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ABSTRACT: Meningitic Escherichia coli can infiltrate the central
nervous system (CNS), consequently increasing the levels of
proinflammatory cytokines and chemokines and deteriorating the
integrity of the blood−brain barrier (BBB). Resveratrol has emerged
in recent years as a compound with antioxidant and anti-inflammatory
properties. However, it is still unknown how resveratrol affects
meningitic E. coli-induced CNS dysfunction. Here, by using in vivo
and in vitro BBB models, we demonstrated that resveratrol treatment
significantly inhibited meningitic E. coli invasion of the BBB, protected
the integrity of the BBB, and reduced neuroinflammation and lethality.
In mechanism, resveratrol inhibited bacterial penetration of the BBB by attenuating the upregulation of caveolin-1 (CAV-1), a class
of lipid rafts maintaining endothelial cell function. Resveratrol treatment also maintained BBB permeability by suppressing the
ERK1/2-VEGFA signaling cascade. In vivo treatment of resveratrol decreased the production of inflammatory cytokines and
improved the survival rate in mice challenged with meningitic E. coli. These findings collectively indicated that resveratrol could
attenuate meningitic E. coli-induced CNS injury, which might constitute a new approach for future prevention and treatment of
E. coli meningitis.
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The central nervous system (CNS) is a shielded environ-
ment protected by the skull, spine, and meninges.1

Despite the recent advancements in antibacterial therapy,
bacterial meningitis remains a severe disease involving CNS
infection, which is associated with high morbidity and
mortality worldwide.2 The blood−brain barrier (BBB) is a
highly selective permeability barrier formed by brain micro-
vascular endothelial cells (BMECs), astrocytes, microglial cells,
pericytes, and the microvasculature. It maintains the CNS
homeostasis by regulating the influx and efflux of ions, oxygen,
as well as nutrients.3 BMECs are characterized by the
formation of tight junctions, which consist of Zonula
Occludens protein-1 (ZO-1), Occludin, Claudins (especially
Claudin-5) and other proteins, and play a critical role in the
structure and integrity of the BBB.4 Despite the highly
restrictive nature of the CNS, pathogens can cross the BBB
transcellularly (e.g., E. coli, Streptococcus agalactiae, Streptococ-
cus pneumoniae, Neisseria meningitides, and some fungal
pathogens, such as Candida albicans and Cryptococcus neofor-
mans), paracellularly (e.g., Trypanosoma spp. and Borrelia
spp.), or through the infected phagocytes (e.g., Listeria
monocytogenes and Mycobacterium tuberculosis).5 Among these
organisms, meningitic E. coli is the most common Gram-
negative bacillary organism and the leading cause of invasive
bacterial neonatal infections.6 Generally, E. coli meningitis

develops from the circulating bacteria penetrating the BBB,
thereby entering the CNS.7 Meningitic E. coli induces the
release of proinflammatory cytokines and certain toxic
compounds, which leads to increased BBB permeability and
pleocytosis, and finally the formation of meningitis.8

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a polyphenol
found abundantly in red wine, grapes, peanuts, and other food
products.9 In early studies, resveratrol was found to suppress
nitric oxide production as well as NF-κB activation in
macrophages, thereby decreasing inflammatory responses.10

Resveratrol can also act as an antioxidant to remove free
radicals, thus preventing tumor progression and age-related
diseases.11 Other studies have found that resveratrol induced
autophagy by activating sirtuin deacetylases and directly
inhibiting the kinase mTOR, a master negative regulator of
autophagy.12 Interestingly, resveratrol administration induced
complete protection against memory loss and brain pathology
in mouse models of Alzheimer’s disease.13 Importantly,
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accumulating studies have shown that resveratrol has antiviral
effects. Resveratrol exhibited direct viricidal activity against
human immunodef iciency virus,14 Zika virus,15 and Pseudorabies
virus,16 and possessed certain inhibitive properties for viral
replication. In a recent study, resveratrol treatment significantly
inhibited Middle East respiratory syndrome coronavirus
(MERS-CoV) replication and downregulated the apoptosis
induced by MERS-CoV, thereby prolonging cellular survival.17

Besides, resveratrol partially suppressed dengue virus repli-
cation by increasing the activation of ISGs through the
inhibition of HMGB1 translocation.18

In the present study, we investigated the effects of
resveratrol on the pathogenic process of CNS infection by
meningitic E. coli. We found that resveratrol inhibited
meningitic E. coli invasion of the BBB by targeting caveolin-1
(CAV-1), maintained the permeability of the BBB by
suppressing the ERK1/2-VEGFA cascade, and counteracted
the production of inflammatory cytokines. Taken together,
these positive effects of resveratrol may improve survival from
E. coli meningitis, thus providing a potential new avenue for the
future prevention and nonantibiotic therapy of E. coli
meningitis.

