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Editorial on the Research Topic

Vascular Health: The Endothelial Perspective in Regulation of Inflammation and Injury

This special Research Topic of Frontiers in Physiology collates 16 (review and original research)
articles on the endothelium (the cell layer that lines blood vessels) and other components of the
vascular system. Over the past decade, it has become increasingly clear that the vascular network
is not a mere conduit for blood and the endothelium is not a “wallpaper” of the vascular network;
rather both are dynamic entities that sense and respond to mechanical and chemical stimulation
from the microenvironment. Both endothelial cells and vascular tissue (comprising of endothelial
and smooth muscle layer and other cells such as inflammatory/immune cells) are equipped with
complex molecular machinery that initiate and amplify signaling processes leading to physiological
and pathophysiological changes. These changes range from vasodilation, vasoconstriction and
angiogenesis to inflammation, leakage, injury, and vascular remodeling and form the basis of
vascular health, disease and other etiologies.

Endothelial signaling initiated by various stimuli involve reactive oxygen species (ROS) induced
signaling events, calcium influx (via various Ca2+ channels), activation of mitogen-activated
protein (MAP) kinases, induction of cellular adhesion molecules (CAMs) which lead either
to activation of downstream inflammation moieties (such as the NLRP3 inflammasome) or to
modification of proteins that facilitate endothelial cell function. Collectively, these changes can
alter vascular cell-cell junctions, vessel structure, and function. For instance, endothelial cells
of a donor organ as the interface between the transplanted organ (graft) and the immune cells
of the host, serve as the first target for host (recipient) immune cells post-transplant. Kummer
et al. review how the sensing of a “foreign” entity by the human leukocyte antigen (HLA) I
and II-recognizing natural killer (NK) cells, macrophages, and T-cells lead these cells to attack
the endothelial layer. The damaged endothelial cells produce chemokines, express CAMs and
drive a pro-inflammatory microenvironment. Inflammatory cells (macrophages, leukocytes, T-
cells etc.) are recruited into this environment and transmigrate from the bloodstream across the
endothelial monolayer into the vessel wall, causing vascular damage. Vascular damage initiates
repair mechanisms whereby migration and continued proliferation of vascular smooth muscle
cells occur in the vascular structures causing fibrous intimal hyperplasia, which ultimately leads
to transplant failure. Thus, endothelial preservation, as proposed by Jungraithmayr can be a
promising therapeutic strategy for the protection of the endothelium against ischemia and
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reperfusion (i.e. maneuvers associated with transplant).
Therefore, various receptors and signaling pathways that are
well-recognized to be activated upon transplantation (ROS,
MAP kinases, CAMs, angiotensin-converting enzyme) can
be blocked in order to facilitate endothelial preservation
against injury.

ROS production and calcium influx are pivotal cellular
events that drive inflammation signaling. ROS production
in endothelial cells is tightly regulated by certain receptors
including the Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR). As reported by Khalaf et al., CFTR plays
a role in endothelial oxidative damage by controlling ROS
production. In naïve endothelial cells, ROS production is low but
increases following inhibition of CFTR activity. ROS has been
proposed as an upstream inducer of the NLRP3 inflammasome,
a well-characterized platform of multiple subunits (NLRP3,
ASC, pro-caspase) that cause caspase and interleukin (IL)-
1β, IL-18 release, leading to inflammation induced cell death
(pyroptosis). Thus, various pathologies or agents that drive
NLRP3 activation can also lead to endothelial inflammation
and injury. As reported by Pereira et al. in a murine model
of diabetes, wild-type mice showed reduction in endothelium-
dependent vasodilation, increased vascular ROS generation,
caspase-1, and IL-1β activation. These changes were not observed
inNlrp3−/− mice, which appear to be protected. Paul et al. review
the mechanisms underpinning the links between periodontal
disease (PD) and diabetes and cardiovascular disease. ROS and
oxidative stress may also play a role in amplification of bacterial
driven inflammation by triggering pathological processes in
distant organs. A two-way association between PD and other
health conditions presumably arises via ROS and intermediate
inflammation signaling. Thus, blocking these intermediate
inflammation-signaling events (such as activation of the NLRP3
inflammasome, cytokines, chemokines) can facilitate endothelial
preservation. Modification of proteins also serve as intermediate
signals that can alter inflammatory mediators/response. Silva
et al. show that in a murine model of sepsis (which results
in a systemic inflammatory state that accompanies endothelial
dysfunction), inflammation is reduced by acylation of proteins
by O-linked N-acetylglucosamine (O-GlcNAcylation); indeed,
increase in O-GlcNAc reduces systemic inflammation and
cardiovascular dysfunction, indicating the therapeutic potential
of this pathway.

Like ROS, calcium ions (Ca2+) are prominent signaling
molecules that participate in various physiological functions,
such as vasodilation, cell migration, growth and apoptosis.
In naïve cells, mitochondria sequester and release Ca2+ via
mitochondrial calcium uniporter complexes. While oxidative
stress or other deterrent stimuli, increase mitochondrial calcium
overload leading to apoptotic cell death, the calcium uniporter
complexes regulate prosurvival mechanisms such as autophagy
for endothelial protection. Natarajan et al. report that with
in vitro ischemia (achieved by oxygen-glucose deprivation)
endothelial cells downregulate the mitochondrial calcium
uniporter complex 1 (MCUR1), but that the resultant autophagic
flux is insufficient to protect ischemic endothelial cells and an
additional autophagic flux (by serum starvation of endothelial

cells) is required for cell protection indicating that therapeutic
strategies can involve targeting multiple mechanisms of
endothelial protection.

How does the vasculature respond to inflammation, oxidative
damage and injury? A major response to vascular injury is
a hyperproliferative response of vascular smooth muscle cells
(VSMC). This gives rise of hyperplasia which leads to vessel
remodeling. This is detrimental specifically in the context of
maneuvers such as percutaneous coronary intervention where
balloon angioplasty to remove arterial blockage is followed by
hyperplasia (VSMC proliferation) that reinstates the blockage
(restenosis). Restenosis can potentially be alleviated by blockade
of vascular signaling that drives hyperproliferation. Toward that
goal, Li et al. use osthole (7-methoxy-8-isopentenoxy-coumarin)
a pharmacologically active component of Cnidium monnieri
(L.) Cusson and report that it alleviates hyperplasia in a rat
model of balloon angioplasty by targeting the NF-κB and TGF-
β1/Smad2 signaling pathways that play a role in facilitating
VSMC proliferation. Vascularization also has implications in
preeclampsia, as reviewed by Raguema et al. Abnormal placental
vascularization presumably arises from chronic hypoxia due to
reduced placental blood flow leading to fetal growth retardation
and later to pre-eclampsia.

Another response is the disruption of the endothelial cell
barrier. Indeed, as Baruah et al. review intrinsic defects
within endothelial cells from the earliest developmental time
points, the disruption of the blood-brain barrier (BBB) can
be the cause for posttraumatic epilepsy and other similar
etiologies. Under control conditions, the BBB is maintained
via tight endothelial cell-cell junctions, but these can be
loosened by inflammation and oxidative damage. These changes
lead to vascular abnormalities and autonomously support the
development of hyperexcitability and epileptiform activity. Thus,
BBB protection by alleviation in inflammation or by repair of
junctional proteins can be a potential therapeutic strategy in
epilepsy control.

Vascular inflammation also affects cellular signaling of bone.
Epsley et al. review the effect of inflammation on bone modeling,
which is a continual process to renew the adult skeleton through
the sequential growth and resorption processes of bone cells
(osteoblasts and osteoclasts). Nuclear factor RANK, an osteoclast
receptor, and its ligand RANKL, expressed on the surface of
osteoblasts, result in coordinated control of bone remodeling.
Inflammation skews this process toward resorption via the
interaction of inflammatory mediators and their related peptides
with osteoblasts and osteoclasts, as well as other immune cells, to
alter the expression of RANK and RANKL.

Changes in endothelial cell signaling that transiently or
chronically impair endothelial function, vascular reactivity,
and oxygen metabolism can be evaluated non-invasively by
quantitative magnetic resonance imaging (MRI). Englund and
Langham review the use of MRI for vascular parameters
via dynamic quantification of blood flow and oxygenation
under conditions of ischemia or exercise and showcase this
application for detection of endothelial dysfunction in clinical
(cardiovascular disease) and sub-clinical settings (chronic
smokers, non-smokers exposed to e-cigarette aerosol etc.).

Frontiers in Physiology | www.frontiersin.org 2 August 2021 | Volume 12 | Article 7322346

https://doi.org/10.3389/fphys.2020.00879
https://doi.org/10.3389/fphys.2019.01557
https://doi.org/10.3389/fphys.2020.609614
https://doi.org/10.3389/fphys.2019.01614
https://doi.org/10.3389/fphys.2020.533683
https://doi.org/10.3389/fphys.2020.514494
https://doi.org/10.3389/fphys.2020.00098
https://doi.org/10.3389/fphys.2019.01583
https://doi.org/10.3389/fphys.2020.511799
https://doi.org/10.3389/fphys.2020.00120
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Chatterjee et al. Editorial: The Endothelium in Vascular Health

Wehrli et al. review the ability of MRI to detect vascular
function. When paired with endothelial cell signaling assays,
these “MRI-biochemical pairing” methods highlight the fact
that changes at the cellular level (i.e. microvascular endothelial
signals) translate into altered vascular function at the macro
level. Thus, MRI measures of vascular function may ultimately
be used to complement the standard clinical metrics of vascular
function and provide additional insight into efficacy of drugs
for improvement of vascular function. Similarly, as reviewed by
Mayer et al. endothelial signaling at cellular and molecular level,
that contribute to atherosclerosis can be detected by non-invasive
monitoring of calcification, a complex process facilitated by
endothelial signaling that leads to transition of endothelial cells
to osteoblast-like cells. Mayer et al. review existing literature on
18F-fluorodeoxyglucose (FDG) and 18F-sodium fluoride (NaF)
positron emission tomography (PET) in assessing atherosclerosis
via microcalcification and characteristic plaque buildup. Since
the initiating event of atherogenesis is inflammation, the
pathogenesis manifests in increasedmetabolic activity, detectable
by FDG. At a later stage, atherosclerotic plaques become calcified.
Calcification entails incorporation of calcium hydroxy apatite
into the vascular walls. Injection of NaF as a tracer leads to
partial exchange of hydroxyl ions by fluoride, therefore allowing
direct detection of plaque constituents. Pourfathi et al. review the
role of PET and hyperpolarized 13C MRI imaging to detect the
various stages of pulmonary inflammation. The most common
PET tracer for metabolic imaging is FDG. A hallmark of
inflammatory lung disease is increased glycolysis manifesting in
enhanced FDG PET activity. An alternative strategy, which is at
an early stage of development, is to quantify the formation of
lactic acid by means of hyperpolarized carbon-13 spectroscopic
imaging. The carbonyl carbons of lactic acid and its exogenously
administered metabolic precursor (pyruvate) have characteristic
chemical shifts allowing their distinction.

In conclusion, endothelial signaling has an impact on overall
health. Under conditions where these signals lead to remodeling
that affects homeostasis, interventions (such as employing
respiratory techniques as reported by Fetter et al. can alter blood
flow and improve vascular function) or inhibition/blockade of
ROS or NLRP3 or inflammatory and metabolic pathways may be
beneficial to restore vascular function.
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Background: NLRP3 inflammasome activation in response to several signals,
including mitochondrial DNA (mDNA), regulates inflammatory responses by caspase-
1 activation and interleukin-1β (IL-1β) release. Circulating mDNA is linked to micro
and macrovascular complications in diabetes. However, a role for mDNA in endothelial
dysfunction is not clear. We tested the hypothesis that mDNA contributes to diabetes-
associated endothelial dysfunction and vascular inflammation via NLRP3 activation.

Methods: Vascular reactivity, reactive oxygen species (ROS) generation, calcium (Ca2+)
influx and caspase-1 and IL-1β activation were determined in mesenteric resistance
arteries from normoglicemic and streptozotocin-induced diabetic C57BL/6 and NLRP3
knockout (Nlrp3−/−) mice. Endothelial cells and mesenteric arteries were stimulated
with mDNA from control (cmDNA) and diabetic (dmDNA) mice.

Results: Diabetes reduced endothelium-dependent vasodilation and increased
vascular ROS generation and caspase-1 and IL-1β activation in C57BL/6, but not in
Nlrp3−/− mice. Diabetes increased pancreatic cytosolic mDNA. dmDNA decreased
endothelium-dependent vasodilation. In endothelial cells, dmDNA activated NLRP3 via
mitochondrial ROS and Ca2+ influx. Patients with type 1 diabetes exhibited increased
circulating mDNA as well as caspase-1 and IL-1β activation.

Conclusion: dmDNA activates endothelial NLRP3 inflammasome by mechanisms that
involve Ca2+ influx and mitochondrial ROS generation. NLRP3 deficiency prevents
diabetes-associated vascular inflammatory damage and endothelial dysfunction. Our
study highlights the importance of NLRP3 inflammasome in diabetes-associated
vascular dysfunction, which is key to diabetic complications.

Keywords: type 1 diabetes, endothelial dysfunction, NLRP3 inflammasome, mitochondrial DNA, inflammation,
reactive oxygen species
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INTRODUCTION

The NLRP3 inflammasome is a multi-protein complex present in
cells of the adaptive and innate immune system. NLRP3 regulates
inflammatory responses by oligomerization and recruitment
of the apoptosis-associated speck-like protein containing a
caspase recruit domain (ASC) and pro-caspase-1, causing auto-
cleavage and activation of caspase-1, which, in turn, cleaves
pro-IL-1β and pro-IL-18 into mature cytokines (Martinon
et al., 2002). Mature IL-1β, through the IL-1 receptor (IL-
1R), activates various intracellular signaling cascades that trigger
transcription of other pro-inflammatory cytokines, adhesion
molecules, chemokines and pro-inflammatory enzymes (Palomo
et al., 2015). In addition to its role on inflammation, IL-
1β is involved in endothelial dysfunction, a hallmark of
several cardiovascular and metabolic diseases, including diabetes
(Rizzoni et al., 2001; Beckman et al., 2003). IL-1β increases
the activity of NADPH oxidase, a key enzyme in oxidative
stress-associated conditions, leading to reduced endothelium-
dependent vasodilation (Vallejo et al., 2014).

