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Magnesium lithospermate B protects the endothelium from
inflammation-induced dysfunction through activation of Nrf2
pathway
Fei Gao1,2, Jiao-meng Li1,2, Cong Xi1,2, Hui-hui Li1,2, Ying-luo Liu1,2, Yi-ping Wang1,2 and Li-jiang Xuan1,2

Magnesium lithospermate B (MLB) is an active component of Salvia miltiorrhiza Radix, a traditional Chinese herb used in treating
cardiovascular diseases. In this study, we investigated the protective effects of MLB against inflammation-induced endothelial
dysfunction in vitro and in vivo, and the underlying mechanisms. Endothelial dysfunction was induced in human dermal
microvascular endothelial cells (HMEC-1) in vitro by lipopolysaccharide (LPS, 1 μg/mL). We showed that pretreatment with MLB
(10–100 μM) dose-dependently inhibited LPS-induced upregulation of inflammatory cytokines ICAM1, VCAM1, and TNFα, which
contributed to reduced leukocytes adhesion and attenuation of endothelial hyperpermeability in HMEC-1 cells. SD rats were
injected with LPS (10 mg/kg, ip) to induce endothelial dysfunction in vivo. We showed that pretreatment with MLB (25–100mg/kg,
ip) dose-dependently restored LPS-impaired endothelial-dependent vasodilation in superior mesenteric artery (SMA), attenuated
leukocyte adhesion in mesenteric venules and decreased vascular leakage in the lungs. We further elucidated the mechanisms
underlying the protective effects of MLB, and revealed that MLB pretreatment inhibited NF-κB activation through inhibition of IκBα
degradation and subsequent phosphorylation of NF-κB p65 in vitro and in vivo. In HMEC-1 cells, MLB pretreatment activated the
nuclear factor erythroid-2-related factor 2 (Nrf2) pathway. Knockdown of Nrf2 with siRNA abolished the inhibitory effects of MLB on
IκBα degradation and ICAM1 up-regulation, which were mimicked by PKC inhibition (Gö6983) or PI3K/Akt inhibition (LY294002). In
summary, our results demonstrate that MLB inhibits NF-κB activation through PKC- and PI3K/Akt-mediated Nrf2 activation in HMEC-
1 cells and protects against LPS-induced endothelial dysfunction in murine model of acute inflammation.
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INTRODUCTION
The endothelium lies at the interface between blood and tissue,
where it regulates vascular permeability, vascular tone, and the
basal trafficking of hematopoietic cells by sensing and transducing
signals from both blood and tissues. Various stimuli can lead to
endothelial dysfunction, which has been associated with ather-
ogenesis, diabetic vasculopathy, heart failure, sepsis, insulin
resistance, and hypertension [1]. Endothelial cells (ECs) act as
both target and effector cells in the innate immune system during
inflammation [2, 3]. Recent advances have revealed the pivotal
role of endothelial dysfunction in the progression of systemic
inflammation, indicating the potential of the endothelium as a
therapeutic target for inflammation control.
Vascular cells express an extensive repertoire of antioxidant

genes that are regulated by nuclear factor erythroid-2-related
factor-2 (Nrf2). Nrf2 is recognized as a critical transcriptional
activator of antioxidant responses and has been suggested to
possess potent anti-inflammatory properties [4]. Under basal
conditions, Nrf2 is suppressed by Kelch-like ECH-associated
protein 1 (Keap1), which targets Nrf2 for ubiquitination and

proteasomal degradation. Following stimulation with antioxidants,
shear stress, or electrophilic agents, Nrf2 dissociates from Keap1,
escapes proteasome degradation, translocates to the nucleus,
binds to the ARE (AU-rich element) sequence, and activates the
transcriptional expression of its target genes. Nrf2 has also been
found to regulate endothelium functions, such as angiogenesis,
nitric oxide (NO) production, and blood–barrier function. Global
deletion of Nrf2 or specific deletion of Nrf2 in ECs can result in a
reduction of vascular density as well as endothelial cell sprouting
[5]. Activation of Nrf2 has been shown to maintain eNOS in the
coupled state by ensuring a stoichiometric BH4:eNOS ratio, which
subsequently improves NO bioavailability [6]. Pharmacological
activation of Nrf2 has been proven to be effective at protecting
the blood–brain barrier after brain injury, a process that can be
blocked by the disruption of Nrf2 signaling with ARE-containing
decoy oligonucleotides or loss of the nrf2 gene [7]. These
protective effects on the endothelium are mainly attributed to
the antioxidative features of Nrf2. Accumulating evidence
supports the anti-inflammatory role of Nrf2 and its downstream
antioxidative genes in vascular inflammation models.
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Pharmacological activation of Nrf2 and expression of constitu-
tively active Nrf2 in EC have proven to be effective at suppressing
the proinflammatory state of EC [4, 8].
Magnesium lithospermate B (MLB) is the most abundant, active,