■ RESULTS

Resveratrol Attenuates Meningitic E. coli Penetration
into the BBB. Our kinase screening library identified
resveratrol as an inhibitor of meningitic E. coli invasion of
hBMECs monolayer. By using different doses of resveratrol (5,
10, 25, and 50 μM) to pretreat hBMECs for 1 h, we found that

resveratrol inhibited meningitic E. coli invasion of hBMECs in
a dose-dependent manner (Figure 1A). Resveratrol did not
affect bacterial growth, as assessed by the determination of
optical density at 600 nm (OD600) and CFUs seen with
different doses of resveratrol (Figure 1B). Meanwhile, we also
investigated the transcription level of meningitic E. coli
virulence genes in response to multiple dosage of resveratrol
(0, 10, and 50 μM). We found that resveratrol treatment did
not exhibit any significant inhibition on the transcription of
these virulence genes including ompA, ibeA, afa, papA, and focG
in meningitic E. coli strains (Figure S1). Cytotoxicity and
proliferation of hBMECs, as assessed by MTT assay, were not
affected by resveratrol (Figure 1C). Next, the role of
resveratrol in meningitic E. coli penetration into the brain
was examined in resveratrol-treated mice and compared with
DMSO-treated mice. We found that the magnitude of
bacteremia did not differ between the two groups of mice, as
shown by similar bacterial counts in the blood of DMSO- and
resveratrol-treated mice. However, the bacterial counts in the
brains of resveratrol-treated mice were significantly lower than
those in the brains of DMSO-treated mice (Figure 1D),
indicating that resveratrol treatment resulted in decreased
meningitic E. coli penetration into the brain without affecting
the magnitude of bacteremia. These in vitro and in vivo findings
demonstrated the novel concept that resveratrol attenuates
meningitic E. coli penetration of the BBB.

Identification of Potential Targets for Resveratrol
Treatment by RNA Sequencing. To find out the possible
effectors that contributing to resveratrol-attenuated meningitic

Figure 1. Resveratrol treatment reduced meningitic E. coli penetration of the BBB in vitro and in vivo. (A) Resveratrol inhibited meningitic E. coli
invasion of hBMECs in a dose-dependent manner. Data are expressed as mean ± SD from three independent experiments. ***p < 0.001. (B)
Bacterial growth was not affected by resveratrol treatment. Overnight bacterial cultures (1:1000) were transferred into fresh LB medium with or
without resveratrol at the indicated concentrations, and further incubated for 12 h. Viable bacterial levels were determined at 2 h intervals by optical
density at 600 nm and serially diluted plating. Data are expressed as mean ± SD from three independent experiments. (C) Resveratrol, used at the
indicated concentrations, did not inhibit cell proliferation. Data are expressed as mean ± SD from eight independent experiments. (D) Meningitic
E. coli penetration into the mice brain was significantly inhibited by the administration of resveratrol (100 mg/kg) compared with the control
group. In contrast, the magnitude of bacteremia did not differ between the resveratrol-treated and control groups. Data were presented as mean ±
SD from five individual mice of each group. **p < 0.01.
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E. coli penetration of the BBB, RNA sequencing was performed
using total RNA extracted from DMSO-treated hBMECs, and
meningitic E. coli-infected hBMECs without or with 10 μM, 50
μM resveratrol pretreatment. Herein, we identified 2275
upregulated mRNAs and 2829 down-regulated mRNAs (p ≤
0.05) in meningitic E. coli-infected hBMECs without
resveratrol pretreatment, compared with DMSO-treated
hBMECs (Figure 2A, Table S2). However, only 16 mRNAs
were identified as being significantly upregulated and 87
mRNAs as downregulated considerably (p ≤ 0.05) in
meningitic E. coli-infected hBMECs with 10 μM resveratrol
pretreatment, compared with the DMSO-treated hBMECs
(Figure 2A, Table S3). Similarly, only 39 upregulated mRNAs
and 116 downregulated mRNAs were identified (p ≤ 0.05) in

meningitic E. coli-infected hBMECs with 50 μM resveratrol
pretreatment, compared with the DMSO-treated hBMECs
(Figure 2A, Table S4). The heat maps showed trends of
change in the expression of the mRNAs in these four groups
(Figure 2B). The meningitic E. coli-infected hBMECs without
resveratrol pretreatment displayed 4982 unique mRNAs, and
the results revealed that resveratrol could significantly inhibit
the altered profiles of mRNA expression in hBMECs upon
meningitic E. coli infection (Figure 2C). We next used
quantitative real-time PCR to test further the differentially
expressed mRNAs identified by RNA sequencing. Fourteen
differentially expressed mRNAs from hBMECs in response to
meningitic E. coli and decreased in a dose-dependent manner
by the use of resveratrol were selected randomly. The results

Figure 2. An overview of the differentially expressed mRNAs in meningitic E. coli-infected hBMECs with or without resveratrol treatment. (A) The
volcano plots showed the mRNA profiles of hBMECs treated with different concentrations of resveratrol (0, 10, and 50 μM) upon meningitic E. coli
infection. (B) Heat maps showing unsupervised clustering of four sets of transcriptome data based on the differentially expressed mRNAs. The
expression profiles were displayed with three independent samples in each group. Red represented high and blue represented low relative
expression. (C) Venn diagram showing the overlapping or distinct significantly changed mRNAs among the three groups.
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demonstrated that the expression tendencies of mRNAs in
these four groups were consistent with the RNA-sequence data
(Figure 3).
Resveratrol Participates in Regulating Multiple Bio-