Increased availability of reactive oxygen species (ROS) is a
very important mechanism that triggers endothelial dysfunction,
being involved in the onset of many diseases. Increased ROS is
also a classical mechanism that induces NLRP3 inflammasome
activation. Many other stimuli, such as lysosomal damage,
potassium (K+) efflux, calcium (Ca2+) influx, and DAMPs
(damage-associated molecular patterns) also induce NLRP3
oligomerization (Brough et al., 2003; Petrilli et al., 2007; Chu
et al., 2009; Zhou et al., 2010). Mitochondrial DAMPS, i.e.,
mitochondrial DNA (mDNA), particularly cytosolic oxidized
mDNA, activate the NLRP3 inflammasome and, consequently,
increase IL-1β release, as demonstrated in murine macrophages
(Shimada et al., 2012).

Increased levels of circulating mDNA were reported in
diabetic subjects with microvascular complications, such as
retinopathy and nephropathy (Czajka et al., 2015; Malik et al.,
2015). In addition, NLRP3 inflammasome activation by mDNA
plays a major role in pathogenic cellular immune responses
mediated by T lymphocytes during type 1 diabetes development,
contributing to damage of insulin-producing β cells, as we
recently demonstrated (Carlos et al., 2017).

Although inflammation plays a key role in type 1
diabetes development, few experimental and clinical studies
have evaluated the involvement of NLRP3 activation on
vascular inflammatory processes and its repercussion on
endothelial function. Therefore, this study investigated
the functional role of NLRP3 inflammasome, and related
signaling pathways, in the development of type 1 diabetes-
associated endothelial dysfunction. We tested the hypotheses
that mDNA promotes NLRP3 activation in endothelial
cells contributing to endothelial dysfunction and that the
genetic deficiency of NLRP3 receptor attenuates vascular
dysfunction and inflammatory response observed in
streptozotocin-induced type 1 diabetes. Considering the
high incidence of diabetes, especially its complications,
it is important to understand the immunological and
pathophysiological mechanisms related to the disease

in order to uncover new therapeutic targets for diabetes
prevention and treatment.

MATERIALS AND METHODS

Animals
All experimental protocols were performed in accordance with
the ARRIVE Guidelines (Animal Research: Reporting of in vivo
Experiments) and approved by the Ethics Committee on Animal
Research of the Ribeirão Preto Medical School – University of São
Paulo, Ribeirão Preto, Brazil (protocol no. 26/2015).

Male, 8 to 10 week-old C57BL/6 wild-type (WT) and NLRP3
receptor knockout (Nlrp3−/−) mice were obtained from the
Isogenic Breeding Unit of the Ribeirão Preto Medical School,
University of São Paulo, Ribeirão Preto, Brazil. The animals were
housed in the animal facility of the Pharmacology Department,
Ribeirão Preto Medical School, on 12-h light/dark cycles under
controlled temperature (22 ± 1◦C) with ad libitum access to
food and water. After a 1-week acclimatization period, mice were
randomly divided into non-diabetic and diabetic groups.

Induction of Diabetes by Multiple Low
Doses of Streptozotocin (MLD-STZ)
Mice were given daily intraperitoneal injections of 40 mg/kg
of streptozotocin (Sigma-Aldrich R©, St. Louis, Missouri,
United States) dissolved in 0.1 M sodium citrate (pH 4.5)
for five consecutive days. Blood glucose levels, body weight,
and diabetes incidence were monitored weekly. Mice were
considered diabetic when glucose levels were ≥230 mg/dl after
two consecutive determinations under non-fasting conditions.
The animals were submitted to experimental protocols 30 days
after induction of diabetes. Body weight, blood glucose, and
insulin levels are shown in Supplementary Table S1.

Mitochondrial DNA Isolation
Pancreata from non-diabetic and diabetic mice were submitted
to protocols for mitochondria isolation. The pancreatic tissue
was homogenized in 5 ml of medium [(in mM): HEPES 10,
sucrose 250 and EGTA 1] at pH 7.2, centrifuged at 600 g for
5 min and the supernatant collected and centrifuged at 2,000 g
for 10 min. The pellet containing the isolated mitochondria was
recovered, resuspended and centrifuged at 12,000 g for 10 min at
4◦C followed by centrifugation at 100,000 g at 4◦C for 30 min.
The supernatant was used for DNA extraction with the phenol–
chloroform–isoamyl alcohol mixture (Sigma-Aldrich R©, St. Louis,
MO, United States). Finally, pancreatic mDNA isolated from
control (cmDNA) and diabetic (dmDNA) mice was quantified
using an EpochTM Microplate apparatus (BioTek Instruments R©,
Winooski, VT, United States).

Vascular Reactivity – Isolated Mesenteric
Resistance Arteries
The method described by Mulvany and Halpern (1977) was used.
Animals were euthanized in a carbon dioxide (CO2) chamber.
Segments of second-branch mesenteric arteries (2 mm in length)
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were mounted in a small vessel myograph (Danish Myo Tech,
Model 620M, A/S, Aarhus, Denmark). Arteries were maintained
in Krebs Henseleit solution [(in mM) NaCl 130, KCl 4.7, KH2PO4
1.18, MgSO4 1.17, NaHCO3 14.9, glucose 5.5, EDTA 0.03, CaCl2
1.6], at 37◦C, pH 7.4, and gassed with a mixture of 95% O2
and 5% CO2.

Mesenteric arteries preparations were set to reach a tension
of 13.3 kPa (kilopascal) and remained at rest for 30 min for
stabilization. The arteries were stimulated with Krebs solution
containing a high concentration of potassium [K+ (120 mM)]
to evaluate the contractile capacity. After washing and return to
the basal tension, arteries were contracted with phenylephrine
(10−6 M) and stimulated with acetylcholine (10−5 M) to
determine the presence of a functional endothelium. Arteries
exhibiting a vasodilator response to acetylcholine greater than
80% were considered endothelium-intact vessels. The failure of
acetylcholine to elicit relaxation of arteries that were subjected to
rubbing of the intimal surface was taken as proof of endothelium
removal. After washing and another period of stabilization,
concentration-response curves to acetylcholine and sodium
nitroprusside were performed.

Cumulative Concentration-Response Curves
Mesenteric resistance arteries were pre-contracted with
phenylephrine (10−6 to 3 × 10−6 M) and concentration-
response curves to sodium nitroprusside (10−10 to 3× 10−5 M),
acetylcholine (10−10 to 3 × 10−5 M) in the presence of vehicle,
MCC950 (10−6 M), a selective NLRP3 inhibitor, Tiron (10−4 M),
a superoxide anion scavenger; Peg-catalase (200 U/ml), a catalase
mimetic; CCCP (10−6 M), an uncoupler of the mitochondrial
respiratory chain; and cmDNA and dmDNA (1 µg/ml)
were carried out.

Cultured Endothelial Cells – EA.hy926
(ATCC R© CRL-2922TM)
EA.hy926 endothelial cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma-Aldrich R©, St. Louis, MO,
United States), supplemented with 10% of fetal bovine serum
(FBS) (Invitrogen R©, Carlsbad, CA, United States), and antibiotics
(penicillin and gentamicin), at 37◦C and 5% CO2. Cells
(1 × 106/well) were stimulated with cmDNA or dmDNA
(1 µg/mL), from 30 min to 1 h. To evaluate caspase-1 and IL-
1β activation, cells were primed with lipopolysaccharide (LPS,
1 µg/ml) for 24 h (Sigma-Aldrich R©, St. Louis, MO, United States),
prior to stimulation with mDNA.

Mitochondrial DNA Quantification
DNA was extracted and purified using the QIAamp DNA
Blood Mini kit (Qiagen R©, Hilden, Germany). DNA isolated
from pancreas of mice or from human serum was amplified
and quantified using real time-polymerase chain reaction
(RT-PCR). The RT-PCR results are presented as the inverse of
cycle threshold (CT) for gene amplification (McCarthy et al.,
2015). The murine primers used were cytochrome b [(Cyt B)
forward 5′-ACCTCAAAGCAACGAAGCCT-3′ and reverse
5′-GGTTGGCCTCCAATTCAGGT-3′], cytochrome c [(Cyt C)

forward 5′-GACTTGCAACCCTACACGGAT-3′ and reverse 5′-
CCGGTTAGACCACCAACTGT-3′], and NADH dehydrogenase
subunit 6 (forward 5′-ATTCCACCCCCTCACGACTA-3′ and
reverse 5′-TGTCGTTTTGGGTGAGAGCA-3′). The human
primers used were cytochrome b [(Cyt B) forward 5′-
ATGACCCACCAATCACATGC- 3′ and reverse 5′-ATGCCCCA
ATACGCAAAAT-3′], cytochrome c [(Cyt C) forward 5′– ATGA
CCCACCAATCACATGC-3′ and reverse 5′– ATCACATGGCTA
GGCCGGAG-3′], and NADH dehydrogenase subunit 6
(forward 5′ – ATACCCATGGCCAACCTCCT-3′ and reverse
5′ – GGGCCTTTGCGTAGTTGTAT-3′).

Western Blotting
Forty to fifty micrograms of proteins extracted from EA.hy926
endothelial cells or mesenteric arteries from the different
experimental groups were directly loaded into sodium dodecyl
sulfate (SDS) sample buffer for 10% SDS- polyacrylamide gel
electrophoresis. After protein transfer onto a nitrocellulose
membrane (Trans-Blot Transfer Medium; Bio-Rad, Hercules,
CA, United States), membranes were blocked with 5% bovine
serum albumin (BSA) in Tris buffer solution containing 0.1%
Tween 20 for 1 h and then incubated with antibodies against
NLRP3 (1-500, Abcam, ab4207), Caspase-1 (1-500, Novus
Biologicals, 14F468), IL-1β (1-500, Santa Cruz Biotechnology, sc-
7884), Nox1 (1-1000, Abcam, ab55831), Nox4 (1-2000, Abcam,
ab61248), Catalase (1-2000, Cell Signaling, 8841s), SOD-1 (1-
3000, Abcam, ab13498), β-Actin (1-3000, Cell Signaling, #4967)
or GAPDH (1-20000, Sigma-Aldrich, G9545) overnight at 4◦C.
Membranes were then incubated with secondary antibodies,
according to species cross-reactivity for each primary antibody,
for 1 h at room temperature. After the membranes were rinsed,
the immunocomplexes were developed using LuminataTM

Forte Western HRP Substrate (Millipore R©, Burlington, MA,
United States) and the images captured in a ImageQuant 350
Photodocumentation system (GE Healthcare R©, Piscata Way, NJ,
United States). The images were quantified by the Image J R©

program and the results were expressed as arbitrary units (AU).

Lucigenin
Superoxide anion generation was determined in mice mesenteric
arteries and EA.hy926 endothelial cells by a chemiluminescence
assay. Mesenteric arteries from non-diabetic and diabetic
C57BL/6 and Nlrp3−/− mice were placed in glass tubes
containing 950 µl HANK’S solution [(in mM): NaCl 120, CaCl2
1.6, KCl 5, MgCl2.6 H2O 1, NaH2PO4 0.5, glucose 10, HEPES
10] and 5 µl of lucigenin (5 µM) for basal luminescence reading.
Then, 50 µl of NAD(P)H (100 µM) were added to the tube and
superoxide anion generation was quantified using the Line TL
Tube Luminometer (Titertek-Berthold R©, Pforzheim, Germany).
Superoxide anion generation was expressed in RLU (relative units
of luminescence)/dry weight (g).

mDNA-stimulated endothelial cells were mechanically
removed with 100 µl lysis buffer [(mM) KH2PO4 20, EGTA
1] containing a protease inhibitor cocktail [aprotinin 1 µg/ml,
leupeptin 1 µg/ml, pepstatin 1 µg/ml, phenylmethylsulfonyl
fluoride (PMSF 1 mM)], and then transferred to Eppendorf
tubes. In a 96-well white plate, 50 µl of sample, 173.75 µl of
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phosphate buffer [(in mM): KH2PO4 50, EGTA 1, Sucrose
150] and 1.25 µl of lucigenin were pipetted in each well. Basal
luminescence reading (3 min) was performed, and 25 µl of
NAD(P)H (1 mM) was then added and a new reading (after
15 min) was performed. The Orion II Microplate Luminometer
(Titertek-Berthold R©, Pforzheim, Germany) was used. Superoxide
anion generation was expressed in RLU/µg protein.

Amplex Red
Mesenteric arteries from non-diabetic and diabetic C57BL/6
and Nlrp3−/− mice were quickly frozen in liquid nitrogen
and subsequently pulverized in ice-cold Krebs solution and
centrifuged at 2,000 rpm (1 min). Hydrogen peroxide production
was evaluated in aliquots of 50 µl of the supernatant, using
an AmplexTM Red Hydrogen Peroxide/Peroxidase Assay Kit
(Invitrogen R©, Carlsbad, California, EUA). The fluorescence
was measured (530–590 µm) using the FlexStation 3 Multi
Mode Microplate Reader (Molecular Devices, Sunnyvale, CA,
United States) and the software SoftMax R© Pro (Molecular
Devices, Sunnyvale, CA, United States). A standard curve for
hydrogen peroxide was constructed to determine hydrogen
peroxide concentration in the samples. The quantification was
corrected by the total protein concentration and the results are
expressed in µmol/l.

Ca2+ Influx
Endothelial cells were seeded in black-walled, clear-bottomed
96-well plates (Corning, NY, United States) at a density of
50,000 cells/well in DMEM with 10% FBS and incubated
for 24 h at 37◦C in a 5% CO2. In the following day, cells
were incubated with vehicle, cmDNA or dmDNA (1 µg/ml)
diluted in DMEM without phenol red for 30 min. The medium
was replaced for 100 µL of dye solution (Molecular Devices,
Sunnyvale, CA, United States) and plates were incubated
for 1 h at room temperature. Transient changes in Ca2+

concentration induced by adenosine 5′-triphosphate (ATP)
(10−5 M) were measured by fluorescence (515–575 nm)
using the FlexStation R© equipment and SoftMax R© Pro software
(Molecular Devices, Sunnyvale, CA, United States). ATP-
induced responses were determined immediately upon
its addition and measured as peak fluorescent intensity
minus basal fluorescent intensity and the area under the
curve was calculated.