hydrophilic component of Salvia miltiorrhiza Radix, a traditional
Chinese herb mainly used to treat cardiovascular diseases. The
benefits of MLB on the cardiovascular system have been
addressed in numerous studies, most of which have focused on
ischemia-reperfusion and cardiomyopathy. Some studies have
reported that MLB protects EC against injuries induced by glucose
[9], oxLDL [10], hypoxia [11, 12], or vasospasm [13, 14]. Previous
work from our laboratory demonstrated that MLB inhibits Ca2+

influx and stimulates NO production in EC [15, 16], a mechanism
that contributes, at least in part, to the vasoprotective effects of
MLB. Only a few of these studies provided in vivo evidence of
MLB-induced improvement of endothelial function.
Studies have shown that the hydrophilic bioactive components

from Salvia miltiorrhiza Radix can activate the Nrf2 pathway in
various cell types and tissues [17–22]. Among them, previous
studies in vascular smooth muscle cells (VSMCs) [23, 24] and
pancreatic β-cells [25] have demonstrated that MLB protects
against hyperglycemia-induced proliferation and migration of
VSMCs and cytokine-induced apoptosis of β-cells through the
Nrf2-ARE pathway.
From these observations, we hypothesized that MLB protects

ECs against inflammation-induced dysfunction and through Nrf2
activation. The aim of this study was to test our hypothesis in a
lipopolysaccharide (LPS)-induced model of acute inflammation.

MATERIALS AND METHODS
Chemicals and reagents
MLB (99.7% purity) was isolated from S. miltiorrhiza in our
laboratory. MCDB-131 medium, L-glutamine, fetal bovine serum
(FBS), RPMI-1640 medium, and Lipofectamine 3000 were pur-
chased from Thermo Fisher Scientific (Carlsbad, CA, USA). LPS
(from Escherichia coli 055: B5), anti-β-actin antibody, and Evans
blue dye (EBD) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Anti-GAPDH, anti-p65, anti-p-p65 (Ser536), anti-IκBα, anti-
Akt, and anti-p-Akt (Ser473) antibodies were obtained from Cell
Signaling Technologies (Danvers, MA, USA). Anti-HO1, anti-Nrf2,
anti-p-Nrf2 (Ser40), anti-ICAM1, anti-eNOS, and anti-iNOS anti-
bodies were purchased from Abcam (Cambridge, UK).

Cell culture
Human dermal microvascular endothelial cells (HMEC-1) were
maintained in culture dishes containing MCDB-131 medium
supplemented with 10% FBS (v/v), 100 ng/mL human epidermal
growth factor (Peprotech, London, UK), 1.461 g/L L-glutamine and
1 μg/mL hydrocortisone (Sigma). Human monocyte-derived THP-
1 cells were maintained in RPMI-1640 supplemented with 10% FBS
(v/v). Cells were incubated at 37 °C in a humidified 5% CO2

atmosphere.

RNA extraction and quantitative real-time PCR
HMEC-1 total RNA was extracted using TRIzol reagent (Thermo
Fisher) and reverse-transcribed into cDNA (Takara, Dalian, China).
Quantitative real-time polymerase chain reaction (PCR) was
performed on a CFX Real-Time PCR Detection System (Bio-Rad)
using SYBR Green Supermix (Bio-Rad, CA, USA) to determine
ICAM1 (intercellular adhesion molecule 1), VCAM1 (vascular cell
adhesion molecule 1), and TNFα (tumor necrosis factor-α) mRNA
levels in HMEC-1 cells. All values were normalized against the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). ΔΔCT method [26]. The following PCR primer pairs were
used: ICAM1, 5′-GTG CAA GAA GAT AGC CAA CCA A-3′ (sense) and
5′-TGC CAG TTC CAC CCG TTC-3′ (antisense); VCAM1, 5′-TAC ATA
TCA CCC AAG AAT ACAG-3′ (sense) and 5′-TTC CCA ATC AAA TTA

ACT CC-3′ (antisense); TNFɑ, 5′-TCA ACC TCC TCT CTG CCA TC-3′
(sense) and 5′-CCA AAG TAG ACC TGC CCA GA-3′ (antisense);
GAPDH, 5′-AAG AAG GTG GTG AAG CAG G-3′ (sense), and 5′-AGG
TGG AGG AGT GGG TGT CG-3′ (antisense).

Western blot analysis
Total protein from HMEC-1 cells was extracted by homogenization
in ice-cold RIPA buffer supplemented with a protease inhibitor
cocktail (Merck, Argentina; USA). Lung and aortic tissues were
washed three times with ice-cold phosphate-buffered saline (PBS)
to remove residual blood and then homogenized and lysed in ice-
cold RIPA buffer. Protein samples (20 μg/lane) were separated by
SDS-PAGE, blotted onto PVDF membranes, blocked with 5% non-
fat milk or bovine serum albumin, and incubated with primary
antibodies at 4 °C overnight. The membranes were then washed
three times with Tris-buffered saline containing 0.1% Tween-20
(TBST) and incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody for 2 h at room tempera-
ture. After rinsing three times in TBST, immunolabeled proteins
were visualized using Clarity Western ECL Blotting substrates (Bio-
Rad). Information regarding the primary antibodies used in this
study is shown in Table 1.