logical Functions. To better understand the regulatory effect
of resveratrol in inhibiting meningitic E. coli invasion of the
BBB, bioinformatics approaches were used to analyze the
potential function of 4982 unique differentially expressed
mRNAs in meningitic E. coli-infected hBMECs without
resveratrol pretreatment, which represented the potential
target mRNAs that were not significantly altered any more
by the treatment of resveratrol (Figure 2C). These mRNAs
were assigned to the categories of different “biological
processes”, “cellular components”, and “molecular functions”.
Within the biological processes class, these mRNAs were
mainly involved in the cytoskeleton, including microtubule
cytoskeleton organization, regulation of cytoskeleton organ-
ization, regulation of microtubule cytoskeleton organization,
and cytoskeleton-dependent intracellular transport. In the
cellular components category, these mRNAs were mainly
divided into adherens junction, cell−substrate adherens
junction, focal adhesion, and cell−substrate junction. Within
the molecular functions category, these altered mRNAs were
primarily associated with cadherin binding, ubiquitin protein
ligase binding, phosphatase binding, and protein phosphatase
binding (Figure 4A).
Moreover, the signaling pathways enriched by these 4982

unique mRNAs were determined with KEGG analysis. The
results revealed that several canonical signaling pathways were
significantly enriched, among which some have already been
shown to regulate meningitic E. coli invasion of the BBB (e.g.,
endocytosis, focal adhesion, regulation of actin cytoskeleton,
PI3K-Akt-, and Rap1-signaling pathways),19 the permeability
of the BBB (e.g., adherens junction, tight junction, VEGF-,
hedgehog-, and HIF-signaling pathways),20 and neuroinflam-
mation (e.g., ErbB-, MAPK-, and TNF-signaling pathways)
(Figure 4B).21 These results collectively indicate that
resveratrol possesses a strong ability to inhibit intracellular
signaling pathway activation, thereby attenuating meningitic
E. coli penetration of the BBB, maintaining BBB permeability,
and decreasing CNS inflammatory response.
Resveratrol Reduces Meningitic E. coli Invasion of

BBB via Inhibiting CAV-1. Because the expression of CAV-1
is enriched in endothelial cells, and it has been reported that
lipid raft-associated protein CAV-1 was involved in meningitic

E. coli infection of host cells.22 CAV-1, a 22 kDa caveolae
scaffolding protein, may concentrate signaling molecules for
their phosphorylation in caveolae.23 Moreover, our data
showed that the transcription of CAV-1 was significantly
upregulated in hBMECs upon meningitic E. coli infection,
while this upregulation was prevented by resveratrol treatment
(Figure 3). Therefore, we next investigated if CAV-1 was
involved in the meningitic E. coli invasion of the BBB. In the
monolayer hBMEC model, using real-time PCR, the tran-
scription of CAV-1 was found to be significantly and time-
dependently increased with the bacterial challenge (Figure
5A). At the protein level, we also observed a significant
increase in CAV-1 in response to infection (Figure 5B).
Meanwhile, we found that the upregulation of CAV-1
decreased in a dose-dependent manner in resveratrol-treated
hBMECs (Figure 5C). Subsequently, the CAV-1 shRNA and
overexpression plasmids were used to knock down and
overexpress the CAV-1 in hBMECs, respectively. The
inhibition of CAV-1 significantly reduced meningitic E. coli
invasion of hBMECs. While in contrast, the overexpression of
CAV-1 significantly promoted meningitic E. coli invasion of
hBMECs (Figure 5D). And the protein level of CAV-1 in
CAV-1 overexpression and silencing hBMECs was shown in
Figure S2. Moreover, the CAV-1 specific inhibitor methyl-β-
cyclodextrin (MβCD) was used to block the CAV-1 function.
By using different dosages of MβCD (1, 5, and 10 mM) to
pretreat hBMECs for 1 h, we found that MβCD also inhibited
meningitic E. coli invasion of hBMECs in a dose-dependent
manner (Figure 5E). We also examined the role of CAV-1 in
meningitic E. coli penetration into the brain in an animal model
by administering 2.5 g/kg of MβCD intraperitoneally to mice.
The results, as determined by bacterial counts recovered from
the blood and brain specimens of mice receiving MβCD or
DMSO control, showed that MβCD did not affect the level of
bacteremia, but was efficacious in preventing E. coli penetration
into the brain (Figure 5F). Together, these data support the
concept that resveratrol reduces meningitic E. coli invasion of
the BBB by inhibiting the CAV-1 function.

Resveratrol Attenuates the Meningitic E. coli-Induced
BBB Permeability Increase by Inhibiting ERK1/2
Activation as Well as VEGFA Expression. Our recent
studies have shown that the expression of VEGFA was
significantly upregulated in monolayer hBMECs and mouse
BBB models upon meningitic E. coli infection and that VEGFA
negatively regulated tight junction proteins expression to

Figure 3. Real-time PCR verification of the mRNA transcription in hBMECs with resveratrol treatment upon meningitic E. coli infection. The
relative expression levels of 14 mRNAs, which were dose-dependently decreased in hBMECs treated with resveratrol, were selected randomly and
examined by real-time PCR. GAPDH was used as the internal reference. Data were expressed as mean ± SD from three independent experiments.
Black vs red **p < 0.01, ***p < 0.001; black vs green &p < 0.05, &&p < 0.01, &&&p < 0.001; black vs orange #p < 0.05, ##p < 0.01, ###p < 0.001.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://dx.doi.org/10.1021/acsinfecdis.0c00564
ACS Infect. Dis. 2021, 7, 777−789

780

http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00564/suppl_file/id0c00564_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00564?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00564?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00564?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00564?fig=fig3&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00564?ref=pdf


increase BBB permeability via the TLR2-MAPK-ERK1/2
signaling cascade.24 Herein, we noticed that the induction of
VEGFA by meningitic E. coli was largely prevented after
resveratrol treatment (Figure 3). Meanwhile, meningitic E. coli-
induced MAPK signaling activation was assumed to be
inhibited by resveratrol treatment, based on our KEGG
pathway prediction (Figure 4B). We sought to investigate
whether the activation of ERK1/2, as well as the increased
expression of VEGFA, can be inhibited by resveratrol
treatment, thus attenuating the increase of meningitic E. coli-
induced BBB permeability. We next investigated the activation
of ERK1/2 in hBMECs by Western blotting. By pretreatment
with resveratrol, the phosphorylation of ERK1/2 induced by
meningitic E. coli in hBMECs was significantly reduced.