Detection of 8-OHdG Levels
The 8-OHdG levels in serum and pancreatic DNA were
evaluated by ELISA using the HT 8-oxo-dG ELISA Kit II
(Trevigen R©, Gaithersburg, MD, United States). Briefly, 25 µl
of serum samples (1:10), DNA extracted from the pancreas
(500 µg/ml), and 8-OHdG monoclonal solution were added
in a pre-coated 96-well plate and incubated for 1 h at 25◦C,
and then washed for four times with phosphate buffered saline
containing Tween 20 (PBST). Fifty µl of goat anti-mouse
IgG-HRP antibody were then added (incubation for 1 h at
25◦C). After four washes with PBST, 50 µl of the TACS-
SapphireTM reagent were added in each well. After 15 min
at 25◦C, 50 µl of hydrochloric acid (0.2 M) were added

and 8-OHdG levels were determined (450 µm) using the
FlexStation R© equipment and SoftMax R© Pro software (Molecular
Devices, Sunnyvale, California, United States). A standard curve
(3.13 to 200 nM) for 8-OHdG was performed following the
manufacturer instructions.

Drugs and Salts
Phenylephrine hydrochloride, acetylcholine chloride, LPS,
lucigenin (N,N′-Dimethyl-9,9′-biacridinium dinitrate) and
peg-catalase (Catalase-polyethylene glycol) were obtained from
Sigma-Aldrich (St. Louis, MO, United States), MCC950 from
Avistron R© (Bude, Cornwall, United Kingdom), Tiron from
Santa Cruz Biotechnology R© (San Juan, CA, United States)
and all reagents used in RT-PCR and murine primers from
Invitrogen R© (Carlsbad, CA, United States). Human primers
from Sigma-Aldrich R©, All other salts used were obtained
from Merck R© (Rio de Janeiro, RJ, Brazil). For cell culture,
DMEM was purchased from Sigma R©; FBS and antibiotics
(Penicillin/Streptomycin) from Gibco Thermo Fisher Scientific R©

(Waltham, MA, United States).

Patients
Serum samples from 18 patients with type 1 diabetes and 20 age-
matched healthy control subjects (non-diabetic) were collected by
a specialized professional from the Clinical Laboratory Service
of the University of São Paulo Hospital. All procedures were
approved by the Research Ethics Committee of the Institute
of Psychology of the University of São Paulo (protocol no.
644.869). Clinical and biochemical characteristics are shown in
Supplementary Table S2.

Statistical Analysis
Results are expressed as mean ±standard error of the
mean (E.P.M.). Relaxation responses are expressed as the
percentage of relaxation in relation to pre-contraction levels
induced by phenylephrine. Concentration-effect curves
were submitted to non-linear regression analysis using the
GraphPad Prism 6.0 program (GraphPad Software R©, La
Jolla, CA, United States). Agonist potency and maximal
response are expressed as pD2 [negative log of the molar
concentration that produces 50% of maximal response
(-log EC50)] and Rmax (maximal effect produced by the
agonist), respectively.

Statistical analyses were performed by one-way or two-way
ANOVA followed by Tukey multiple comparisons post-test for
repeated measurements or by Student’s t-test for unpaired data.
The minimum acceptable level of significance was P < 0.05.

RESULTS

Type 1 Diabetes Increases Vascular
NLRP3 Inflammasome Activation
Vascular expression of NLRP3 [Arbitrary Units (AU),
T1D = 3.8 ± 0.1 vs. control = 0.9 ± 0.2; P < 0.05] (Figure 1A),
and caspase-1 [AU, T1D = 3.6 ± 0.5 vs. control = 1.0 ± 0.3;
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FIGURE 1 | On top, representative images of western blot and, at the bottom, densitometric analysis of protein expression of (A) NLRP3, (B) caspase-1 and
pro-caspase-1 and (C) IL-1β and pro-IL-1β in mesenteric arteries from non-diabetic (control, white circles) or diabetic (T1D, black circles) C57BL/6 mice and
non-diabetic (Nlrp3−/−, white squares) or diabetic (Nlrp3−/− T1D, black squares) Nlrp3−/− mice. Each column represents the mean ±SEM. ∗P < 0.05 vs. control.
N = 4–6, Student’s t-test (A) and two-way ANOVA followed by a Tukey’s post hoc test (B,C).

P < 0.05] (Figure 1B) as well as IL-1β activation [AU,
T1D = 5.5 ± 2.2 vs. control = 1.4 ± 0.2; P < 0.05] (Figure 1C)
were increased in diabetic WT mice, in comparison to control
mice. Diabetic Nlrp3−/− mice did not exhibit changes in
activation of caspase-1 or IL-1β (Figures 1B,C).

NLRP3 Activation Contributes to
ROS-Induced Endothelial Dysfunction in
Type 1 Diabetes
Endothelium-denuded arteries from control and T1D mice
exhibited similar relaxation responses to sodium nitroprusside
(Supplementary Figure S1). Mesenteric arteries from T1D
mice exhibited decreased endothelium-dependent relaxation
(pD2, T1D = 6.2 ± 0.2 vs. control = 6.6 ± 0.1; Rmax,
T1D = 47.2 ± 4.9 vs. control = 90.2 ± 0.1; P < 0.05)

(Figure 2A). NLRP3 deficiency prevented diabetes-induced
decreased endothelium-dependent relaxation in mesenteric
arteries (pD2, Nlrp3−/− T1D = 6.6 ± 0.1 vs. T1D = 6.2 ± 0.2;
Rmax, Nlrp3−/− T1D = 80.8 ± 3.3 vs. T1D = 47.2 ± 4.9;
P < 0.05) (Figure 2A). Reduced vasodilation in WT diabetic
mice was partially reverted by MCC950, a selective NLRP3
inhibitor (pD2, T1D+MCC950 = 6.9 ± 0.2 vs. T1D = 6.2 ± 0.2;
Rmax, T1D+MCC950 = 62.5 ± 3.8 vs. T1D = 46.6 ± 4.1;
P < 0.05) (Figure 2B), and completely reverted by the
superoxide anion scavenger Tiron (pD2, T1D+Tiron = 6.6 ± 0.1
vs. T1D = 6.2 ± 0.2; Rmax, T1D+Tiron = 78.4 ± 3.1 vs.
T1D = 46.6 ± 4.1; P < 0.05) (Figure 2C) and by peg-catalase
(pD2, T1D+Peg-catalase = 6.4 ± 0.1 vs. T1D = 6.2 ± 0.2; Rmax,
T1D+Peg-catalase = 86.4 ± 2.8 vs. T1D = 46.6 ± 4.1; P < 0.05)
(Figure 2D). MCC950 treatment did not affect ACh responses in
arteries from control mice (pD2, control+MCC950 = 6.7 ± 0.1
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FIGURE 2 | Cumulative concentration-response curves to Acetylcholine (ACh) (A), endothelium-dependent vasodilator, in resistance mesenteric arteries from
C57BL/6 non-diabetic (control, white circles) or diabetic (T1D, black circles) and Nlrp3−/− non-diabetic (Nlrp3−/−, white squares) or diabetic (Nlrp3−/− T1D, black
squares) mice in the presence of (B) vehicle (white diamonds) and a NLRP3 inhibitor (MCC950, black diamonds), (C) vehicle (white triangles) and superoxide
scavenger Tiron (black triangles), and (D) vehicle (white triangles down) and catalase mimetic peg-catalase (black triangles down). Generation of (E) superoxide
anion and (F) hydrogen peroxide in mesenteric bed from non-diabetic (control, white circles) or diabetic (T1D, black circles) C57BL/6 mice and non-diabetic
(Nlrp3−/−, white squares) or diabetic (Nlrp3−/− T1D, black squares) Nlrp3−/− mice. Each point/column represents the mean ±SEM. ∗P < 0.05 vs. control,
&P < 0.05 vs. T1D. N = 3–7, two-way ANOVA followed by Tukey’s post hoc test (A–F).

vs. control = 6.6 ± 0.1; Rmax, control+MCC950 = 85.6 ± 6.7
vs. control = 91.3 ± 2.6; P > 0.05) (Figure 2B), whereas Tiron
(pD2, control+Tiron = 6.8 ± 0.1 vs. control = 6.6 ± 0.1;
Rmax, control+Tiron = 70.6 ± 1.5 vs. control = 91.3 ± 2.6;
P > 0.05) (Figure 2C) and Peg-catalase (pD2, control+Peg-
catalase = 6.8 ± 0.2 vs. control = 6.6 ± 0.1; Rmax,
control+Peg-catalase = 78.0 ± 4.4 vs. control = 91.3 ± 2.6;
P > 0.05) (Figure 2D) produced small decreases
in ACh relaxation.

In addition, diabetes significantly increased superoxide anion
generation (AU, T1D = 2.1 ± 0.4 vs. control = 1.0 ± 0.1;

P < 0.05) (Figure 2E) as well as hydrogen peroxide generation
(AU, T1D = 2.0 ± 0.4 vs. control = 1.0 ± 0.1; P < 0.05)
(Figure 2F) in mesenteric arteries from C57BL/6 mice, which was
not observed in mesenteric arteries from diabetic Nlrp3−/−mice.

NLRP3 Deficiency Decreases Nox4
Expression and Prevents Increased
SOD-1 Expression
Diabetes did not change expression of Nox1 or catalase
(Figures 3A,B) in mesenteric arteries. However, diabetes
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FIGURE 3 | On top, representative images of western blot and, at the bottom, densitometric analysis of the vascular expression of (A) Nox1, (B) Catalase,
(C) SOD-1 and (D) Nox4 in mesenteric arteries from C57BL/6 non-diabetic (control, white circles) or diabetic (T1D, black circles) and Nlrp3−/− non-diabetic
(Nlrp3−/−, white squares) or diabetic (Nlrp3−/− T1D, black squares) mice. Each column represents the mean ±SEM. ∗P < 0.05 vs. respective control. N = 3–7,
two-way ANOVA followed by Tukey’s post hoc test (A–D).

increased SOD-1 expression in arteries from WT diabetic
mice (AU, T1D = 1.4 ± 0.1 vs. control = 1.0 ± 0.1;
P < 0.05), which was not observed in arteries from
Nlrp3−/− mice (Figure 3C). In addition, Nlrp3−/−

mice exhibited reduced vascular Nox4 expression when
compared to their respective counterpart C57BL/6 mice
(AU, Nlrp3−/− = 0.7 ± 0.1 vs. control = 1.1 ± 0.1;
Nlrp3−/− T1D = 0.7 ± 0.2 vs. T1D = 0.9 ± 0.1;
P < 0.05) (Figure 3D).

Type 1 Diabetes Increases Cytosolic
mDNA in Pancreatic Cells and dmDNA
Promotes Endothelial Dysfunction by
Mitochondrial Superoxide Anion
Generation
Diabetes increased cytosolic mDNA release (Figure 4A),
represented by increased Cyt C, Cyt B, and NADH expression.
dmDNA, but not cmDNA reduced endothelium-dependent
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FIGURE 4 | (A) Quantification of mitochondrial DNA genes cytochrome C (Cyt C), cytochrome B (Cyt B) and NADH dehydrogenase (NADH) in the cytosolic fraction
of pancreatic cells from non-diabetic (control, white circles) or diabetic (T1D, black circles) C57BL/6 mice. Gene expression was determined by RT-PCR. Each bar
represents the mean ±SEM. ∗P < 0.05 vs. control, N = 3–5. Cumulative concentration-response curves to Acetylcholine (ACh), endothelium-dependent vasodilator,
in resistance mesenteric arteries from C57BL/6 mice incubated with (B) vehicle (white circles), mitochondrial DNA from control (cmDNA, gray circles) or diabetic
(dmDNA, black circles) mice. Acetylcholine responses in mesenteric arteries incubated with vehicle or dmDNA were also performed in the presence of (C) Tiron
[vehicle+Tiron (white triangles) or dmDNA+Tiron (black triangles)] and (D) CCCP [vehicle+CCCP (white diamonds) or dmDNA+CCCP (black diamonds)]. Superoxide
anion generation in endothelial cells incubated with (E) vehicle (white circles), cmDNA (gray circles) or dmDNA (black circles) and in the presence of (F) CCCP
[vehicle+CCCP (white diamonds) or dmDNA+CCCP (black diamonds)]. Each point/column represents the mean ±SEM. ∗P < 0.05 vs. vehicle, #P < 0.05 vs.
dmDNA. N = 5–12, Student’s t-test (A), one-way ANOVA (B–F).

relaxation (Rmax, dmDNA = 57.3 ± 3.7 vs. vehicle = 90.5 ± 3.4;
P < 0.05) (Figure 4B) in mesenteric arteries. dmDNA-
induced reduced vasodilation was reversed by Tiron (Rmax,
dmDNA+Tiron = 74.0± 3.4 vs. dmDNA = 57.3± 3.7; P < 0.05)
(Figure 4C) and by CCCP (Rmax, dmDNA+CCCP = 77.7 ± 3.3
vs. dmDNA = 57.3 ± 3.7; P < 0.05) (Figure 4D). dmDNA
also increased superoxide anion generation in endothelial cells
(RLU/µg prot., dmDNA = 1958 ± 217 vs. vehicle = 550 ± 65;
P < 0.05) (Figure 4E) and CCCP prevented dmDNA-
induced increased superoxide anion generation in endothelial
cells (RLU/µg prot., dmDNA+CCCP = 1138 ± 126 vs.
dmDNA = 1995 ± 219) (Figure 4F). Tiron and CCCP

reduced the maximum relaxation response in mesenteric
arteries incubated with vehicle (vehicle+Tiron = 70.1 ± 1 vs.
vehicle = 90.5 ± 3.4 and vehicle+CCCP = 66.8 ± 5.7 vs.
vehicle = 90.5± 3.4).