RNA interference
HMEC-1 cells were transfected at approximately 50%–60%
confluency using the Lipofectamine 3000 reagent according to
the manufacturer’s instructions (Invitrogen, Life Science Technol-
ogies, CA, USA). Small interfering RNA (siRNA) against human Nrf2
(forward, 5′-AGA UAU AGA UCU UGG AGU AdTdT-3′; reverse, 5′-
UAC UCC AAG AUC UAU AUC UdTdT-3′) and scrambled siRNA
(negative control) was purchased from Biomics Co., Ltd. (Jiangsu,
China). Cells were transfected with Nrf2 siRNA (50 nM) or
scrambled siRNA (50 nM) for 6 h. After transfection, cells were
cultured in fresh medium for an additional 48 h before MLB
treatment.

In vitro leukocyte adhesion
HMEC-1 cells plated on 6-well plates were treated with 100 μM
MLB for 12 h and then stimulated with 1 μg/mL LPS for 6 h.
THP-1 mononuclear cells (2 × 105 cells/mL) were labeled with
2.5 μg/mL calcein AM (Sigma) in RPMI-1640 medium. After
washing twice with PBS, calcein AM-labeled THP-1 cells were
resuspended in fresh MCDB-131 medium and then added at
105 cells/well onto an HMEC-1 monolayer and incubated for
30 min. Adherent THP-1 cells from five randomly selected fields
were counted under a fluorescence microscope (Olympus,
Tokyo, Japan) [27].

Table 1. Primary antibody information

Name Cat. no. Dilution factor

Anti-GAPDH antibody 2118 1:5000

Anti-β-actin antibody A5441 1:5000

Anti-p65 antibody 8242 1:1000

Anti-p-p65 (Ser536) antibody 3033 1:1000

Anti-IκBα antibody 4812 1:1000

Anti-Akt antibody 9272 1:1000

Anti-p-Akt (Ser473) antibody 4060 1:1000

Anti-HO1 antibody ab68477 1:1000

Anti-Nrf2 antibody ab62352 1:1000

Anti-p-Nrf2 (Ser40) antibody ab76026 1:1000

Anti-eNOS antibody ab199956 1:500

Anti-iNOS antibody ab3523 1:250
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In vitro EC permeability
In vitro fluorescein isothiocyanate (FITC)-dextran permeability
assays were performed as previously described [28]. In brief,
HMEC-1 cells were seeded onto Transwell inserts (0.4-μm pore
size; Corning Costar, Tewksbury, MA) coated with Matrigel
(Invitrogen, Life Sciences) and grown to confluence. After the
indicated treatments, 10 μg/mL FITC-dextran (Sigma-Aldrich)
solution was added to the inserts. After allowing 20min for
diffusion, the medium from the lower chamber was collected and
analyzed on a fluorescence plate reader.

Animals
Male Sprague-Dawley rats (200–300 g) were purchased from the
Shanghai Experimental Animal Center. All experimental proce-
dures used in this study were approved by the Animal Care and
Use Committee of Shanghai Institute, University of Chinese
Academy of Sciences, and are in compliance with ARRIVE
guidelines [29, 30]. All animals were housed in a temperature-
controlled room under a 12-h light–dark cycle with free access to
standard chow and water. Animals were held in animal facilities
for at least 1 week before the experiments.
The pharmacological effects of MLB on inflammation-induced

endothelial dysfunction were evaluated by first pretreating
animals with different concentrations of MLB for 2 h and then
stimulating with LPS (10 mg/kg, i.p.) for 4 h. Three sets of in vivo
experiments were carried out to comprehensively evaluate
endothelial function. For evaluations of leukocyte–endothelium
adhesion, animals were randomly divided into four groups:
control, LPS only, 50 mg/kg MLB+ LPS, and 100 mg/kg MLB+
LPS (n= 5 animals/group). For vascular tone recordings and
permeability assays, animals were divided into five groups:
control, LPS only, 25 mg/kg MLB+ LPS, 50mg/kg MLB+ LPS,
and 100 mg/kg MLB+ LPS (n= 5 animals/group).

In vivo leukocyte adhesion
Real-time leukocyte–endothelium interactions in rat mesenteric
veins were observed as reported previously [31]. Four hours after
LPS induction, animals were anesthetized with sodium pentobar-
bital (60 mg/kg, i.p.) and retro-orbitally injected with 100 μL of
rhodamine 6G (1 mg/mL) to label leukocytes and platelets in vivo.
To observe the mesenteric microcirculation, the abdomen was
opened along the midline, and the mesentery was carefully drawn
out of the abdominal cavity. Single, unbranched veins without
obvious bends and with diameters ranging from 200 to 300 μm
were selected. Blood cell–endothelial interactions were recorded
for 1 min (n= 4 veins/mouse) by intravital microscopy. Adherent
leukocytes, defined as those showing no visible movement for 30
s, were counted in a 0.04 mm2

field. The images were processed
using Image J software.