Similarly, the upregulation of VEGFA also decreased
considerably in a dose-dependent manner in resveratrol-treated
hBMECs (Figure 6A).
In the mouse BBB model, by using ELISA, we found that

resveratrol significantly decreased meningitic E. coli-induced
upregulation of VEGFA in mouse serum and brain (Figure
6B). To further confirm that the enhanced BBB permeability
observed with meningitic E. coli infection could be attenuated
by resveratrol, Evan’s blue infiltration was measured to evaluate
the mouse BBB permeability. Evan’s blue entry into the brain
was found to be lower in the resveratrol-treated group than in
the meningitic E. coli-infected group (Figure 6C). Together,
these in vitro and in vivo observations largely supported that
resveratrol could attenuate meningitic E. coli-induced ERK1/2

Figure 4. Gene Ontology and KEGG pathway analysis of the unique differential mRNAs in hBMECs with meningitic E. coli infection. (A) Gene
Ontology (GO) of 4982 unique differentially expressed mRNAs. The y-axis represented the targeted gene numbers corresponding to each GO
term. (B) KEGG analysis exhibiting the most enriched 20 pathways associated with meningitic E. coli infection. The color of the q-values indicated
the significance of the Rich factor. Circles indicated the target genes that were involved, and their sizes were proportional to the number of genes.
The y-axis represented the enrichment pathway name. The x-axis represented the Rich factor.
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activation and VEGFA upregulation, thereby maintaining the
integrity of the BBB permeability.
Resveratrol Treatment Reduces Neuroinflammation

and Lethality in Meningitic E. coli-Infected Mice. To
further evaluate the potential effects of resveratrol treatment on
the E. coli-caused meningitis, we next assessed its ability to
regulate the production of proinflammatory cytokines in
response to infection in vivo. As shown, we observed that the
proinflammatory cytokines and chemokines like TNF-α, IL-1β,
IL-6, CCL2, and CXCL2 were significantly augmented in
meningitic E. coli-infected mice pretreated with DMSO. In
contrast, these cytokine and chemokine levels in brain were
significantly attenuated by resveratrol treatment (Figure 7A).
Moreover, brain sections from control and meningitic E. coli-
challenged mice were examined 8 h postinfection. Histopatho-
logical examination showed a noticeable thickening of the
meninges and the inflammatory cell accumulation correspond-
ingly after meningitic E. coli infection, and this histologic lesion
was ameliorated upon the resveratrol treatment (Figure 7B).
Given the positive effects of resveratrol on maintaining BBB

permeability and reducing neuroinflammation in meningitic
E. coli-infected mice, we subsequently assessed the potential
protection of resveratrol in mice from meningitic E. coli-
associated lethality. As shown, all mice in the noninfection
group survived during the observation, while a high mortality
rate (100%) was observed in the DMSO-treated group with
meningitic E. coli challenge. In contrast, the administration of
resveratrol protected 50% of the mice from mortality (Figure

7C). Thus, these results revealed the therapeutic potential of
resveratrol in reducing meningitic E. coli-induced neuro-
inflammation as well as death.

■ DISCUSSION

Meningitic E. coli infiltration of the BBB, induction of CNS
inflammatory response,25 and increase of BBB permeability are
important pathological processes for meningitis develop-
ment.26 Therefore, finding effective medications for preventing
these pathological changes is essential for the prevention and
therapy of E. coli meningitis. In this study, we identified
resveratrol as a naturally occurring polyphenolic compound
that was able to prevent meningitic E. coli invasion of BBB by
attenuating CAV-1 expression, and protected from meningitic
E. coli-induced BBB damage by inhibiting VEGFA. Besides,
resveratrol treatment in vivo also decreased the levels of
meningitic E. coli-induced inflammatory cytokines and chemo-
kines, including TNF-α, IL-6, IL-1β, CXCL2, and CCL2, as
well as the infection-caused lethality in mice. Generally, E. coli
meningitis develops from the bacterial invasion and
penetration of the BBB, the induction of the neuro-
inflammatory responses, and finally the disruption of the
BBB. By following this process, in the current study, the in vivo
bacterial loads were examined at 4 h postinfection, the
proinflammatory cytokine levels were measured at 6 h
postinfection, and the BBB permeability was assayed at 8 h
postinfection.24 These findings together suggested that