NLRP3 Activation Contributes to
dmDNA-Induced Endothelial Dysfunction
The incubation of endothelial cells with cmDNA and
dmDNA did not activate caspase-1 or IL-1β. However,
in cells primed with LPS for 24 h prior to mDNA
incubation, dmDNA, but not cmDNA, increased activation
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FIGURE 5 | On top, representative images of western blot and, at the bottom, densitometric analysis of the expression of (A) caspase-1 and pro-caspase-1 and
(B) IL-1β and pro-IL-1β in endothelial cells primed with lipopolysaccharide (LPS) and incubated with vehicle (white squares) and mitochondrial DNA from control
(cmDNA, white circles) and diabetic (dmDNA, black circles) mice. (C) Cumulative concentration-response curves to acetylcholine (ACh), endothelium-dependent
vasodilator, in resistance mesenteric arteries from C57BL/6 incubated with vehicle (white circles) or mitochondrial DNA from diabetic mice (dmDNA, black circles) in
the presence of vehicle (white triangles) or a NLRP3 inhibitor (MCC950, black triangles). Each point/column represents the mean ±SEM. ∗P < 0.05 vs. vehicle.
N = 3–5, one-way ANOVA (A–C).

of caspase-1 (AU, LPS+dmDNA = 1.5 ± 0.2 vs.
vehicle = 0.8 ± 0.1; P < 0.05) (Figure 5A) and IL-1β

(AU, LPS+dmDNA = 1.6 ± 0.2 vs. vehicle = 1.0 ± 0.1;
P < 0.05) (Figure 5B). MCC950 prevented dmDNA-
induced impairment of endothelium-dependent relaxation
in mesenteric arteries (Rmax, dmDNA+MCC950 = 91.8 ± 4.9
vs. dmDNA+vehicle = 57.3 ± 3.8; P < 0.05) (Figure 5C).
MCC950 did not alter ACh responses in vehicle-treated arteries
(Rmax, vehicle+MCC950 = 89.1 ± 4.1 vs. vehicle = 90.5 ± 3.4;
P > 0.05).

Ca2+ Influx-Induced Mitochondrial ROS
Generation by dmDNA Activates
Endothelial Cell NLRP3 Inflammasome
Incubation of endothelial cells with dmDNA, but not
cmDNA increased ATP-stimulated Ca2+ influx (RFU,
dmDNA = 315.0 ± 19.0 vs. vehicle = 130.0 ± 8.6; P < 0.05)
(Figure 6A). The presence of a Ca2+ chelator, Bapta, prevented
the increased dmDNA-induced ROS generation (RFU,
dmDNA+Bapta = 980 ± 169 vs. dmDNA = 2380 ± 401;
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FIGURE 6 | (A) Ca2+ influx and (B) superoxide anion generation in endothelial cells incubated with vehicle (white circles), mitochondrial DNA from control (cmDNA,
gray circles) or diabetic (dmDNA, black circles) mice in the presence of vehicle (white triangles) or a Ca2+ chelator (Bapta, gray and black triangles). On top,
representative images of western blot and, at the bottom, densitometric analysis of the expression of (C) caspase-1 and pro-caspase-1 in endothelial cells primed
with lipopolysaccharide (LPS) and incubated with vehicle (white squares), mitochondrial DNA from control (cmDNA, gray circles) or diabetic (dmDNA, black circles)
mice in the presence of vehicle (white triangles) or a Ca2+ chelator (Bapta, gray and black triangles). Each point/column represents the mean ±SEM. ∗P < 0.05 vs.
vehicle, #P < 0.05 vs. dmDNA. N = 5–12, one-way ANOVA (A–C).

P < 0.05) (Figure 6B) and caspase-1 activation (AU,
LPS+dmDNA+Bapta = 0.9 ± 0.2 vs. LPS+dmDNA = 2.6 ± 0.4;
P < 0.05) in endothelial cells (Figure 6C).

Type 1 Diabetes Increases Circulating
mDNA and Serum NLRP3 Inflammasome
Activation
In humans, type 1 diabetes increased circulating mDNA
levels represented by increased CytB and NADH expression
(Figure 7A). Diabetic patients also exhibited increased NLRP3
expression (AU, Type 1 diabetic = 0.18 ± 0.1 vs. Non-
diabetic = 0.13± 0.1; P < 0.05) (Figure 7B), caspase-1 (AU, Type
1 diabetic = 2.0 ± 0.1 vs. Non-diabetic = 1.7 ± 0.1; P < 0.05)
(Figure 7C) and IL-1β activation (AU, Type 1 diabetic = 1.3± 0.1
vs. Non-diabetic = 1.0± 0.1; P < 0.05) (Figure 7D). Clinical and
biochemical characteristics of control (non-diabetic) subjects and
diabetic patients are shown in the (Supplementary Table S2).

Type 1 Diabetes Does Not Change
8-OHdG Levels
Diabetes did not change 8-OHdG levels in serum DNA or mouse
pancreatic mDNA (Supplementary Figure S2).

DISCUSSION

The present study shows that Nlrp3−/− mice are protected
from diabetes-associated inflammatory vascular damage and
endothelial dysfunction. Mitochondrial DNA is key for NLRP3
inflammasome activation in endothelial cells through increased
Ca2+ influx and mitochondrial ROS generation.

One of the most important findings of this study is the
association between NLRP3 and vascular dysfunction in type 1
diabetes. A link between NLRP3 and endothelial (dys)function
has been previously suggested in other studies (15–17). In obese
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FIGURE 7 | (A) Quantification of mitochondrial DNA genes cytochrome C (Cyt C), cytochrome B (Cyt B) and NADH dehydrogenase (NADH). On top, representative
images of western blot and, at the bottom, densitometric analysis of the expression of (B) NLRP3, (C) caspase-1 and pro-caspase-1, and (D) IL-1β and pro-IL-1β in
the serum from non-diabetic subjects (white circles) and patients with type 1 diabetes (black circles). Each column represents the mean ±SEM. ∗P < 0.05 vs.
non-diabetic. N = 5–12, Student’s t-test (A–D).

rats, vascular dysfunction, represented by impaired endothelium-
dependent relaxation, is associated with increased vascular
expression of inflammasome markers such as NLRP3, caspase-
1 and IL-1β (Liu et al., 2015). Mice with Kawasaki’s disease,
an inflammatory disease model, present impaired endothelium-
dependent vasodilation accompanied by increased caspase-
1, IL-1β, and VCAM-1 expression (Chen et al., 2015). In
addition, NLRP3 deficiency protects endothelial function in
hypercholesterolemic mice by reducing vascular superoxide
anion generation and increasing eNOS activity (Zhang et al.,
2015). In vitro experiments also show a modulatory role of
NLRP3 on endothelial function since the silencing of NLRP3
gene prevents caspase-1 and IL-1β activation in endothelial
cells stimulated with cell wall fragments of Lactobacillus casei
(Chen et al., 2015). Furthermore, the expression of NLRP3
inflammasome components is increased in brain areas that
control blood pressure in spontaneously hypertensive rats and
is linked to increased vascular damage and high blood pressure
(Avolio et al., 2018).

Reactive oxygen species modulate endothelial function and IL-
1β is an important stimulus for ROS production. IL-1β increases
ROS generation in human umbilical vein endothelial cells
(HUVECs) (Toniolo et al., 2015) and in vascular smooth muscle
cells (VSMC) from human coronary arteries (Kaur et al., 2004) by
mechanisms that involve increased NADPH oxidase activation.
NADPH oxidase is one of the main sources for ROS generation in
different organs, including the vasculature (Hansen et al., 2018).
Furthermore, inhibition of IL-1β using anakinra, a recombinant
human interleukin-1 receptor antagonist, protects endothelial
function and reduces ROS generation in mesenteric arteries of
diabetic rats (Vallejo et al., 2014). It is important to mention
that not only IL-1β induces ROS generation, but ROS also
induce IL-1β production. Cultured astrocytes from BALB/C mice
stimulated with high glucose concentrations exhibit increased IL-
1β, TNF-α, IL-6, and IL-4 gene expression, which is abrogated by
a ROS scavenger (Wang et al., 2012).

In the present study, mesenteric arteries from Nlrp3−/− mice
with type 1 diabetes displayed decreased expression of Nox4
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and reduced ROS levels. Other studies support an interaction
between NLRP3 inflammasome and Nox expression and activity.
Nox4 inhibition prevents ROS generation and decreases protein
expression of NLRP3, caspase-1 and IL-1β in endothelial cells
stimulated with high glucose (Wang et al., 2017). Decreased
NLRP3 inflammasome activation associated with reduced Nox4
expression and ROS generation was also reported in rat
cardioblasts stimulated with TNF-α and submitted to hypoxia
(Chen et al., 2018). In addition, Nox4 silencing in rat aortic
VSMC prevents IL-1β-induced ROS generation (Ginnan et al.,
2013). Treatment of mice exhibiting LPS-induced hyperalgesia
with a NLRP3 inhibitor, MCC950, decreases the expression of
Nox2 subunits, gp91phox and p47phox in the brain, heart and lungs
(Dolunay et al., 2017). These studies corroborate a link between
Nox4 and NLRP3 inflammasome.

NLRP3 inflammasome activity is triggered by several stimuli,
including mitochondrial DAMPs. The immunostimulatory role
of mDNA was first reported by Collins et al. (2004). These
authors showed that intra-articular administration of mDNA
extracted from human and murine tissues induces inflammatory
arthritis in mice, an event associated with increased TNF-α
levels (Collins et al., 2004). Moreover, mDNA infusion increases
IL-6 and neutrophil migration, causing tissue injury (Zhang
et al., 2010). Our findings corroborate an immunostimulatory
role of mDNA, since mDNA extracted from the pancreas of
diabetic mice stimulates the production of proinflammatory
markers in endothelial cells. Potential mechanisms associated
with the immunostimulatory effect of mDNA include activation
of pattern recognition receptors, such as NOD and Toll
receptors, and structural modifications of the DNA. TLR-9
activation is linked to mDNA-induced inflammatory responses.
TLR-9 antagonist reduces phosphorylation of MAPKs, such
as p38 and p44/42, and IL-8 levels in human neutrophils
stimulated with mDNA extracted from various tissues (Zhang
et al., 2010). TLR-9 inhibition also decreases IL-8 and
TNF-α in mDNA-stimulated cells from humans and mice
(Pazmandi et al., 2014). NLRP3 is another receptor associated
with mDNA effects. LPS-primed macrophages incubated with
mDNA exhibit increased activation of caspase-1 and IL-1β

in response to ATP, effects associated with NLRP3 activation
(Nakahira et al., 2011). In the present study, cells primed
with LPS and incubated with dmDNA exhibited increased
activation of caspase-1 and IL-1β, reinforcing a relationship
between mDNA and NLRP3.

mDNA oxidation has been associated with structural
modifications that increase immunogenesis. Oxidized mDNA
potentiates increased pro-inflammatory factors (IL-8 and
TNF-α) in plasmocytoid dendritic cells (Pazmandi et al., 2014).
One of the most common modifications related to DNA
oxidation is represented by increased levels of oxidatively
modified guanine bases (8-OHdG) (Kuchino et al., 1987). In
diabetes, this modification is reported in the urine, mononuclear
cells and skeletal muscle of patients (Dandona et al., 1996;
Leinonen et al., 1997; Hinokio et al., 1999). Our results did
not show higher circulating or pancreatic 8-OHdG levels in
the mDNA. However, other modifications, such as epigenetic
alterations may increase mDNA immunogenesis. High glucose

concentrations increase mDNA methylation, an epigenetic
modification, in retinal endothelial cells, a condition also
observed in the retinal microvasculature of human donors
with diabetic retinopathy (Mishra and Kowluru, 2015). In
diabetes, DNA methylation in several organs is associated with
micro and macrovascular complications (Kato and Natarajan,
2014). Mitochondrial DNA methylation is also a potential
mechanism for the greater immunogenesis associated with
diabetic mitochondrial DNA, which should be investigated in
further studies.

Another potential mechanism by which mDNA may
activate the NLRP3 inflammasome is mitochondrial ROS
generation. Human macrophages incubated with increasing
doses of inhibitors of the mitochondrial respiratory chain
display increased IL-1β release. This effect is inhibited by
NLRP3 and caspase-1 gene deletion in both human and murine
macrophages (Zhou et al., 2011). In our study, dmDNA increased
mitochondrial ROS, since ROS generation by dmDNA in
endothelial cells was attenuated by a mitochondrial antioxidant,
CCCP. Similar results were observed in murine macrophages
after the incubation with a mitochondrial antioxidant agent,
MitoTEMPO (Nakahira et al., 2011), reinforcing the link
between mDNA, mitochondrial ROS and NLRP3 inflammasome
activation. Thus, mitochondrial ROS generation induced
by dmDNA seems to activate NLRP3 inflammasome in
endothelial cells.

Ca2+ influx is also critical for NLRP3 activation and,
consequently, IL-1β release. In LPS-primed and ATP-stimulated
macrophages, IL-1β release is prevented by thapsigargin,
a Ca2+ mobilization agent that inhibits the sarcoplasmic
Ca2+-ATPase (Murakami et al., 2012). Furthermore, mDNA
increases Ca2+ influx and NLRP3 activation. LPS-primed and
ATP-stimulated murine macrophages incubated with mDNA
display greater Ca2+ influx and activation of caspase-1
and IL-1β (Nakahira et al., 2011). Likewise, in the present
study, we found increased Ca2+ influx in endothelial cells
incubated with dmDNA.