Isolation of rat SMA and measurement of vascular tone
Isolation of rat SMA and measurement of vascular tone were
performed as reported previously [15]. After the indicated
treatments, animals were anesthetized with sodium pentobarbital,
and their mesenteric beds were exposed. The SMA were separated
from surrounding tissues, dissected out, and placed in ice-cold
Krebs solution. All adherent adipose and connective tissues were
then carefully removed without damaging the endothelial layer.
Each artery was cut into four rings (approximately 2 mm in length)
and mounted in 20-mL bath chambers filled with Krebs solution
(pH 7.4) at 37 °C and aerated with a 95% O2/5% CO2 gas mixture.
The vascular tone was recorded and analyzed using an integrated
myograph system (PowerLab 4/20, AD Instruments, Sydney,
Australia). During the initial 1-h equilibration, artery rings were
stretched until the resting tension remained steady at 0.5 g. Artery
rings were evaluated for a reproducible contractile response to 30
mM KCl. After pre-contraction with 1 μM norepinephrine, acet-
ylcholine (ACh) concentration–response curves were constructed

by the cumulative application of ACh (1 nM to 10 μM) to the artery
rings at 2-min intervals. For the sodium nitroprusside (SNP)-
induced vasodilation assay, SMA rings were perfused with 1.80
mg/mL sodium deoxycholate (Sigma-Aldrich) in saline for 30 s to
remove endothelium as described previously [15] and then rinsed
with Krebs for 40 min. The removal of endothelium was confirmed
by the lack of vasodilatory response to 1 nM ACh. After pre-
contraction with 1 µM norepinephrine, SNP (Sigma-Aldrich)
concentration–response curves were then constructed by the
cumulative application of SNP (1 nM to 10 µM) to the artery rings
at 2 min intervals.
Blood samples were collected from the abdominal aorta before

dissection of the SMA and then centrifuged to obtain serum. The
lungs, mesenteric bed, and aorta were collected after dissection of
the SMA, washed three times in ice-cold saline, frozen in liquid
nitrogen, and stored at −80 °C for further evaluation.

Nitrite/nitrate assay
Total NO production in serum and tissue samples was determined
by measuring the concentration of nitrite/nitrate using the
modified Griess reaction method, according to the manufacturer’s
instructions (Beyotime Institute of Biotechnology, Jiangsu, China).

Lung permeability assay
Lung permeability was measured using the well-characterized
EBD extravasation assay [32]. EBD (30 mg/kg) was administered
by tail vein injection 2.5 h after LPS injection. After an additional
1.5 h, tissues were perfused, removed, dried at 55 °C for 24 h,
and weighed. EBD was extracted by homogenizing tissue in
formamide (0.1 g tissue/mL formamide) and incubating for 16 h.
After centrifugation (12 000 × g, 30 min), supernatants were
collected, and the absorbance was measured at 620 nm.
Formamide extracts from rats that did not receive EBD injection
were prepared in the same way to generate an Evans blue
standard curve.

Statistics
For each experiment, the values were expressed as the mean ±
SEM. The differences among groups were statistically assessed by
analysis of variance (ANOVA) using GraphPad Prism software
(version 7.0). P-values < 0.05 were considered statistically
significant.

RESULTS
MLB suppresses the LPS-induced expression of inflammatory
cytokines in HMEC-1 cells
Elevated expression of inflammatory cytokines is a hallmark of NF-
κB activation in response to LPS and contributes to the initiation
and progression of endothelial dysfunction. To determine whether
MLB affects the inflammation-associated increases in cytokines,
we measured mRNA levels of ICAM1, VCAM1, and TNFα in HMEC-1
cells. LPS stimulation significantly increased ICAM1, VCAM1, and
TNFα mRNA levels; this effect was inhibited in a concentration-
dependent manner by MLB (Fig. 1a). In line with the observed
changes in mRNA levels, pretreatment with MLB caused
a concentration-dependent inhibition of LPS-induced upregula-
tion of ICAM1 protein (Fig. 1b). These results indicate that MLB
exerts an inhibitory effect on the LPS-induced expression of
cytokines.

MLB decreases leukocyte adhesion to ECs in vitro and in vivo
The endothelium regulates leukocyte trafficking through the
expression of adhesion molecules and chemokines/cytokines,
which are vital to the development of vascular inflammation.
To determine whether the attenuation of cytokine expression
affects the process of leukocyte adhesion, we evaluated
leukocyte–endothelial interactions both in vitro and in vivo.
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After the indicated treatments, confluent HMEC-1 cells were
incubated with calcein AM-labeled THP-1 cells, and cell adher-
ence to HMEC-1 monolayers was assessed. LPS stimulation for 6 h
resulted in an approximately 1.8-fold increase in adherent THP-1
cells to HMEC-1 monolayers; this effect was attenuated by
pretreatment with 100 μM MLB (Fig. 2a, c). In vivo recordings of
leukocyte–endothelial interactions in mesenteric venules yielded
results consistent with the in vitro assays (Fig. 2b, c). Four hours
after LPS injection with or without MLB pretreatment, the number
of adherent leukocytes in the mesenteric venules was counted.
The number of adherent leukocytes was significantly increased in
the LPS-treated group (18.5 ± 2.72/0.04 mm2) compared with that
in the control group (1.2 ± 0.20/0.04 mm2). The number of
adherent leukocytes in mesenteric venules after LPS stimulation
was significantly reduced by pre-administration of 50 mg/kg MLB
(9.45 ± 0.49/0.04 mm2) or 100 mg/kg MLB (8.25 ± 1.39/0.04 mm2).
Taken together, these results indicate that, by inhibiting
the expression of adhesion molecules, MLB reduces
leukocyte–endothelial interactions during inflammation.