Figure 5. CAV-1 contributed to meningitic E. coli invasion of the BBB. (A) Meningitic E. coli infection caused a significant upregulation of CAV-1
transcription in hBMECs in a time-dependent manner. GAPDH was used as the internal reference. Data were presented as the mean ± SD from
three independent experiments. *p < 0.05, ***p < 0.001. (B) Western blot analysis revealed an increased expression of CAV-1 in hBMECs in
response to infection. β-Actin was used as the loading control. (C) Effects of the resveratrol treatment on meningitic E. coli-induced upregulation of
CAV-1 in hBMECs. β-Actin was used as the loading control. (D) Meningitic E. coli invasion of the CAV-1 knocking-down hBMECs and CAV-1
overexpressed cells, compared with their respective controls. Data were presented as the mean ± SD from three independent experiments. *p <
0.05. (E) MβCD dose-dependently inhibited meningitic E. coli invasion of hBMECs. Data were presented as the mean ± SD from three
independent experiments. *p < 0.05, and **p < 0.01. (F) Meningitic E. coli penetration into the mice brain was significantly attenuated by the
administration of MβCD (2.5 g/kg). At the same time, the magnitude of bacteremia did not differ between the MβCD-treated and control groups.
Data were presented as mean ± SD from five individual mice of each group. **p < 0.01.
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resveratrol may be beneficial for the treatment of E. coli
meningitis.
Using a model of E. coli invasion of hBMECs, our kinase

library screening identified resveratrol as an effective inhibitor
of meningitic E. coli invasion of hBMECs. Resveratrol was
shown able to cross the BBB,27 and we herein demonstrated
that resveratrol treatment of meningitic E. coli-infected mice
exhibited an inhibitory effect on bacterial penetration of the
BBB. To further explore the targets of resveratrol, we
performed RNA sequencing analysis by applying different
dosages of resveratrol in hBMECs upon meningitic E. coli
challenge. While 4982 unique differentially expressed mRNAs
in meningitic E. coli infected-hBMECs were partially or largely
restored by the administration of resveratrol, we first focused
on the function of CAV-1. As the major protein constituent of
caveolae,28 CAV-1, was reported to contribute to meningitic
E. coli invasion of hBMECs.22 A previous study has shown that
meningitic E. coli internalized into hBMECs via caveolae, and
the scaffolding domain of CAV-1 played critical roles in the
formation of endosomes.29 Besides, recruitment of α7 nAChR
to CAV-1-enriched lipid rafts was shown required for nicotine-
enhanced meningitis-causing E. coli entry into hBMECs.30 In
the present study, we found that CAV-1 was significantly
upregulated in hBMECs after the meningitic E. coli challenge.
The knockdown of CAV-1 markedly diminished bacterial

invasion of hBMECs, whereas overexpression of CAV-1
significantly promoted the bacterial invasion of hBMECs. We
also demonstrated that the silencing of CAV-1 function by
MβCD in mice significantly prevented meningitic E. coli from
penetrating the brain. These findings together showed that
resveratrol effectively prevented meningitic E. coli invasion of
the BBB via inhibiting the CAV-1.
The increase of BBB permeability was generally recognized

as an essential hallmark in the meningitic bacterial induction of
BBB dysfunction,31 which could be mediated by the
degradation of tight junction proteins, including ZO-1,
Occludin, and Claudin-5.32 Several molecules have already
been reported to mediate this enhancement of BBB
permeability, such as members of the matrix metalloproteinase
(MMP) family, transforming growth factor (TGF) β1,33 Snail-
1,24 VEGFA,34 PDGF-B,35 ANGPTL4,36 IL-1β, IL-6, and
TNF-α.37 Resveratrol is a lipophilic compound that can also
cross the BBB and affects various cellular signaling molecules.
These characteristics may be beneficial in protecting the BBB
from damage by CNS disorders.38 In Alzheimer’s disease,
resveratrol administration was useful in maintaining the
integrity of the BBB by increasing the expression of Claudin-
5 and decreasing the expression of RAGE, MMP-9.39 In the
stroke study, resveratrol treatment provides a low-risk strategy
to maintain the BBB permeability via regulation of MMP-9 and

Figure 6. Resveratrol attenuated the meningitic E. coli-increased BBB permeability by inhibiting the ERK1/2 signaling activation as well as VEGFA
expression. (A) Effects of resveratrol on meningitic E. coli-induced ERK1/2 activation as well as VEGFA upregulation in hBMECs. β-Actin was
used as the loading control. (B) Resveratrol (100 mg/kg) was intraperitoneally administrated 2 h before the challenge, and the expression levels of
VEGFA in serum and brain lysates of each group were determined by ELISA. Data were presented as mean ± SD from five individual mice of each
group. *p < 0.05, **p < 0.01, and ***p < 0.001. (C) Effects of the resveratrol administration on meningitic E. coli-induced increase of the BBB
permeability in the mouse brain, evaluated by the Evan’s blue experiment.
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TIMP-1.40 In the current study, our data showed that Evan’s
blue leakage was markedly increased in meningitic E. coli-
challenged mice compared with control mice. In contrast, the
resveratrol treatment significantly decreased Evan’s blue
content in the brain of mice with meningitic E. coli challenge.
We also have tried the quantification of Evan’s Blue infiltration.
However, we did not observe the significant difference between
each groups, and we presumed that the PBS buffer largely
diluted the concentration of the infiltrated dye. Meanwhile,
due to certain equipment limitations, we did not notice the
particular brain regions that been afflicted. In addition,
previous studies have shown that when meningitic E. coli
invaded BMECs, the permeability of BBB will not be
significantly affected during the invasion process.2 Therefore,

