been considered to 
be a critical regulator of systemic inflammatory response 
(Zhang and Kaufman, 2008). Lipopolysaccharides are 
indicated to up-regulate protein expressions of ATF6, 
XBP1, GRP78, and CHOP to induce endoplasmic retic-
ulum stress and promote the activation of inflammatory 
response in acute lung injury model (Zeng et al., 2017). 
Suppression of endoplasmic reticulum stress reduced 
lipopolysaccharides-induced lung inflammation (Kim 
et  al., 2013). This study also found that endoplasmic 
reticulum stress in human lung fibroblasts was promoted 
by lipopolysaccharides treatment with up-regulation of 
GRP-78, XBP-1, ATF-6, ATF-4, and CHOP. However, 
vanillic acid suppressed lipopolysaccharides-induced 
endoplasmic reticulum stress in human lung fibroblasts, 
thus alleviating lung inflammation.

A previous study has established that NF-κB and MAPK 
signaling is a common pro-inflammatory pathway to 
induce the expression of pro-inflammatory cytokines 
chemokines, and adhesion molecules (Xiao et al., 2020). 
Moreover, NF-κB and MAPK were activated by lipo-
polysaccharides stimulation of lipopolysaccharides 

to regulate expression of pro-inflammatory cytokines 
(Nguyen et al., 2020). Inactivation of NF-κB and MAPK 
pathways contributed to the amelioration of lipopolysac-
charides-induced lung inflammation (Chi et al., 2012) 
and endoplasmic reticulum stress (Huang et al., 2020). 
Vanillic acid has been reported to suppress lipopoly-
saccharides-stimulated activation of NF-κB to reduce 
inflammatory response (Calixto-Campos, 2015; Kim 
et al., 2011). In addition, vanillic acid also inactivated 
lipopolysaccharides-stimulated MAPK signaling to alle-
viate neurotoxicity (Ullah et al., 2020), and attenuated 
IL-1β-stimulated cartilage degeneration by suppressing 
MAPK and PI3K/AKT/NF-κB pathways (Huang et al., 
2019). Here, lipopolysaccharides stimulated activation 
of MAPK and NF-κB pathways in human lung fibro-
blasts with down-regulation of NF-κB inhibitor, IκBα, 
and up-regulation of p-p65, p-IκBα, p-JNK, and p-ERK. 
However, MAPK and NF-κB pathways in lipopolysaccha-
rides-stimulated human lung fibroblasts were suppressed 
by vanillic acid through reversed effects on IκBα, p-p65, 
p-IκBα, p-JNK, and p-ERK expressions.

Conclusion

Vanillic acid exerted anti-apoptotic, anti-inflamma-
tory, and anti-endoplasmic reticulum stress effects 
against lipopolysaccharides-stimulated human lung 
fibroblasts through inactivation of MAPK and NF-κB 

Figure 3.  Vanillic acid suppressed endoplasmic reticulum stress of lipopolysaccharides-treated human lung fibroblasts. 
Vanillic acid treatment reduced the expression of GRP-78, XBP-1, ATF-6, ATF-4, and CHOP in lipopolysaccharides-treated WI-38 
and MRC-5 in a dosage-dependent manner. +P < 0.05, ++P < 0.01, +++, ***P < 0.001.
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pathways. Therefore, vanillic acid might be developed 
into a promising therapeutic factor for preventing pneu-
monia. However, the effect of vanillic acid on the oxida-
tive stress of lipopolysaccharides-stimulated human lung 
fibroblasts, as well as the in vivo effect on animal model of 
pneumonia, must be investigated in the future research.
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