MLB restores endothelial-dependent vasodilation in mesenteric
arteries by increasing NO bioavailability
Endothelial-dependent vasodilation was induced by cumulative
addition of different concentrations of ACh (1 nM to 10 μM) to
norepinephrine-precontracted SMA. SMA segments from the LPS-
challenged group displayed a significantly diminished vasodilatory

response to ACh. Administration of MLB at a single concentration
of 50 or 100 mg/kg progressively restored ACh-induced vasodila-
tion (Fig. 3a), while no improvements were observed in SNP-
induced vasodilation in denuded vessels (Supporting Information
2). Further analyses revealed a 31.3-fold increase in EC50 in the
LPS-challenged group (3.409 ± 1.89 μM) compared with that of the
controls (0.109 ± 0.019 μM), which was completely abrogated by
50 and 100 mg/kg MLB (0.095 ± 0.028 and 0.113 ± 0.029 μM,
respectively) (Fig. 3b).
ACh-induced endothelial-dependent vasodilation is mainly

mediated by NO. Accordingly, we evaluated the nitrite/nitrate
concentration in the serum and vascular tissues as a surrogate
measure of NO. LPS stimulation resulted in a significant
increase in nitrite/nitrate levels in serum compared with that
in the controls. MLB pretreatment exerted no inhibitory effect
on LPS-induced serum NO production (Fig. 3c). However, the
results from aortic tissue revealed a decrease in NO bioavail-
ability after LPS stimulation that was partially rescued by
pretreatment with 100 mg/kg MLB. In mesenteric tissues, basal
NO production was much lower than that in the aorta and was
not further affected by LPS. Interestingly, 100 mg/kg MLB
significantly increased mesenteric nitrite/nitrate levels com-
pared with those in the LPS-only group (Fig. 3d). LPS stimulation
resulted in decreased eNOS and increased iNOS protein in both
aortic tissues and SMA, which were abrogated by the MLB
pretreatment (Fig. 3e).
Together, these results suggest that MLB is capable of

preventing LPS-induced impairment in endothelial-dependent
vasodilation. Moreover, this process may be attributable to
improvements in NO bioavailability in the aorta and mesenteric
tissues.

MLB suppresses endothelial hyperpermeability in vitro and in vivo
The endothelium constitutes a semi-selective barrier between the
intravascular and extravascular compartments, and increased
endothelial permeability is thought to be a significant contributor
to tissue edema during sepsis. In vitro permeability assays showed
that LPS stimulation increased the passage of FITC-dextran across
an HMEC-1 monolayer. Notably, this increase was completely
abolished by pretreatment with 100 μM MLB, which alone did not
affect the HMEC-1 monolayer permeability (Fig. 4a). To assess
vascular permeability in vivo, we measured EBD extravasation in
the lung, heart, and ear after LPS challenge. LPS treatment
induced a significant increase in vascular leakage in the lung that
was rescued by MLB pretreatment (Fig. 4b). No increase in vascular
leakage was observed in the heart, liver, or ear (Supplementary
Information 3).

MLB protects ECs from LPS-induced activation through inhibition
of the NF-κB pathway
Endothelial dysfunction in response to LPS is mainly mediated by
NF-κB [33]. Accordingly, we examined the effects of MLB on LPS-
induced NF-κB activation. In HMEC-1 cells, MLB (10–100 μM)
caused a concentration-dependent inhibition of IκBα protein
degradation and prevented LPS-induced Ser536 phosphorylation
of NF-κB p65, which are hallmarks of NF-κB activation (Fig. 5a).
Western blot analysis of IκBα protein levels in the lung and aortic
tissues also revealed partial inhibition of NF-κB activation (Fig. 5b),
suggesting that MLB exerts an inhibitory effect on the NF-κB
pathway both in vitro and in vivo.

Nrf2 mediates the anti-inflammatory effects of MLB
Next, we sought to elucidate the mechanisms underlying the
inhibitory effects of MLB on NF-κB activation. Western blot
analyses demonstrated that MLB induces a concentration-
dependent activation of the Nrf2 pathway, characterized by
increased phosphorylation of Nrf2 at Ser40 and upregulation of
the Nrf2 target, HO1 (Fig. 6a). siRNA-mediated Nrf2 knockdown

Fig. 1 a Inhibitory effects of MLB on LPS-stimulated ICAM1, VCAM1,
and TNFα mRNA expression. HMEC-1 cells were pretreated with
increasing concentrations of MLB (10–100 μM) for 12 h and then
stimulated with 1 μg/mL LPS for 2 h. b Inhibitory effect of MLB on
LPS-induced ICAM1 protein expression. Data are presented as
means ± SEM of five independent experiments (*P < 0.05, **P < 0.01,
***P < 0.001)
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resulted in approximately a 55% reduction in Nrf2 at both the
mRNA and protein levels. Disrupting this pathway with Nrf2 siRNA
significantly decreased HO1 expression and abrogated the
inhibitory effect of MLB on IκBα degradation (Fig. 6b). This, in
turn, led to an increase in downstream ICAM1 production (Fig. 6c),
indicating an indispensable role for Nrf2 in MLB-mediated NF-κB
inhibition. Basal ICAM1 mRNA levels were also higher in
Nrf2 siRNA-transfected cells, although this difference did not
reach statistical significance. Collectively, these data suggest that
the anti-inflammatory effects of MLB are mediated by Nrf2
activation.