CAV-1 may not be responsible for the BBB permeability
protection effect of resveratrol in these meningitic E. coli-
challenged mice. Since we have previously shown that
meningitic E. coli upregulated the production of VEGFA to
increase the permeability of BBB by activating TLR2-MAPK-
ERK1/2 signaling cascade,24 we, therefore, hypothesized that
resveratrol might have the ability to affect the production of
VEGFA during meningitic E. coli infection. Here, we found a
significant reduction of VEGFA in the serum and brains of
mice upon receiving resveratrol. And we also observed that the
resveratrol treatment attenuated the activation of ERK1/2 in
hBMECs induced by meningitic E. coli. Actually, resveratrol
has been shown to be able to suppress the generation of
VEGFA in models of angiogenesis,41 lung cancer,42 and

Figure 7. Resveratrol treatment reduced neuroinflammation and improved the survival rate in mice with meningitic E. coli infection. (A)
Resveratrol treatment alleviated the production of inflammatory cytokines and chemokines in the challenged mice brains. The mRNA levels of
TNF-α, IL-1β, IL-6, CCL2, and CXCL2 were assayed by real-time PCR and normalized to the expression of β-actin. Data were presented as mean
± SD from five individual mice in each group. *p < 0.05, **p < 0.01, and ***p < 0.001. (B) H&E staining supported that resveratrol treatment
improved the histopathological changes in the brains of meningitic E. coli-infected mice. Scale bar indicated 50 μM, and arrows indicated the
meninges alteration. (C) Resveratrol treatment enhanced the survival of meningitic E. coli-infected mice. The survival of mice in each group was
recorded during 48 h of observation after meningitic E. coli infection. Data were collected and shown as Kaplan−Meier survival curves (n = 8 for
each group). ***p < 0.001.
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stroke.43 And our results here first demonstrated that
resveratrol helped the maintenance of the BBB integrity by
suppressing ERK1/2 activation and reducing VEGFA
expression.
Inflammation is also a vital event of the host response to

microbial pathogens.44 While the well-controlled inflammatory
response could contribute to the elimination of detrimental
stimuli, the excessive inflammatory response could be quite
fatal.45 Previous works have suggested that resveratrol could be
beneficial in the therapy of several infectious diseases by
inhibiting host inflammatory response.46 In a study of
Angiostrongylus cantonensis-induced meningitis, resveratrol
attenuated inflammation by upregulating sirtuin-1.47 In an
infant rat model of pneumococcal meningitis, resveratrol
enabled the modulation of hippocampal miRNAs expression
profiles to reduce the CNS inflammation.48 In the present
study, our data supported that resveratrol treatment had
inhibitory effects on the cytokine production in the serum and
brains of meningitic E. coli-challenged mice, and improved the
infection-caused meningeal thickening as well. Strikingly, with
resveratrol administration, 50% of the challenged mice became
asymptomatic and survived. These data collectively supported
that resveratrol significantly suppressed meningitic E. coli-
induced production of the proinflammatory cytokines, thus
finally improving survival.

■ CONCLUSION

In summary, our data indicated that resveratrol acted
effectively in preventing bacterial penetration of the BBB,
protecting from the damage of the BBB integrity, and
attenuating CNS inflammatory response to reduce the
mortality during E. coli meningitis. To the best of our
knowledge, these findings suggested for the first time that
resveratrol could significantly suppress the meningitic E. coli-
induced expression of CAV-1 and VEGFA. Resveratrol,
therefore, could be considered an intriguing strategy for the
advancement of curative interventions in bacterial meningitis.

■ METHODS

Bacterial and Eukaryotic Cell Culture. Meningitic E. coli
strain PCN033 [GenBank: CP006632.1] was isolated from
swine cerebrospinal fluid in China.49 The E. coli K1 strain
RS218 [GenBank: CP007149.1] was a well-characterized
cerebrospinal fluid isolate from a neonatal meningitis case.50

The strains were routinely grown aerobically at 37 °C in
Luria−Bertani (LB) medium overnight. The immortalized
human BMECs (hBMECs) were kindly provided by Prof.
Kwang Sik Kim (Johns Hopkins University School of
Medicine, USA). They were cultured in RPMI1640 medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
1 mM sodium pyruvate, essential amino acids, nonessential
amino acids, vitamins, and penicillin and streptomycin (100
U/mL).51 Cells were incubated at 37 °C in a 5% CO2, 95% air
humidified atmosphere.
Bacterial Invasion Assay in hBMECs. Meningitic E. coli

invasion of hBMECs was performed as described previously.24

Briefly, bacteria were resuspended in experimental medium
(M199-Ham’s F12 [1:1] medium containing 5% fetal bovine
serum) and added to confluent monolayers of hBMECs in 24-
well plates at a multiplicity of infection of 100. The monolayers
were incubated at 37 °C incubator with 5% CO2 for 1.5 h to
allow the invasion to occur. Subsequently, cells were washed to

remove the unbound bacteria and incubated in the
experimental medium containing 50 μg/mL cefotaxime
sodium for another 1 h to kill extracellular bacteria. The
monolayers were washed and lysed with 0.025% Triton X-100
buffer. The released intracellular bacteria were enumerated by
plating on LB agar plates. For inhibitor studies, hBMECs were
incubated with resveratrol (a purity of 99.7%) (MedChem
Express, Monmouth Junction, NJ, USA) and MβCD (Sigma-
Aldrich, St. Louis, MO, USA) for 1 h before addition of
bacteria. The results were calculated as percentages of the
initial inoculums and presented as percent relative invasion
compared with that in the presence of the vehicle control
(DMSO).