Considering the immunogenic role of mDNA, the presence
of circulating mDNA, i.e., mDNA released into the blood, has
been associated with inflammatory mechanisms under several
conditions. Post-myocardial infarction patients have increased
circulating mDNA levels, accompanied by higher levels of
inflammatory cytokines, such as TNF-α and IL-6, compared
to healthy individuals (Qin et al., 2017). Patients with breast
cancer (Mahmoud et al., 2015), gastric cancer (Fernandes et al.,
2014), diabetes and retinopathy (Malik et al., 2015), coronary
artery disease (Liu et al., 2016) also have higher levels of
circulating mDNA. These results corroborate data from our
study showing that patients with type 1 diabetes present an
increase in circulating mDNA and the increased release of mDNA
from pancreatic cells observed in our study may be related to
the apoptotic and necrotic processes triggered in the endocrine
pancreas by diabetes, which enables extracellular genetic content
extravasation. Overall, this is the first study that demonstrates
a relationship between mDNA, vascular NLRP3 inflammasome
activation, Ca2+ influx-induced ROS generation and endothelial
dysfunction in diabetes.
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FIGURE 8 | Schematic representation of the conclusion. Pancreatic mitochondrial DNA release in type 1 diabetes increases Ca2+ influx and mitochondrial ROS
generation in endothelial cells promoting caspase-1 and IL-1 secretion by NLRP3 inflammasome activation, events that contribute to diabetes-associated endothelial
dysfunction.
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CONCLUSION

In summary, mDNA contributes to endothelial dysfunction in
type 1 diabetes, which is linked to increased inflammatory
mediators via activation of the NLRP3 inflammasome in
endothelial cells (Figure 8). Pharmacologic inhibition or genetic
deletion of the NLRP3 in mice protects from diabetes-associated
inflammatory vascular damage and endothelial dysfunction.
Our study highlights the importance of NLRP3 inflammasome
in diabetes-associated vascular dysfunction, which is key to
diabetes-associated complications.
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Anhanguera-UNIDERP, Campo Grande, Brazil, 3 Department of Surgery and Anatomy, Ribeirão Preto Medical School,
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Sepsis is a systemic inflammatory response syndrome (SIRS) resulting from a
severe infection that is characterized by immune dysregulation, cardiovascular
derangements, and end-organ dysfunction. The modification of proteins by O-linked
N-acetylglucosamine (O-GlcNAcylation) influences many of the key processes that are
altered during sepsis, including the production of inflammatory mediators and vascular
contractility. Here, we investigated whether O-GlcNAc affects the inflammatory response
and cardiovascular dysfunction associated with sepsis. Mice received an intraperitoneal
injection of lipopolysaccharide (LPS, 20 mg/Kg) to induce endotoxic shock and systemic
inflammation, resembling sepsis-induced SIRS. The effects of an acute increase in
O-GlcNAcylation, by treatment of mice with glucosamine (GlcN, 300 mg/Kg, i.v.) or
thiamet-G (ThG, 150 µg/Kg, i.v.), on LPS-associated mortality, production and release of
cytokines by macrophages and vascular cells, vascular responsiveness to constrictors
and blood pressure were then determined. Mice under LPS-induced SIRS exhibited a
systemic and local inflammatory response with increased levels of interleukin-1β (IL-1β),
interleukin-6 (IL-6) and tumor necrosis factor (TNF-α), as well as severe hypotension
and vascular hyporesponsiveness, characterized by reduced vasoconstriction to
phenylephrine. In addition, LPS increased neutrophil infiltration in lungs and produced
significant lethality. Treatment with GlcN and ThG reduced systemic inflammation and
attenuated hypotension and the vascular refractoriness to phenylephrine, improving
survival. GlcN and ThG also decreased LPS-induced production of inflammatory
cytokines by bone marrow-derived macrophages and nuclear transcription factor-kappa
B (NF-κB) activation in RAW 264.7 NF-κB promoter macrophages. Treatment of mice
with ThG increased O-glycosylation of NF-κB p65 subunit in mesenteric arteries, which
was associated with reduced Ser536 phosphorylation of NF-κB p65. Finally, GlcN
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also increased survival rates in mice submitted to cecal ligation and puncture (CLP),
a sepsis model. In conclusion, increased O-GlcNAc reduces systemic inflammation and
cardiovascular disfunction in experimental sepsis models, pointing this pathway as a
potential target for therapeutic intervention.

Keywords: O-GlcNAc, sepsis, LPS, inflammation, vascular reactivity, blood pressure

INTRODUCTION

Sepsis is a systemic inflammatory response syndrome (SIRS)
resulting from a severe infection that is characterized by
immune dysregulation, cardiovascular derangements, and end-
organ dysfunction. Despite the significant progress in the
understanding of the pathophysiologic processes involved in
these diseases, their incidence is remarkable. Estimates point to
31.5 million sepsis cases, and approximately 5.3 million deaths
per year in high-income countries (Fleischmann et al., 2016). In a
Brazilian observational study, the mortality rate of septic patients
reached 55% (Machado et al., 2017). These numbers justify the
efforts to clarify the systemic alterations during sepsis progress
and to improve its recognition and treatment.

During an infection, the host immune system recognizes
invading pathogens by identifying pathogen-associated
molecular patterns (PAMPs) through a variety of cell-surface and
intracellular pattern recognition receptors (PRRs) on the innate
immune cells, such as Toll-like receptors (TLRs), nucleotide-
binding oligomerization domain-like receptors (NLRs; which
activation leads to inflammasome formation), retinoic acid-
inducible gene-like receptors (RLRs) and C-type lectin receptors
(CLRs) (Takeuchi and Akira, 2010; van der Poll et al., 2017;
Salomão et al., 2019). In most cases, the immune system is able
to remove the invading pathogen. However, the predominance
of the pathogens and exacerbation of host immune response
can lead to an excessive inflammatory response, resulting in
cardiovascular collapse and organ dysfunction.

Both in the early and late phases of sepsis, the activation of
immune cells initiates a complex signal transduction pathway
that culminates in the activation of nuclear transcription
factor-kappa B (NF-κB) and mitogen-activated protein kinases
(MAPK), with consequent release of large amounts of cytokines,
chemokines and activation of the complement system (Munoz
et al., 1991; Silasi-Mansat et al., 2010; Takeuchi and Akira,
2010; Wiersinga et al., 2014; Salomão et al., 2019). Indeed,
macrophages activated by lipopolysaccharide (LPS), the major
component of the outer membrane of Gram-negative bacteria,
primarily release inflammatory mediators such as interleukin-
1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-α), as well as secondary mediators involved in pathogens
elimination, such as nitric oxide (NO) and reactive oxygen
species (ROS) (Ayala et al., 1996; Lu et al., 2015; Seo et al.,
2016). The excessive production of NO and ROS is directly
involved in vascular damage, leading to excessive vasodilation,
edema formation, leukocytes and platelets adhesion, glycocalyx
shedding, and endothelial dysfunction (Huet et al., 2011; Tyml,
2011), critical processes in septic condition.

Cellular metabolism has arisen as a key mechanism that
modulate inflammatory responses and may play a crucial
role in sepsis. In macrophages, the upregulation of glycolysis,
for example, increases the transcription of IL-1β, which is
related to succinate accumulation and, subsequently, activation
of hypoxia-inducible factor 1α (HIF1α) (Lachmandas et al.,
2016). Moreover, LPS stimulation of macrophages increases
mitochondrial oxidation and ROS generation and promotes
a pro-inflammatory state (Cheng et al., 2016). High-glucose
also leads to NF-κB activation in vascular smooth muscle cells
(Tannahill et al., 2013) and peripheral blood mononuclear
cells as observed in diabetic patients (Mills et al., 2016). In
this context, the hexosamine metabolism pathway, through
the O-glycosylation with N-acetylglucosamine (O-GlcNAc)
of innumerous proteins, can also contribute to the regulation
of the inflammatory response. O-GlcNAc, a highly dynamic
post-translational modification of nuclear and cytoplasmic
proteins (Yang and Qian, 2017; Zachara, 2018), is directly
controlled by the activity of two enzymes: O-GlcNAc transferase
(OGT, uridine diphosphate-N-acetyl glucosamine; β-N-
acetylglucosaminyl transferase and UDP-NAc transferase) and
β-N-acetylglucosaminidase (O-GlcNAcase or OGA). Whereas
OGT catalyzes the addition of N-acetylglucosamine in the
hydroxyl group of serine and threonine residues of target
proteins, OGA catalyzes the hydrolytic removal of O-GlcNAc
from proteins (Yang and Qian, 2017). Hence, OGT and OGA
expression and activity are important to regulate O-GlcNAc
and, consequently, proteins function by changing their sub-
cellular localization, activity, and interaction with other proteins
(Andrali et al., 2007; Guinez et al., 2011; Baudoin and Issad, 2015;
Zachara, 2018).

In the cardiovascular system, O-GlcNAc modulates
cardiac and vascular contractility and remodeling as well as
inflammation-related processes (da Costa et al., 2018; Kronlage
et al., 2019). Glucosamine, which increases O-GlcNAc-modified
proteins, reduces the levels of circulating pro-inflammatory
cytokines, including TNF-α and IL-6 (Azuma et al.,
2015) and attenuates LPS-induced activation of NF-κB in
RAW264.7 macrophages (Shin et al., 2013). Glucosamine
also reduces vascular expression of pro-inflammatory
mediators, inhibiting acute inflammatory responses and
neointimal layer formation following balloon catheter injury
of the carotid artery in ovariectomized rats (Xing et al.,
2008), indicating that O-GlcNAc has anti-inflammatory and
vasoprotective actions.

Monocytes and macrophages play central roles in acute
and chronic inflammatory processes. Disturbed metabolism
also shifts the profile production of inflammatory mediators
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by macrophages. For instance, high glucose increases IL-1β,
TNFα, TLR2, TLR4, and NF-κB signaling (Shanmugam et al.,
2003; Dasu et al., 2008; Hua et al., 2012), contributing to
diabetes-associated pro-inflammatory state. On the other
hand, stimulation of the hexosamine pathway by glucosamine
attenuates LPS-induced NO and NF-κB activation in macrophage
cells (Hwang et al., 2017) whereas OGT degradation increases
endothelial inflammatory responses induced by hypoxia (Liu
et al., 2014). Li et al. (2019) observed that mice with OGT
deletion exhibit an exacerbated innate immune response
and septic inflammation induced by LPS, events dependent
on TLR/RIPK3/NF-κB signaling activation. These results
demonstrate that reprogramming of cellular metabolic events
can be a fine-tuning point to modulate the inflammatory
response in septic conditions. However, it is not clear whether
activation of the hexosamine pathway has cardiovascular
protective effects in sepsis.

Therefore, considering that O-GlcNAc modulates the function
of the cardiovascular and immune systems, which are key
in endotoxemic/sepsis-associated conditions and complications,
this study tested the hypothesis that acute increases in
O-GlcNAc reduce NF-κB activation and expression/release of
pro-inflammatory cytokines, improving cardiovascular function
in animals with LPS-induced SIRS.

MATERIALS AND METHODS

Animals
Male C57BL6/J mice (8 to 10-week-old, 20–25 g) were used
in this study. Mice were kept in the animal facility of the
Department of Pharmacology, Ribeirão Preto Medical School,
University of São Paulo, under controlled temperature (22–24◦C)
and humidity, 12-hour (h) light/dark cycles and received
standard diet and water ad libitum. All experimental procedures
were approved by the Ethics Committee on Animal Research
of the Ribeirão Preto Medical School, University of São
Paulo (protocol n◦ 196/13) and are in accordance with the
Guidelines of the National Council for Animal Experimentation
Control (CONCEA).

Experimental Animal Models and
Pharmacological Tools to Increase
O-GlcNAc-Modified Proteins
Severe endotoxemia by LPS was induced with a single dose
(20 mg/Kg, i.p.) of LPS (Escherichia coli 0111:B4, Sigma
Chemical Co., St. Louis, MO, United States), 30 min after
treatment with GlcN (300 mg/Kg/animal, i.v.), or 12 h after
treatment with ThG (150 µg/Kg; i.v.). Proper controls were
performed with vehicle administration (for LPS, GlcN or
ThG) at the same time points. To evaluate the effects of
acute increased O-GlcNAc in mice with endotoxemia induced
by LPS, animals were randomly divided into the following
groups: saline (Control); vehicle + 20 mg/Kg LPS (LPS);
glucosamine or thiamet-G plus 20 mg/Kg LPS (LPS + GlcN
and LPS + ThG, respectively). Six hours after LPS treatment,

mice were anesthetized with isoflurane and fluids and tissues
were collected. The time for GlcN and ThG administration were
determined in preliminary protocols (Supplementary Material
and Supplementary Figure S1).

Some experiments were also performed in mice that received
a lower dose of LPS (10 mg/Kg, i.p.), which induces moderate
endotoxemia (LPSlow). The following groups were tested in
specific protocols: saline (Control); vehicle + 10 mg/Kg LPS
(LPSlow); glucosamine or thiamet-G plus 10 mg/Kg LPS
(LPSlow + GlcN and LPSlow + ThG, respectively). Similarly,
GlcN and ThG were administered 30 min and 12 h, respectively,
before LPS injection.

Finally, mice with cecal ligation and puncture (CLP)-
induced sepsis were used to confirm the effects of GlcN in
specific protocols. CLP was induced, as previously described
(Alves-Filho et al., 2010). After anesthesia and abdominal wall
shaving of the mice, the cecum was exposed through midline
laparotomy. The cecum ligation was performed below the
ileocecal valve without causing intestinal obstruction and then
punctured with a 18G needle. Mice were divided in six groups:
(1) Sham, mice submitted to midline laparotomy without cecum
ligation and puncture and that received 1 mL of saline i.v.;
(2) Sham + hydration + antibiotic therapy, mice submitted to
sham operation and that received a single i.v. dose of 1 mL of
saline. Antibiotic therapy was performed with sodium Ertapenem
(30 mg/Kg, s.c., 1 h) after CLP and every 12 h, for 3 days;
(3) Sham + hydration + antibiotic therapy + GlcN treatment,
mice submitted to sham operation + hydration + antibiotic
therapy + GlcN (300 mg/kg. i.v.); (4) CLP, mice submitted to
the CLP procedure; (5) CLP + hydration + antibiotic therapy
group (CLP + ATB), CLP mice that received a single dose of
1 mL of saline and were treated with sodium Ertapenem; and
(6) CLP+ATB+GlcN, CLP mice submitted to hydration+ATB
and that received GlcN.

Survival Rates
Following treatment of mice with GlcN or ThG and LPS-induced
SIRS, the survival rates were determined daily, every 12 h, for
7 days. Survival rates were also determined in mice with CLP-
induced sepsis for 7 days. The survival rate is expressed as the
percentage of live animals, and the Mantel-Cox log-rank test was
used to determine differences between the experimental groups
(Alves-Filho et al., 2010).