The PKC and PI3K/Akt pathways are involved in the anti-
inflammatory effects of MLB
Previous studies have revealed that the PKC pathway is
responsible for phosphorylation of Nrf2 at Ser40 [34, 35].
Therefore, we employed the pan-PKC inhibitor Gö6983 to

determine whether MLB activates Nrf2 through the PKC pathway.
As expected, Gö6983 (10 μM) prevented MLB-induced Nrf2
phosphorylation at Ser40 and abrogated HO1 upregulation
(Fig. 7a). Pretreatment with Gö6983 also blunted the anti-
inflammatory effects of MLB on HMEC-1 cells (Fig. 7b).
It is well established that the PI3K/Akt pathway supports

optimal EC survival during various pathological conditions and
may contribute to the activation of Nrf2 [36, 37]. To investigate the
involvement of PI3K/Akt in MLB-mediated endothelial protection,
we first confirmed that MLB causes a concentration-dependent
activation of the PI3K/Akt pathway (Fig. 8a). Pharmacological
inhibition of PI3K with LY294002 reduced MLB-mediated Nrf2
phosphorylation at Ser40 and HO1 upregulation (Fig. 8b).
LY294002 also reduced the MLB-mediated inhibition of IκBα
degradation and ICAM1 mRNA upregulation (Fig. 8c, d), suggest-
ing the involvement of the PI3K/Akt pathway in the protective
action of MLB.

Fig. 2 a Representative images of THP-1 adhesion to an HMEC-1 monolayer. HMEC-1 cells were treated with 100 μM MLB for 12 h and then
stimulated with 1 μg/mL LPS for 6 h. The number of adherent THP-1 cells per microscopic field was determined by fluorescence microscopy.
Scale bar= 500 μm. b Representative images of leukocyte adhesion to endothelium in mesenteric venules observed by intravital fluorescence
microscopy. Yellow squares represent 0.04-mm2 counting fields. Representative videos of the above results are included in the supplementary
information. Scale bar= 100 μm. c Statistical analyses of leukocyte adhesion in vitro and in vivo. For in vitro adhesion experiments, the total
number of adherent THP-1 cells was counted in five randomly selected optical fields per well. Data are expressed as means ± SEM of five
independent experiments. For in vivo adhesion experiments, adherent leukocytes, defined as those with no visible movement for 30 s, were
counted in a 0.04-mm2

field. Data are expressed as means ± SEM (n= 5 animals/group, *P < 0.05
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Fig. 3 a Endothelial-dependent vasodilatory responses to ACh in SMA segments harvested from Control, LPS-only, and MLB (25, 50, 100mg/kg)+
LPS groups (n= 5 animals/group). b EC50 values from concentration–response curves. c MLB pretreatment did not affect total nitrite/nitrate
levels in serum (n= 5 animals/group). d MLB elevated nitrite/nitrate levels in aortic and mesenteric tissues (n= 3 for mesenteric tissues in the
control group, n= 5 for all the other groups). e MLB pretreatment attenuated LPS induced eNOS protein decrease and iNOS protein induction
in both aortic tissues (n= 5 animals/group) and SMAs. SMAs from five animals in each group were pooled together to get enough protein for
Western blot. Data are expressed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 5 MLB inhibits LPS-induced NF-κB activation in vitro and in vivo. a Effects of MLB on LPS-induced Ser536 phosphorylation of p65 and
IκBα degradation. HMEC-1 cells were pretreated with 100 μM MLB for 12 h and then stimulated with 1 μg/mL LPS for 0.5 h. Data are expressed
as means ± SEM of five independent experiments. b Lung and aorta expression of IκBα protein in the control, LPS-only and 100mg/kg MLB+
LPS groups. Data are expressed as means ± SEM, n= 5 animals/group (*P < 0.05, **P < 0.01, ***P < 0.001)