MTT Assay. MTT cell proliferation assay kit was obtained
from Beyotime (Shanghai, China) and used according to the
instructions. The hBMECs were seeded in 96-well plates at 5.0
× 103 cells per well in 100 μL medium and incubated for 24 h.
Resveratrol was added as indicated in hBMECs invasion assay.
The supernatant of each well was removed, and MTT
dissolved in serum-free medium was added and incubated
for a further 4 h. To each well, 100 μL of MTT solvent was
then added, and the plate was wrapped in foil and shaken for
15 min. Finally, the absorbance at 570 nm of each well was
determined.

Animal Infection Assay. The specific pathogen-free KM
mice were obtained from the experimental animal center at
China Three Gorges University (Hubei Province, China) for
animal infection assays. Female mice at 25 days of age were
used for the induction of hematogenous E. coli meningitis.
Mice were pretreated with 100 mg/kg resveratrol or 2.5 g/kg
MβCD intraperitoneally 2 h before infection. Then, mice were
injected intravenously with 100 μL bacterial suspension
containing 1 × 107 colony-forming units (CFUs) that diluted
in phosphate-buffered saline (PBS, pH 7.4). At 4 h
postinoculation, the mice were euthanized, and blood was
collected for quantitative circulating bacterial cultures. Mice
were subsequently perfused as previously described,50 and the
brains were homogenized and plated to determine the bacterial
counts.
For survival assay, the survival of mice in each group (n = 8)

was recorded during 48 h of observation after meningitic E. coli
infection. The Kaplan−Meier survival curves analyses were
conducted using GraphPad Prism Ver. 6.0 (Graph-Pad
Software, La Jolla, CA, USA). The significance of differences
between groups was evaluated using the log-rank (Mantel−
Cox) test.

Meningitic E. coli Infection of hBMECs. Meningitic
E. coli infection of hBMECs was performed following
previously described methods.52 Briefly, overnight cultures of
E. coli were resuspended and diluted in serum-free medium
and then added to the confluent hBMECs monolayer grown in
100 mm dishes at a multiplicity of infection of 10
(approximately 108 CFUs per dish) to allow invasion at 37
°C.53 Finally, cells were washed three times with prechilled
PBS and subjected to RNA extraction using TRIzol reagent
(Aidlab Biotech, Beijing, China) or using RIPA buffer
(Epizyme, Shanghai, China) with protease inhibitor cocktail
(GlpBio, Montclair, CA, USA) for Western blot analysis.

RNA Sequencing and Bioinformatic Analysis. Libraries
of mRNA were constructed and sequenced by Personalbio
(Shanghai, China). First, rRNA was removed using the Ribo-
zero rRNA Removal Kit (Epicenter, Madison, WI, USA) to
obtain approximately 3 μg of total RNA. The library was
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constructed with the NEBNext Ultra RNA Library Prep Kit
(NEB, Ipswich, MA, USA), following the manufacturer’s
recommendations. Briefly, fragmentation was carried out using
divalent cations at an elevated temperature in NEBNext First
Strand Synthesis Reaction Buffer. First-Strand cDNA was
synthesized using random hexamer primer and M-MuLV
reverse transcriptase. Second-strand cDNA synthesis was
subsequently performed using DNA Polymerase I and RNase
H. Remaining overhangs were converted into blunt ends via
the activities of exonuclease/polymerase, followed by adeny-
lation of the 3′ ends of DNA fragments. Finally, NEB Next
Adaptor with a hairpin loop structure was ligated to prepare for
hybridization. Fragments of approximately 150−200 base pairs
were selected and extracted using the AMPure XP system
(Beckman Coulter, Beverly, MA, USA). Then 3 μL USER
Enzyme was used with size-selected, adaptor-ligated cDNA at
37 °C for 15 min, followed by 5 min at 95 °C before PCR.
Then PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X) Primer. At
last, PCR products were purified (AMPure XP system), and
library quality was assessed on the Agilent Bioanalyzer 2100
system. The transcriptomic data have been deposited at the
BioProject database of the National Center for Biotechnology
Information (Accession number PRJNA606931).
Differential expression analysis of two groups (three

biological replicates per condition) was performed using the
DESeq R package (1.10.1). DESeq provides statistical routines
for determining differential expression in digital gene
expression data using a model based on the negative binomial
distribution. The resulting P-values were adjusted using the
Benjamini and Hochberg’s approach for controlling the false
discovery rate. Genes with an adjusted P-value <0.05 found by
DESeq were assigned as differentially expressed. For KEGG
analysis, the genes were mapped directly to the KEGG
database. Then, the enriched pathways were obtained using a
q-value cutoff of 0.05 with the R hypergeometric function and
R q-value package.
Reverse Transcription and Real-Time PCR. Aliquots