Neutrophil Migration to the Peritoneal
Cavity
Neutrophil migration was determined as previously described
(Alves-Filho et al., 2010). Peritoneal cavity lavage (PCL) was
performed 6 h after LPS-induced SIRS or CLP-induced sepsis
using 3 ml of phosphate buffer saline/ethylene diamine tetraacetic
acid (PBS/EDTA) 1 mM and peritoneal fluids were collected.
A Coulter AcT Diff analyzer (Beckman Coulter) was used
to perform total cells counts. Differential cell counts were
determined on Cytospin slides stained with Panótico Rápido LB
dye (Laborclin, Brazil). The results are expressed as the mean
number of neutrophils± SEM per cavity.
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FIGURE 1 | Survival rates in mice submitted to LPS-induced SIRS (20 mg/Kg, i.p.), and pre-treated with vehicle (LPS), (A) GlcN (300 mg/Kg, i.v., LPS + GlcN) or
(B) ThG (150 µg/Kg, i.v., LPS + ThG). Survival rates were determined every 12 h for 7 days and the results are expressed as the percentage of animals alive on each
day. ∗p < 0.05 vs. control. #p < 0.05 vs. LPS. N = 10 animals per experimental group. Log-rank test.

FIGURE 2 | Neutrophil infiltration in the lung and neutrophil migration to the peritoneal cavity. Evaluation of (A) neutrophil infiltration in the lungs and (B) migration of
neutrophils to the peritoneal cavity in mice submitted to LPS-induced SIRS and treated with vehicle (LPS), GlcN (LPS + GlcN) or ThG (LPS + ThG). Lung neutrophil
sequestration was estimated by the myeloperoxidase assay (MPO) in the organ homogenate 6 h after LPS-induced SIRS. Neutrophil count into the peritoneal cavity
was performed using the Coulter R© apparatus. The results are expressed as mean ± SEM and are representative of 4–5 experiments. ∗p < 0.05 vs. control;
#p < 0.05 vs. LPS. One-way ANOVA followed by Dunnett’s post-test.

Myeloperoxidase Activity Assay
Lipopolysaccharide or CLP-induced leukocyte migration to the
lungs was evaluated using a myeloperoxidase kinetic-colorimetric
assay. Tissue samples were collected in 50 mM K2HPO4 buffer
(pH 6.0) containing 13.72 mM hexadecyltrimethylammonium
bromide (HTAB) and stored at −80◦C until assayed. The
samples were homogenized using a Tissue-Tearor (BioSpec),
and homogenates were centrifuged (13.000 rpm, 2 min,
4◦C). Supernatants were assayed spectrophotometrically for
myeloperoxidase activity at 450 nm (Victor3 1420 multilabel
counter). Myeloperoxidase activity of samples was compared to
a standard curve of neutrophils and is presented as the number
of neutrophils per mg of tissue (Alves-Filho et al., 2010).

Determination of Cytokines Levels
TNF-α, IL-1β, and IL-6 concentrations in cell culture
supernatant and serum were determined using enzyme-linked

immunosorbent assay (ELISA, R&D Systems, United States)
according to the manufacturer’s instructions. Briefly, each well
of flat-bottomed 96-well microliter plates was coated with
100 µL of an antibody specific to one of the above cytokines
and incubated overnight at 37◦C. Plates were washed, and
non-specific binding was blocked with 1% bovine serum for
120 min at 37◦C. Samples and standards were loaded onto plates.
Recombinant murine (rm) TNF-α, IL-1β, and IL-6 standard
curves were used to calculate cytokines concentrations. Plates
were thoroughly washed, and the appropriate biotinylated
polyclonal or monoclonal anti-cytokine antibody was added.
After one h, the plates were washed, avidin-peroxidase was added
to each well for 15 min, and plates were thoroughly washed again.
After addition of substrate, the reaction was stopped with H2SO4
(1 mol/L), and the optical density of the individual samples
was measured on an ELISA plate scanner (Spectra Max 250;
Molecular Devices, Menlo Park, CA, United States) at 490 nm.
The results are expressed as picograms of TNF-α, IL-1β, and
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FIGURE 3 | Systemic and vascular production of IL-1β, IL-6, and TNF-α. Evaluation of (A–C) serum concentration and (D–F) mesenteric artery mRNA of (A,D)
IL-1β, (B,E) IL-6, and (C,F) TNF-α in mice submitted to LPS-induced SIRS and treated with vehicle (LPS), GlcN (LPS + GlcN) or ThG (LPS + ThG). The results are
expressed as mean ± SEM and are representative of 3–4 experiments. ∗p < 0.05 vs. control; #p < 0.05 vs. LPS. One-way ANOVA followed by Dunnett’s post-test.

IL-6 per µL of the cell culture supernatant or serum. Optical
density in the samples were derived from standard curves for
each specific cytokine.

Real-Time RT-PCR for TNF-α, IL-1β,
and IL-6
Gene expression of TNF-α, IL-1β, and IL-6 was determined
in mesenteric arteries and macrophages using the RNeasy
kit (Qiagen Sciences). One micro gram of total RNA was
reverse-transcribed in a final volume of 50 µL using the
high-capacity cDNA archive kit (Applied Biosystems). TaqMan
probes for TNF-α (Mm00443260_g1), IL-1β (Mm00434228_m1),
IL-6 (Mm02620446_s1), and β-actin (Mm00607939_s1) mRNA
were obtained from Applied Biosystems. Real-time RT-PCR
(quantitative PCR) reactions were performed using the 7500 fast
Real-Time PCR system (Applied Biosystems) in a total volume of
20 µL reaction mixture, following the manufacturer’s protocol,
using the TaqMan fast universal PCR master mix (Applied
Biosystems) and 0.1 mmol/L of each primer. Relative gene
expression for TNF-α, IL-1β, and IL-6 mRNA were calculated
with the 2(−11Ct) method and expressed as n-fold differences in
TNF-α, IL-1β, and IL-6 gene expression relative to β-actin.

Quantification of Nitric Oxide Production
The production of NO was indirectly determined by Griess
reaction (Green et al., 1982) by measuring the content of
nitrite (NO2

−) in the cell culture supernatant. Fifty microliter
of serum were incubated for 10 min (room temperature) in
the presence of 50 µL Griess solution [1:1 (v/v) (solutions:
sulfanilamide 0.1 mol/L ortho-phosphoric acid 30% and
enediamine 7.7 mmol/L and 60% ortho-phosphoric acid]. Nitrite
content was determined at 550 nm, and a curve of sodium nitrite
(NaNO2) was used as standard.

Blood Pressure Monitoring
To record arterial pressure, randomly selected mice from each
experimental group were anesthetized with isoflurane (5% for
induction and 2% 100% O2 for maintenance of anesthesia) for
carotid artery catheterization (Intramedic, Becton Dickinson and
Company). Three days after the surgical procedure, the catheter
was connected to a transducer coupled to an amplifier system and
to a computer (Dataquest LabPRO Acquisition System version
3.01, Data Sciences International, St. Paul, MN, United States).
After a stabilization period, cardiovascular parameters (blood
pressure and heart rate) were monitored for 6 h.
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FIGURE 4 | Mean arterial pressure (MAP) in LPS-induced SIRS in mice. Mean
arterial pressure (MAP) was recorded, via carotid artery cannulation, for 6 h
after LPS administration (20 mg/kg, i.p.). GlcN treatment was performed
30 min before LPS injection. The results are expressed as mean ± SEM and
are representative of four experiments. ∗p < 0.05 vs. control; #p < 0.05 vs.
LPS. One-way ANOVA followed by Bonferroni’s post-test.

Vascular Functional Studies
After euthanasia, the mesenteric beds from mice were rapidly
removed and cleaned from fat tissue in an ice-cold (4◦C) Krebs–
Henseleit modified solution [(in mM): 130 NaCl, 4.7 KCl, 14.9
NaHCO3, 1.18 KH2PO4, 1.17 MgSO4·7H2O, 5.5 glucose, 1.56
CaCl2·2H2O, and 0.026 EDTA], gassed with 5% CO2/95% O2
to maintain a pH of 7.4. Second-order branches of mesenteric
arteries (≈2 mm in length with internal diameter ≈150–
200 µm) were carefully dissected and mounted as rings in an
isometric Mulvany–Halpern myograph (model 610 M; Danish
Myo Technology – DMT, Copenhagen, Denmark) (Halpern et al.,
1978). Changes in force were recorded by a PowerLab 8/SP data
acquisition system (ADInstruments). Second-order mesenteric
arteries were adjusted to maintain a passive force of 13,3 kPa
and allowed to equilibrate for about 30 min in Krebs–Henseleit
solution. After the stabilization period, arterial integrity was
assessed first by stimulation of vessels with 120 mM of KCl. After
washing and a new stabilization period, endothelial function
was assessed by testing the relaxant effect of acetylcholine
(ACh, 10 µM) on vessels contracted with phenylephrine (PE,
2 µM). Mesenteric arteries exhibiting a relaxant response to ACh
greater than 90% were considered endothelium-intact vessels.
All experiments were performed in endothelium-intact vessels.
Concentration-response curves to phenylephrine (PE; 1 nM to
100 µM) were performed. Endothelium-dependent relaxation
was assessed by measuring the relaxation response to ACh (1 nM
to 100 µM) in PE-contracted vessels (1 µM).

Bone Marrow-Derived Macrophages
Bone marrow cells were harvested from femurs of control mice
and differentiated in the presence of L929-conditioned medium
(30%) in complete RPMI 1640 medium containing 10 mM

glucose, 2 mM L-glutamine, 100 U/ml of penicillin/streptomycin
and 20% fetal bovine serum (FBS). The culture medium
was replaced on day 4. After 7 days, bone marrow-derived
macrophages (BMDM) were counted and 2 × 106 cells were
incubated with glucosamine (GlcN, 5 mM, 30 min) or thiamet-G
(ThG, 1 µM, 12 h) prior to 6 h stimulation with ultrapure LPS,
1 µM. Gene expression of cytokines was determined by Real-
Time PCR.

NF-κB Activity
To analyze whether O-GlcNAc modulates NF-κB activity, NF-
κB luciferase stable RAW264.7 cells were used (Cooper et al.,
2010). The murine leukaemic monocyte macrophage 264.7 cell
line bearing the luciferase vector inserted in the NF-κB promoter
(pNF-κB-Luc) was cultured in RPMI1640 medium supplemented
with 10% FBS and antibiotics at 37◦C in a humidified atmosphere
of 5% CO2. For luciferase assay, 3 × 105 cells were grown in 24
well-plates for 2 h. The cells were incubated with glucosamine
(GlcN, 5 mM, 30 min), thiamet-G (ThG, 1 µM, 12 h) or
vehicle, before stimulation with LPS (1 µM for 6 h). After LPS
stimulation, cells were harvested and disrupted in lysis buffer
(Tris–HCl 0.02 M, NaCl 0.08 M, TritonX-100 1%). The luciferase
activity in the cell lysates was measured with the Luciferase
Assay System (Promega, WI, United States), according to the
manufacturer’s instructions using FlexStation R© 3 (Molecular
Devices, United States).

Western Blot Analysis
Aorta and mesenteric arteries were frozen in liquid nitrogen and
homogenized in a lysis buffer [50 mM Tris/HCl, 150 mM NaCl,
1% Nonidet P40, 1 mM EDTA, 1 µg/ml leupeptin, 1 µg/ml
pepstatin, 1 µg/ml aprotinin, 1 mM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 mM sodium
fluoride]. Proteins were extracted and separated (60 µg) by
electrophoresis. Non-specific binding sites were blocked with
5% bovine serum albumin (BSA) in Tris-buffered saline (TBS)
containing 0.1% Tween 20 (for 1 h at 24◦C). Membranes were
incubated with antibodies (at the indicated dilutions) at 4◦C
overnight. Antibodies were as follows: anti–O-GlcNAc antibody,
CTD 110.6 (1:500; Sigma-Aldrich, O7764), phosphor-Ser536-
p65 (cell signaling, #3033); NF-κB subunit p65 (cell signaling,
#8242) and β-actin (1:2000; Sigma-Aldrich, A3854). After
incubation with secondary antibodies, signals were obtained
by chemiluminescence, and optical densitometry units were
measured using Image Quant software (GE healthcare life
sciences). Data are shown as the ratio of interest protein by
β-actin band densitometry.

Immunoprecipitation Assay
To verify whether NF-κB p65 subunit was modified by
O-GlcNAc, NF-κB p65 subunit was immunoprecipitated,
using magnetic beads (Millipore, LSKMAGG02) and anti-p65
subunit antibody (Cell Signaling #8242), from mesenteric
arteries of control and LPS-induced SIRS mice treated with
Thiamet-G or vehicle. O-GlcNAc levels were determined by
western blot analysis using a monoclonal anti-β-O-Linked
N-acetylglucosamine antibody (Sigma-Aldrich, O7764), as
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FIGURE 5 | Mesenteric artery reactivity. (A,B) Contractile responses to phenylephrine (PE) and (C,D) relaxation responses to acetylcholine (ACh) in mesenteric
arteries from control and LPS-induced SIRS (LPS) mice treated with (A,C) vehicle or glucosamine (GlcN) and (B,D) vehicle or thiamet-G (ThG). Data are expressed
as mean ± SEM of contraction and relaxation values and are representative of 4–5 experiments. Cont, vehicle-treated control mice; LPS, LPS (20 mg/Kg i.P.)-treated
mice; Cont + GlcN and LPS + GlcN, mice treated with glucosamine (GlcN); Cont + ThG and LPS + ThG, mice treated with thiamet-G (ThG). ∗p < 0.05 vs. respective
control; #p < 0.05 vs. LPS. ANOVA followed by Bonferroni’s post-test.

described above. Data are shown as the densitometric ratio of
O-GlcNAc by NF-κB p65 subunit.

Statistical Analysis
Prism software, version 5.0 (GraphPad Software Inc., San Diego,
CA, United States) was used to analyze the parameters. Data
are presented as mean ± SEM. Groups were compared using
one-way ANOVA. ANOVA was followed by the Bonferroni’s or
Dunnett’s post-test. Survival curves were analyzed with the log-
rank test. N represents the number of animals used and p values
less than 0.05 were considered significant.

RESULTS

Effects of Increased O-GlcNAc on
LPS-Induced Mice Mortality
To determine whether acute increases in O-GlcNAc levels
affects survival rates in mice with LPS-induced SIRS, animals
were followed for 7 days, and checked every 12 h. Mice

undergoing LPS-induced SIRS (20 mg/Kg, i.p., LPS) died within
48 h. Treatment of LPS mice with GlcN, which increases the
synthesis of UDP-GlcNAc in the hexosamine pathway, increased
survival to 40%, when compared to mice that received only
LPS (Figure 1A). Additionally, inhibition of the OGA enzyme
with ThG improved survival of LPS-treated mice by up to
60% (Figure 1B).