Fig. 4 Effects of MLB on LPS-induced vascular leakage in vitro and in vivo. a MLB blunted LPS-induced FITC-dextran permeability in confluent
HMEC-1 monolayers. Data are expressed as means ± SEM of five independent experiments. b MLB rescued LPS-induced endothelial leakage in
the lung in a concentration-dependent manner. Data are expressed as means ± SEM (n= 5 animals/group; *P < 0.05)
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DISCUSSION
Acute inflammation leads to endothelial dysfunction, and the
resulting vascular damage ultimately causes organ damage. The
results from the present study demonstrate for the first time that
MLB potently protects ECs from LPS-induced dysfunction in
HMEC-1 cells and a murine model of acute inflammation.
Mechanistic studies revealed that MLB inhibits the NF-κB pathway
through PKC- and PI3K/Akt-mediated activation of Nrf2.
It is well recognized that endothelial dysfunction contributes to

the progression of inflammation and subsequent organ damage.
In a transgenic murine model of sepsis, EC-specific blockade of NF-
κB was shown to be sufficient to improve survival, reduce
leukocyte infiltration, decrease vascular leakage, and inhibit
coagulation [32, 33, 38] in experimental sepsis models. In another
study, an E-selectin-specific NF-κB inhibitor developed to target
activated ECs selectively reduced extravasation of inflammatory
cells in an experimental model of rheumatoid arthritis [39]. Here,
we provided in vitro and in vivo evidence that administration of a
single dose of MLB reduces LPS-induced leukocyte adhesion,
restores EC-dependent vasodilation, and maintains endothelial
barrier function through inhibition of NF-κB, indicating improved
endothelial function. Interestingly, LPS-induced systemic NO
production was not affected by the MLB pretreatment. These
observations rule out the possibility that MLB protects endothelial

function by inhibiting systemic inflammation, which agrees with a
report by Xu et al. in which the EC-specific blockade of NF-κB was
shown to contribute minimally to systemic inflammation [32].
However, whether repeated administration or long-term MLB
treatment would affect systemic inflammation will require further
investigation.
The pharmacological effects of MLB on vascular function have

been demonstrated in various experimental models. In murine
models of diabetes, chronic administration of MLB was shown to
attenuate the diabetic impairment of endothelial-dependent
vasodilation. Further mechanistic studies on human aortic
endothelial cells (HAECs) revealed the involvement of the PI3K/
Akt-Nrf2 pathway [9], as supported by our findings in HMEC-1
cells. Chang et al. revealed that MLB exerts an opposing effect on
vasoconstriction in a murine vasospasm model that could be
blocked by the eNOS inhibitor, L-NAME, indicating the participa-
tion of eNOS [13, 14]. Our previous reports revealed that ex vivo
incubation with MLB activated the large-conductance, Ca2+

-dependent potassium (BKCa) channel in VSMCs and induced NO
release by ECs, both of which contributed to the subsequent
vasodilation of SMA [15]. In the present study, the SMA was
isolated after LPS challenge in the absence or presence of MLB, an
experimental strategy that should reflect the in vivo effects of MLB
on the endothelium of SMA.

Fig. 6 Nrf2 mediates the anti-inflammatory effects of MLB. a Western blot showing the effects of MLB on Nrf2 phosphorylation and HO1
expression (n= 5). b Western blot showing the effects of siRNA-mediated Nrf2 knockdown on stabilization of IκBα by MLB (n= 5). c siRNA-
mediated Nrf2 knockdown abrogated the reduction in ICAM1 mRNA induced by MLB pretreatment (n= 6). HMEC-1 cells were transfected
with Nrf2 siRNA for 48 h, pretreated with MLB for 12 h, and then stimulated with LPS. Data are expressed as means ± SEM (*P < 0.05, **P < 0.01,
***P < 0.001)
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In most organs, ECs form a dynamic barrier between the
vasculature and interstitial space that allows the selective
exchange of certain molecules. Disruption of endothelial barrier
function can cause excessive leakage of fluid and proteins from
the vasculature and lead to severe organ edema and inflammatory
responses, even causing an increase in the mortality rate due to
sepsis [40]. Some studies have suggested that restoring the
endothelial barrier function alleviates symptoms and improves
outcomes in murine sepsis models [41, 44]. Clinically, vascular

hyperpermeability is most evident in the pulmonary microcircula-
tion and results in acute lung injury. In this study, we observed a
significant increase in permeability in lung tissues, but not in the
liver, heart, or ear, reflecting the different properties of different
vascular beds [45].
Studies have shown that Nrf2 exerts protective effects against

endothelial injuries in various pathological models. The most well-
studied is the diabetic mellitus animal model [36, 46, 48] in which
hyperglycemia was shown to decrease endothelium-dependent

Fig. 7 MLB activates Nrf2 through the PKC pathway. a Western blot analyses of MLB-induced Ser40 phosphorylation of Nrf2 and HO1
expression with and without Gö6983 pretreatment (n= 5). b The effect of Gö6983 on MLB-induced IκBα stabilization (n= 5). c Gö6983
prevented the inhibitory effect of MLB on ICAM1 mRNA levels (n= 5). HMEC-1 cells were incubated with 100 μM MLB for 12 h in the presence
or absence of Gö6983 (10 μM) or GF109203X (10 μM, data not shown), and then stimulated with LPS (1 μg/mL). Protein and total RNA samples
were extracted 0.5 and 2 h after LPS stimulation, respectively, for detection of IκBα protein and evaluation of ICAM1 mRNA levels. Data are
expressed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001)
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vasodilation and can be reversed by pharmacological or genetic
activation or overexpression of Nrf2. In a high-salt-diet-induced
endothelial dysfunction model, Nrf2 deficiency abolished low-dose
Ang II-induced endothelium protection, as characterized by an
increased vasodilation response to ACh [49]. In addition, studies

have also implicated a protective role of Nrf2 on ECs in the
development of atherosclerosis. As mentioned before, Nrf2 in ECs
can be activated by laminar flow [50, 51], which has been shown to
be a critical regulator of endothelial function. Atheroprotective
vessel regions under steady laminar flow demonstrated greater Nrf2