(500 ng) of the total RNA in each sample were subjected to
cDNA synthesis using the HiScript II Q RT SuperMix for
qPCR gDNA wiper (Vazyme, Nanjing, China). Primers for the
real-time PCR were MIQE (Minimum Information for
Publication of Quantitative Real-Time PCR Experiments)
guidelines compliant, and listed in Table S1. Real-time PCR
was performed with the real-time PCR thermal cycler
QuantStudio 3 (Applied BioSystems, Foster City, CA, USA)
using MonAmp SYBR Green qPCR Mix (Monad Biotech Co.,
Ltd., Wuhan, China) according to the manufacturers’
recommendations.
Western Blot Analysis. hBMECs were collected and lysed

in RIPA buffer with protease inhibitor cocktail and centrifuged
at 12 000 rpm for 10 min at 4 °C to remove the insoluble cell
debris. The soluble protein concentration in the supernatants
was measured using the BCA protein assay kit (New Cell &
Molecular Biotech, China) and applied to Western blot
analyses. Aliquots from each sample were separated by 12%
SDS-PAGE and then transferred to polyvinylidene difluoride
membranes. The blots were blocked with 5% bovine serum
albumin in Tris-buffered saline with Tween-20 at room
temperature for 1 h and then incubated overnight at 4 °C
with primary antibodies against CAV-1 (Santa Cruz, sc-894,
1:1000, CA, USA), VEGFA (Proteintech, 19003-1-AP, 1:1000,
Chicago, IL, USA), ERK1/2 (Cell Signaling Technology,

4695S, 1:1000, Danvers, MA, USA), p-ERK1/2 (Cell Signaling
Technology, 4370S, 1:1000, Danvers, MA, USA) and β-actin
(Proteintech, 66009-1-Ig, 1:5000, Chicago, IL, USA). The
blots were subsequently washed and incubated with horse-
radish peroxidase-conjugated antirabbit (Biodragon, BF03001,
1:5000, Beijing, China) or antimouse IgG (Biodragon,
BF03008, 1:5000, Beijing, China) at 37 °C for 1 h, and
visualized with electrochemiluminescence kit (US Everbright
Inc., Suzhou, China).

Transfection. The CAV-1 overexpression was performed
by cloning the whole coding sequence of CAV-1 into
pcDNA3.1 (+). The CAV-1 shRNA plasmid and control
shRNA plasmid-A were obtained from Santa Cruz Biotechnol-
ogy. Transfections were performed using Lipofectamine 3000
transfection reagent (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s protocol. Briefly, liquid A (5 μg
plasmid, 10 μL P3000 and 250 μL opti-MEM) and liquid B
(7.5 μL Lipo3000 and 250 μL opti-MEM) were gently mixed
and incubated at room temperature for 5 min. This mixed
suspension was then added dropwise to the serum-starved cells
and incubated at 37 °C incubator with 5% CO2 for 4−6 h. The
medium containing puromycin (100 μg/mL) or Geneticin (1
mg/mL) was added and maintained for 2−3 weeks, and
antibiotic-resistant colonies were pooled or separated into
individual clones for following analysis.

In Vivo Blood−Brain Barrier Permeability Assay. BBB
permeability was evaluated using Evan’s blue dye (961 Da),
which binds to intravascular serum albumin in vivo to become a
protein tracer with high molecular weight.35 Briefly, mice were
pretreated with 100 mg/kg resveratrol or the same volume of
DMSO intraperitoneally 2 h before infection. Then, mice were
injected intravenously with 100 μL bacterial suspension
containing 1 × 107 CFUs that diluted in phosphate-buffered
saline (PBS, pH7.4). At 8 h postinoculation, 500 μL Evan’s
blue (5 mg/mL) was injected via the tail vein to allow
circulation for 10 min before the mice were sacrificed and
perfused. Brains were then taken and photographed for
extravascular staining of the dye.

Secretory Cytokines Determination by Enzyme-
Linked Immunosorbent Assay (ELISA). Mice were pre-
treated with 100 mg/kg resveratrol or the same volume of
DMSO intraperitoneally 2 h before infection. Then, mice were
injected intravenously with 100 μL bacterial suspension
containing 1 × 107 CFUs that diluted in PBS. At 6 h
postinoculation, serum and brains were collected. The
secretory VEGFA from serum and brains were quantified
using the VEGFA ELISA Kit, purchased from 4A Biotech
(Beijing, China), following the procedures provided by the
manufacturer.

Histopathological Examination. The mice were anes-
thetized with ketamine-xylazine (0.1 mL/10 g body weight)
and were perfused with PBS followed by 10% neutral buffered
formalin. Three independent samples of mouse brains were
harvested from each group. Brain tissues were removed and
were paraffin embedded for coronal sections (thickness, 4
μM). The sections were stained with hematoxylin and eosin
(HE) for histopathology.54

Statistical Analysis. All experiments were repeated at least
three times. Data were expressed as mean ± standard deviation
(mean ± SD), and the significance of differences between
groups was evaluated using the one-way analysis of variance or
log-rank (Mantel−Cox) test. A level of p < 0.05 (*) was
considered significant, and p < 0.01 (**) or p < 0.001 (***)
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was considered extremely significant. Graphs were plotted and
analyzed using GraphPad Prism Ver. 6.0 (Graph-Pad Software,
La Jolla, CA, USA).
Ethics Approval and Consent to Participate. The

current study was carried out under the guidelines established
by the China Regulations for the Administration of Affairs
Concerning Experimental Animals (1988) and Regulations for
the Administration of Affairs Concerning Experimental
Animals in Hubei Province (2005) (Project No. 00279694
and Animal Welfare Assurance No. 190815). The Committee
approved all procedures and handling techniques for
Protection, Supervision, and Control of Experiments on
Animals guidelines at Huazhong Agriculture University. All
efforts were made to treat the experimental animals in this
study ethically and to minimize suffering.
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