Effects of Increased O-GlcNAc on
Inflammatory Response
Leukocyte Infiltration in Lungs and Leukocyte
Migration to the Peritoneal Cavity
Sequestration of neutrophils from the circulation is an event
that can compromise an appropriate response to infection (Sumi
et al., 2014). To evaluate the effect of increased O-GlcNAc on
neutrophil infiltration in the lungs, myeloperoxidase (MPO)
activity was determined. Figure 2A demonstrates that treatment
with both GlcN and ThG significantly reduced neutrophil
sequestration in the lung of LPS mice as compared to vehicle-
treated mice. In addition to reducing pulmonary neutrophil
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sequestration, increased O-GlcNAc also decreased neutrophil
migration to the peritoneal cavity (Figure 2B).

Systemic Levels and Vascular Expression of
Inflammatory Cytokines
The production of inflammatory cytokines coordinates the
response to infectious agents through the activation and
recruitment of immune cells (Dinarello, 1997; Alves-Filho
et al., 2010; Li et al., 2019). To determine the production
of inflammatory mediators, serum concentrations of IL-1β,
IL-6, and TNFα were quantified. mRNA expression of these
cytokines was determined in mesenteric arteries. LPS increased
both serum levels and vascular expression of IL-1β, IL-6 and
TNFα (Figure 3). Treatment of LPS-mice with GlcN and
ThG attenuated systemic levels (Figures 3A,C) and vascular
expression (Figures 3D,F) levels of cytokines. These results
suggest that increased O-GlcNAc reduces LPS-associated pro-
inflammatory cytokines production.

To confirm that acute increases in O-GlcNAc protein levels
has anti-inflammatory effects, we also used a lower dose
of LPS (LPSlow) to induce SIRS. Accordingly, experiments
were performed in mice injected via the intraperitoneal route
with 10 mg/Kg LPS.

Supplementary Figure S2 shows that treatment of LPSlow
mice with GlcN and ThG decreased systemic levels of IL-1β, IL-6
and TNFα, indicating that acute increase in O-GlcNAc reduces
pro-inflammatory events in mice subjected to both low and
high doses of LPS.

Effect of Increased O-GlcNAc Levels
in the Cardiovascular System
LPS-Induced Hypotension
Hypotension contributes to organ failure in SIRS-associated
conditions (De Backer et al., 2014; Coeckelenbergh et al., 2019).
LPS induces a progressive decrease in mean arterial blood
pressure (MAP) in mice. Although GlcN did not prevent LPS-
induced hypotension, the fall of MAP was attenuated 5 h after
LPS injection (Figure 4).

Mice that received a moderate dose of LPS (10 mg/Kg i.p.) also
exhibited hypotension, as shown in Supplementary Figure S3.
Similarly, GlcN treatment did not prevent hypotension in mice
with LPSlow (LPSlow + GlcN), but MAP was significantly higher
5 h after LPS-induced endotoxemia (Supplementary Figure S3).

Vascular Reactivity
In sepsis, hyporesponsiveness to vasopressor agents contributes
to the reduction of MAP and organ perfusion (De Backer
et al., 2014; Ozer et al., 2017). Therefore, vascular function
was determined by evaluating mesenteric artery responses to
phenylephrine (PE) and acetylcholine (ACh). LPS-induced
SIRS reduced mesenteric artery reactivity to phenylephrine
and reduced vasodilator responses to ACh (Figures 5A,C).
Moreover, the concentration-response curves to phenylephrine
in mesenteric arteries from LPS mice treated with GlcN and
ThG showed a shift to the left, indicating improvement of
contractile vascular responses (Figures 5A,B and Tables 1, 2).
Treatment with GlcN and ThG did not restore maximal

TABLE 1 | Effect of GlcN treatment on Emax and pD2 values for phenylephrine
and acetylcholine in mesenteric arteries from mice submitted to LPS-induced
SIRS and treated with vehicle or GlcN.

PE ACh

Emax pD2 Emax pD2

Cont 12.69 ± 0.73 7.65 ± 0.14 87.18 ± 2.89 7.65 ± 0.08

Cont + GlcN 11.75 ± 0.54 7.76 ± 0.12 95.04 ± 4.51 7.39 ± 0.11

LPS 8.40 ± 0.49∗ 6.76 ± 0.10∗ 66.70 ± 1.40∗ 7.03 ± 0.08∗

LPS + GlcN 9.53 ± 0.30∗ 7.37 ± 0.07∗,# 66.56 ± 2.89∗ 7.48 ± 0.10∗

Emax and pD2 values for phenylephrine (PE) and acetylcholine (ACh) in mesenteric
arteries from mice of the following groups: control (Cont), control + GlcN treatment
(cont + GlcN), LPS (LPS), and LPS + GlcN treatment (LPS + GlcN). Data
are expressed as mean ± SEM of contraction and relaxation values and are
representative of 4–5 experiments. ∗p < 0.05 vs. control group; #p < 0.05 vs.
LPS group. ANOVA followed by Bonferroni’s post-test.

TABLE 2 | Effect of ThG treatment on Emax and pD2 values for phenylephrine
(PE) and acetylcholine (ACh) in mesenteric arteries from mice submitted to
LPS-induced SIRS and treated with thiamet-G.

PE ACh

Emax pD2 Emax pD2

Cont 12.72 ± 0.73 7.43 ± 0.14 95.05 ± 0.71 6.73 ± 0.05

Cont + ThG 13.24 ± 0.68 7.36 ± 0.12 93.30 ± 1.14 6.70 ± 0.18

LPS 6.30 ± 0.57∗ 6.54 ± 0.18∗ 64.54 ± 2.07∗ 6.50 ± 0.16∗

LPS + ThG 8.05 ± 0.28∗ 7.19 ± 0.08∗,# 75.36 ± 4.18∗ 6.72 ± 0.80∗

Emax and pD2 values for PE contraction and ACh relaxation in mesenteric arteries
from mice of the following groups: control (Cont), control treated with ThG
(cont + ThG), treated with LPS (LPS), and LPS + ThG treatment (LPS + ThG).
Data are expressed as mean ± SEM of contraction and relaxation values and
are representative of 4–5 experiments. ∗p < 0.05 vs. control; #p < 0.05 vs. LPS.
ANOVA followed by Bonferroni’s post-test.

contractile responses (Emax) to phenylephrine (Figures 5A,B)
or the reduced vasodilation to ACh induced by LPS
(Figures 5C,D and Table 1).

Similarly, OGA inhibition by treatment with ThG
improved mesenteric artery contractile responses to
phenylephrine (Figure 5B and Table 2), but it did not
change the decreased relaxation responses to ACh in LPS
mice (Figure 5D and Table 2).

Similar responses were observed in mesenteric arteries from
mice treated with the lower dose of LPS (10 mg/kg i.p.),
i.e., responses to phenylephrine were decreased in LPSlow
mice. Arteries from LPSlow mice treated with ThG showed
increased responses to phenylephrine, indicating improvement of
contractile vascular responses (Supplementary Figure S4).

Nitrite Quantification and Inducible Nitric
Oxide Synthase Expression
Vascular hyporesponsiveness in LPS-induced SIRS has
been attributed to an excessive production of vasodilator
mediators, such as nitric oxide (NO) (Kandasamy et al., 2011).
To determine NO production, its secondary metabolite
(nitrite) was measured. LPS mice showed a significant
increase in nitrite serum levels, which was prevented by
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FIGURE 6 | Nitrite levels and vascular iNOS mRNA expression. (A) Glucosamine (GlcN) and Thiamet G (ThG) treatment prevented the increase in systemic nitrite
levels in LPS mice. Serum was collected 6 h after induction of SIRS (LPS). Nitrite production was determined by the Griess method. (B) ThG treatment attenuated
inducible nitric oxide synthase (iNOS) gene expression in mesenteric arteries from mice with SIRS (2−11CT ). Results are expressed as mean ± SEM and are
representative of 3–4 experiments. ∗p < 0.05 vs. control; #p < 0.05 vs. LPS. ANOVA followed by Dunnett’s multiple comparisons test.

FIGURE 7 | LPS-induced pro inflammatory profile of bone marrow-derived macrophages (BMDM) treated with vehicle or glucosamine. BMDM were isolated from
control mice. BMDM were treated with glucosamine (GlcN, 1 µM, 30 min) and then with LPS (1 µM for 6 h). The supernatant was collected to measure IL-1β (A),
IL-6 (B), and TNFα (C) cytokines by ELISA. Macrophages mRNA levels of IL-1β (D), IL-6 (E), and TNFα (F) were determined by qPCR. Data are represented by
mean ± SEM and are representative of 3–5 experiments. ∗p < 0.05 vs. control; #p < 0.05 vs. LPS. ANOVA followed by Dunnett’s multiple comparisons test.

GlcN and ThG treatments (Figure 6A). In addition, OGA
inhibition with ThG, but not GlcN treatment, attenuated
the increased iNOS mRNA vascular expression induced by
LPS (Figure 6B).

Cytokine Production by Macrophages
Acute increases in O-GlcNAc proteins reduced LPS-associated
inflammatory processes in mice, as shown in Figure 3.
Considering that macrophages are important cells in the
response to infectious agents, LPS-induced pro-inflammatory
response was determined in bone marrow-derived macrophages
(BMDM). BMDM were isolated from control naïve mice and

treated in vitro with LPS (1 µM, 6 h). LPS-treated BMDM
showed increased secretion of pro-inflammatory cytokines
(Figures 7A–C) as well as increased mRNA expression of IL-
1β (Figure 7D), IL-6 (Figure 7E), and TNFα (Figure 7F).
GlcN treatment reduced LPS-induced IL-1β secretion in BMDM
(Figure 7A). Also, GlcN treatment decreased mRNA levels of
IL-1β (Figure 7D), IL-6 (Figure 7E), and TNFα (Figure 7F) in
BMDM stimulated with LPS.

Moreover, OGA inhibition with ThG also decreased
LPS-induced pro-inflammatory responses in BMDM,
reducing cytokines secretion and mRNA expression of IL-1β

(Figures 8A,D), IL-6 (Figures 8B,E), and TNFα (Figures 8C,F).
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FIGURE 8 | Pro inflammatory profile of bone marrow-derived macrophages (BMDM) from control mice stimulated with LPS in the presence of vehicle or thiamet G.
BMDM were isolated from control mice. BMDM were treated with thiamet G (ThG, 1 µM, 12 h) and then, with LPS (1 µM, 6 h). The supernatant was collected to
measure cytokines IL-1β (A), IL-6 (B), and TNFα (C) by ELISA. The cells were lysed to evaluate mRNA levels of IL-1β (D), IL-6 (E), and TNFα (F) by qPCR. Data are
represented by mean ± SEM and are representative of 3–5 experiments. ∗p < 0.05 vs. control; #p < 0.05 vs. LPS. ANOVA followed by Dunnett’s multiple
comparisons test.

FIGURE 9 | NF-κB activation in macrophages. Glucosamine (GlcN, 5 mM,
30 min) and thiamet G (ThG, 1 µM 12 h) attenuated LPS-induced NF-κB
activation in RAW 264.7 macrophages. NF-κB activity was measured after
incubation with LPS (1 µM for 6 h). Data are represented as mean ± SEM of
RLU (relative luminescence unit) and are representative of 4–8 experiments.
∗p < 0.05 vs. control; #p < 0.05 vs. LPS. ANOVA followed by Dunnett’s
multiple comparisons test.

NF-κB Activity
Considering that acute increases in O-GlcNAc proteins reduced
cytokines production and that NF-κB is a key transcription factor
that induces IL-1β and TNF-α mRNA expression, we determined
whether acute increase in O-GlcNAc proteins reduces NF-κB
signaling. As shown in Figure 9, treatment of RAW 264.7 NF-κB
promoter macrophages with GlcN or ThG reduced LPS-induced
NF-κB activation.

O-GlcNAc Modification of NF-κB p65
Subunit in Mesenteric Arteries
Expression of Total, Phosphorylated and
O-GlcNAc-Modified NF-κB p65 Subunit
Since activation of the hexosamine pathway decreased
inflammatory responses and improved vascular function in
mice with LPS-induced SIRS, O-GlcNAc protein levels in
mesenteric arteries were quantified by western blot analysis. ThG
increased O-GlcNAc levels in mesenteric arteries from control
(p = 0.06) and LPS-treated mice (p < 0.05) (Figures 10A,B).
LPS-treated mice showed a decrease in O-GlcNAc-modified
NF-κB p65 subunit, which was not observed in mice treated
with ThG (Figure 10C). Mesenteric arteries from mice with
LPS-induced SIRS showed increased expression of the total
(Figure 11A) and phosphorylated (Figure 11B) forms of NF-κB
p65 subunit, which was not observed in mice treated with
ThG (Figure 11C).

Cecal Ligation and Puncture (CLP)
Sepsis Model in Mice
Effect of GlcN on CLP-Induced Mortality
To evaluate the effects of increased O-GlcNAc proteins in a
second experimental model, GlcN was administrated to mice
with sepsis induced by CLP. CLP-induced sepsis was lethal
in 24 h. Treatment of mice with hydration plus antibiotic
(Ertapenem, 30 mg/Kg) every 12 h for three consecutive
days reduced mortality by approximately 50%. Moreover, GlcN
improved the hydration + antibiotic effect, resulting in survival
rates of 80% (Figure 12).
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FIGURE 10 | O-GlcNAc protein levels in mesenteric arteries from Control and LPS mice treated with vehicle or Thiamet-G. (A) Global quantification and (B)
representative images of O-GlcNAc protein levels in mesenteric arteries from the experimental groups. Lanes: (1) molecular standard protein weight; (2) control group
with saline; (3) control group treated with Thiamet-G (ThG, 1 µM 12 h); (4) LPS-induced SIRS group treated with saline; (5) LPS-induced SIRS group treated with
ThG. (C) O-GlcNAcylated NF-κB p65 subunit, determined by immunoprecipitation, in mesenteric arteries from control and LPS mice. Data are represented as
mean ± SEM ∗p < 0.05, N = 3–5 different experiments. One-way ANOVA followed by Tukey’s multiple comparisons test.