Fig. 8 PI3K/Akt is involved in the anti-inflammatory effects of MLB. a MLB promoted phosphorylation of Akt in a concentration-dependent
manner. b LY294002 reversed MLB-mediated Nrf2 activation. c MLB-induced stabilization of IκBα was attenuated by LY294002. d LY294002
prevented the inhibitory effects of MLB on ICAM1 mRNA levels. HMEC-1 cells were incubated with 100 μM MLB for 12 h in the presence or
absence of LY294002 (10 μM) and then stimulated with LPS (1 μg/mL). Protein and total RNA samples were extracted 0.5 and 2 h after LPS
stimulation, respectively, for detection of IκBα protein and evaluation of ICAM1 mRNA level. The results are representative of five independent
experiments. Data are expressed as means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001)
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activation [52] and lower NF-κB activation [53] compared with that
in atherosusceptible vessel regions, which may be responsible for
the elevated eNOS protein expression in atheroprotective regions.
Cellular events that occur during inflammation are strongly

associated with redox balance. Studies have shown that LPS-
induced NF-κB activation dramatically increases reactive oxygen
species (ROS) production in various cell types, which in turn
exacerbates and prolongs inflammation. As a master regulator of
the redox balance, Nrf2 has long been considered a potential anti-
inflammatory target. Studies have shown that Nrf2 deficiency
results in enhanced activation of NF-κB and increased mortality in
experimental sepsis models [54], whereas Nrf2-activated antiox-
idant cascades exert anti-inflammatory effects in various experi-
mental models. Our data revealed that transient knockdown of
Nrf2 resulted in a trend toward increased ICAM1 mRNA in control
and LPS-treated cells compared with that in cells transfected with
scrambled siRNA. In the MLB+ LPS treatment group, siRNA-
mediated Nrf2 knockdown abrogated the reduction in ICAM1
induced by MLB pretreatment, confirming the indispensable role
of Nrf2 in MLB-induced NF-κB inhibition.
Several signaling pathways, including extracellular signal-

regulated kinase (ERK), p38 mitogen-activated protein kinase
(MAPK), c-Jun N-terminal kinase (JNK), protein kinase C (PKC), and
PI3K/Akt have been implicated in Nrf2 activation. Among these,
members of the PKC family were the first kinases implicated in
inducing Nrf2 activation [34, 35]. The PI3K/Akt pathway has been
reported to augment Nrf2 transcription [55] and enhance
Nrf2 activity by inhibiting Gsk3β (glycogen synthase kinase 3
beta) [36, 56] and disrupting Keap1–Nrf2 interactions [50]. In the
present study, both the pan-PKC inhibitor Gö6983 and PI3K/Akt
inhibitor LY294002 reversed MLB-induced inhibition of NF-κB,
indicating the involvement of the PKC and PI3K/Akt pathways.
One limitation of the present study is that we did not identify

which PKC isoform is responsible for MLB-mediated Nrf2
activation. The PKC family is a group of serine/threonine kinases
with at least 12 members with various functions, which has only
been partially understood. Few studies have reported the PKC
isoforms involved in Nrf2 activation. In ECs, the augmented
activity of PKC ε has been proven to induce Nrf2 activation and
protect ECs against TNFα-induced apoptosis [57]. In bone marrow
multipoint mesenchymal stromal cells, PKC δ was reported to
interact with CR6-interacting factor I (CRIFI) to induce Nrf2 Ser40
phosphorylation [58]. In our previous work, we used two PKC
inhibitors, Gö6983 (10 µM) and GF109203X 10 μM, data not
shown, to evaluate the role of PKC in MLB-induced NF-κB
inhibition. Surprisingly, though both Gö6983 and GF109203X are
pan-PKC inhibitors, Gö6983 successfully blocked MLB-induced NF-
κB inhibition (evaluated by the ICAM1 mRNA level), while
GF109203X did not. According to previous studies [59], Gö6983
blocks the activity of PKC α, β, γ, δ, and ζ with an IC50 of 7, 7, 6, 10,
and 60 nM, respectively, and GF109203X blocks the activity of PKC
α, β, γ, δ, ε, and ζ with an IC50 of 8.4, 18, 20, 210, 132, and 580 nM,
respectively. Based on these data, we can presume that Gö6983
has higher inhibitory effects on PKC γ, δ, and ζ, which may be one
possible explanation for the different results we obtained with the
two inhibitors, but the exact isoform required for Nrf2 activation
requires further investigation.
In summary, our study presents multiple lines of evidence to

support the conclusion that MLB treatment profoundly ameliorates
LPS-induced endothelial dysfunction in a murine sepsis model
through inhibition of the NF-κB pathway, identifying MLB as a
potential candidate for the treatment of endothelial dysfunction.
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