FIGURE 11 | Expression of total and phosphorylated NF-κB p65 subunit. Graphs show expression of (A) total and (B) phosphorylated (at the residue serine536)
forms of the p65 subunit. (C) Representative image of 4 different experiments. Lanes in C: (1) control group with saline, (2) LPS-induced SIRS group treated with
saline, (3) control group treated with Thiamet-G (1 µM, 12 h) and (4) LPS-induced SIRS group treated with Thiamet-G (1 µM, 12 h). Data are represented as
mean ± SEM. ∗p < 0.05. One-way ANOVA followed by Tukey’s multiple comparisons test.

Leukocyte Infiltration in Lungs and Leukocyte
Migration to the Peritoneal Cavity in CLP Treated
Mice
Treatment with GlcN significantly reduced neutrophil
sequestration in the lung in mice with CLP-induced sepsis as
compared to Sham mice (Figure 13A). GlcN treatment increased
neutrophil migration to the peritoneal cavity (Figure 13B).

DISCUSSION

Early events in an inflammatory process involve the activation
of immune cells such as polymorphonuclear leukocytes (neutro-
phils), monocytes/macrophages and lymphocytes. Activation
of immune cells leads to production and secretion of proin-
flammatory mediators, which are responsible for most of the
pathophysiological changes in endotoxemia/sepsis (Dinarello,
1997; De Backer et al., 2014; Li et al., 2019). Here, we show

that acute increase in O-glycosylation with N-acetylglucosamine
(O-GlcNAc) reduces inflammatory processes and improves
cardiovascular function in mice with moderated and severe
endotoxemia. More specifically, increased O-GlcNAc attenuates
hypotension, improves contractile vascular responses and
reduces systemic and local proinflammatory cytokine production
by mechanisms that involve reduced NF-κB activity.

In conditions of systemic inflammatory responses, such
as sepsis, exacerbated inflammation contributes to multiple
organ dysfunction, that is strictly related to loss of vasomotor
tone, decreased peripheral vascular resistance, decreased blood
pressure and cardiac output, hypoperfusion, and hypoxygenation
of tissues and organs leading to a significant mortality in
intensive care units (De Backer et al., 2014; Hotchkiss et al.,
2016; Machado et al., 2017; Salomão et al., 2019). This study
shows that acute protein glycosylation, either by increasing flux
in the hexosamine pathway, with glucosamine, or by OGA
inhibition, with thiamet-G, improves survival of mice with severe
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FIGURE 12 | Survival rate in mice of the control group (Sham) and mice
submitted to cecal ligation and puncture-induced sepsis (CLP); CLP + ATB
(treatment with sodium ertapenem 30 mg/kg s.c.), and CLP + ATB + GlcN
(300 mg/Kg, i.v.). Survival rates were determined every 12 h for 7 days and
the results are expressed as the percentage of animals alive on each day.
∗p < 0.05 vs. control. #p < 0.05 vs. CLP + ATB. N = 10 animals per
experimental group. Log-rank test.

endotoxemia in 40 and 60% (Figure 1), respectively, suggesting
that acute increase in O-GlcNAc reduces mortality associated to
septic condition. Furthermore, in the CLP-induced sepsis model,
that is an important model of sepsis (Alves-Filho et al., 2010),
GlcN treatment potentialized the antibiotic effect in improving
septic animal survival (Figure 12).

The disarrangement in the immune response in the septic
patient is an important risk factor that leads to tissue injury
and organ dysfunction. This process involves the activation of
components of the innate immune response, including humoral
and cellular components. An efficient immune response is critical
for local control and inhibition of the inflammatory process in
LPS-induced SIRS (Cohen, 2002) and neutrophil migration is
key in the pathogenesis of endotoxemia (Alves-Filho et al., 2010).
Accordingly, increased pulmonary neutrophil sequestration,

increased neutrophil numbers in abdominal cavity and high
levels of systemic IL-1β, IL-6, and TNFα (Figures 2, 3, 13
and Supplementary Figures S2, S5) were observed in LPS-
treated and CLP-induced septic mice, depicting a disruption
and uncontrolled activation of the immune system in septic
mice. Moreover, GlcN and ThG attenuated lung neutrophil
sequestration and the number of neutrophils in the abdominal
cavity (Figures 2, 13). The reduction in lung neutrophil
accumulation can related a lower lung injury and contribute
to improvement in animal survival. In CLP model, GlcN
also reduce the lung neutrophils sequestration (Figure 13A).
Moreover, in this septic model, increase in O-GlcNAc protein
levels result in higher neutrophils migration to peritoneal cavity
(Figure 13B). This result could suggest that GlcN improve the
neutrophils response to migrate to the focus of the infection.
Although the mechanisms involved in neutrophil migration are
not fully understood, it is known that high levels of circulating
cytokines/chemokines (including TNF-α and IL-1β) modulate
the failure of neutrophil migration during SIRS, by releasing
nitric oxide (NO), mainly produced by NO inducible synthase
(iNOS) (Farias Benjamim et al., 2002; Mestriner et al., 2007).

It is important to highlight that the treatment of LPS mice
with GlcN and ThG prevented LPS-induced increase in nitrite
serum concentration and ThG also reduced iNOS mRNA in mice
(Figure 6). Additionally, GlcN- and ThG-treated animals also
showed lower serum concentration of IL-1β, TNFα, and IL-6
(Figure 3 and Supplementary Figure S5). These O-GlcNAc-
induced modifications potentially explain the reduction of lung
neutrophil sequestration in this study.

GlcN has anti-inflammatory properties in various animal
models and cell types (Shikhman et al., 2001; Gouze et al.,
2002; Largo et al., 2003; Chen et al., 2006; Zou et al., 2009;
Shin et al., 2013). GlcN treatment reduces the expression
of inflammatory mediators, such as IL-6 and cyclooxygenase
2 (COX2) in human chondrocytes (Shikhman et al., 2001;
Largo et al., 2003), inhibits IL-1β activity in rat chondrocytes

FIGURE 13 | Neutrophil infiltration in the lung and neutrophil migration to the peritoneal cavity in CLP mice. Evaluation of (A) neutrophil infiltration in the lungs and (B)
migration of neutrophils to the peritoneal cavity in control mice (Sham) and mice submitted to CLP-induced sepsis; CLP mice treated with sodium ertapenem
(30 mg/kg s.c., CLP + ATB), or CLP + ATB + GlcN (300 mg/Kg, i.v., CLP + ATB + GlcN). Lung neutrophil sequestration was estimated by the myeloperoxidase assay
(MPO) in the organ homogenate 6 h after CLP-induced sepsis. Neutrophil count into the peritoneal cavity was performed using the Coulter R© apparatus. The results
are expressed as mean ± SEM and are representative of 4–5 experiments. ∗p < 0.05 vs. sham; #p < 0.05 vs. CLP + ATB. One-way ANOVA followed by Dunnett’s
post-test.
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(Gouze et al., 2002), decreases TNF-α-induced ICAM expression
in human conjunctival epithelial cells (Chen et al., 2006) as well as
LPS-induced NO production in macrophage cell lines (Shin et al.,
2013). These studies corroborate the hypothesis that increased
O-GlcNAc-modified proteins reduce levels of circulating pro-
inflammatory cytokines with potential protective effects in septic
conditions, as observed in our study.

In septic conditions, decreased arterial blood pressure,
arterial hyporesponsiveness to contractile agents and vasoplegia
are the main symptoms that lead to diminished circulatory
blood volume and poor septic patient prognosis (Kandasamy
et al., 2011; De Backer et al., 2014; Sumi et al., 2014; Ozer
et al., 2017; Coeckelenbergh et al., 2019). For this reason,
restoration of vascular function is key in sepsis therapy.
In this study, we observed that GlcN treatment attenuated
arterial hypotension induced by LPS (Figure 4) and increased
mesenteric artery sensitivity to phenylephrine (Figure 5). OGA
inhibition also improved mesenteric artery contractile response
to phenylephrine in moderated and severe LPS-induced SIRS
(Figure 5 and Supplementary Figure S4). Taken together, these
results suggest that increased O-GlcNAc protein levels have
positive effects in septic condition, improving MAP, vascular
function and, consequently, animal survival.

Excessive inflammatory response promotes vascular damage,
intravascular systemic vasodilation, hyporesponsiveness to
vasopressors, multiple organ failure, and mortality. In our
study, SIRS significantly increased cytokines circulating levels,
which can contribute to vascular dysfunction in septic animals.
Previous studies have shown that pro-inflammatory cytokines,
such as IL-1β and TNFα, activate vascular cells to produce more
proinflammatory cytokines, which exacerbates the inflammatory
response and stimulates generation of vasoactive molecules,
such as NO. For instance, Xing et al. (2011) showed that TNF-α
induces iNOS expression through the NF-κB signaling pathway
in aortic smooth muscle cells and Dalvi et al. (2017) observed
that activated monocyte exosomes stimulate IL-1β and IL-6
production by endothelial cells. Corroborating these studies, we
observed an increase in mesenteric artery mRNA levels of IL-1β,
TNFα, and IL-6 (Figure 3), which was paralleled by increased
expression of the total and phosphorylated forms of the NF-κB
p65 subunit (Figure 11), suggesting a local proinflammatory
vascular response in septic animals by activation of NF-κB
signaling. Activation of the hexosamine pathway by GlcN
and OGA inhibition by ThG prevented the systemic and
local production of pro-inflammatory cytokines. Furthermore,
treatment of mice with ThG increased O-glycosylation of the NF-
κB p65 subunit in mesenteric arteries, which was associated with
reduced Ser536 phosphorylation of the p65 subunit (Figures 10,
11, respectively). NF-κB p65 subunit phosphorylation is key
to NF-κB-dependent TNFα production (Ahmed et al., 2014)
and decreased phosphorylation of NF-κB p65 may explain the
anti-inflammatory effect of ThG treatment. All these effects may
synergistically contribute to ThG-mediated improved vascular
function in LPS-treated animals.

Macrophages have a crucial role in septic inflammatory
response. During infection, activated macrophages increase the
production of inflammatory mediators to fight the infectious

agent and to recruit other immune cells. However, a massive
synthesis of proinflammatory mediators contributes to all sepsis-
related deleterious effects, as discussed above (Cohen, 2002; van
der Poll et al., 2017; Salomão et al., 2019). In our study, BMDM
isolated from animals produced the highest levels of cytokines
when they were challenged with LPS (Figures 7, 8). Furthermore,
in vitro experiments, GlcN and ThG treatments attenuated the
production and secretion of IL-1β, TNFα, and IL-6 by BMDM
(Figures 7, 8). These results suggest that the positive effects
induced by GlcN and ThG treatment in septic animals may result
from reduced macrophages response.

A recent study showed that LPS-activated macrophages
show lower levels of O-GlcNAc proteins and activation
of OGT-mediated O-GlcNAcylation reduces pro-inflammatory
macrophages response by inhibition of receptor-interacting
serine/threonine-protein kinase 3 (RIPK3), which regulates
diverse intracellular signaling, including NF-κB (Li et al., 2019).
However, the cardiovascular impact of increased O-GlcNAc
protein levels in the septic mice were not investigated. The
inhibition of RIPK3 may help to explain how GlcN and
ThG treatments improve cardiovascular function in septic
mice. Additionally, we also observed that acute increase in
O-GlcNAc proteins attenuates LPS-induced NF-κB activation in
macrophages (Figure 9), indicating that modulation of NF-κB
signaling in macrophages is important for the positive effect
induced by O-GlcNAcylation in septic mice.

CONCLUSION

In conclusion, our result provides strong evidence that acute
increase of O-GlcNAc protein levels increases survival by
reducing systemic inflammation and vascular dysfunction,
suggesting that reprogramming of cellular metabolism, by
stimulating the hexosamine pathway, may represent a therapeutic
approach in septic conditions.
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Our understanding of the etiological mechanisms leading up to epilepsy has undergone 
radical changes over time due to more insights into the complexity of the disease. The 
traditional hypothesis emphasized network hyperexcitability and an imbalance of inhibition 
and excitation, eventually leading to seizures. In this context, the contribution of the 
vascular system, and particularly the interactions between blood vessels and neuronal 
tissue, came into focus only recently. Thus, one highly exciting causative or contributing 
factor of epileptogenesis is the disruption of the blood-brain barrier (BBB) in the context 
of not only posttraumatic epilepsy, but also other etiologies. This hypothesis is now 
recognized as a synergistic mechanism that can give rise to epilepsy, and BBB repair for 
restoration of cerebrovascular integrity is considered a therapeutic alternative. Endothelial 
cells lining the inner surface of blood vessels are an integral component of the BBB system. 
Sealed by tight junctions, they are crucial in maintaining homeostatic activities of the brain, 
as well as acting as an interface in the neurovascular unit. Additional potential vascular 
mechanisms such as inflammation, altered neurovascular coupling, or changes in blood 
flow that can modulate neuronal circuit activity have been implicated in epilepsy. Our own 
work has shown how intrinsic defects within endothelial cells from the earliest developmental 
time points, which preclude neuronal changes, can lead to vascular abnormalities and 
autonomously support the development of hyperexcitability and epileptiform activity. In 
this article, we review the importance of vascular integrity and signaling for network 
excitability and epilepsy by highlighting complementary basic and clinical research studies 
and by outlining possible novel therapeutic strategies.

Keywords: vascular endothelia, development, blood-brain barrier, inflammation, hyperexcitability, epileptogenesis

INTRODUCTION

Epileptogenesis is the process of developing epilepsy, that is, a chronic neurological disorder 
characterized by seizures. During this process, a normally functioning brain gradually develops 
the chronic susceptibility to generate intermittent or recurrent seizures. Epilepsy is a neurological 
disorder that not only impairs quality of life but also can lead to increased mortality (Devinsky 
et  al., 2018; Beghi et  al., 2019). Epileptogenesis can be  precipitated by multifactorial events that 
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can be either genetic or environmental. Nevertheless, the macro- 
or micro-molecular events that lead to epileptogenesis are poorly 
elucidated, and the disease mechanisms that lead to epilepsy 
are still unknown in 50% of the global cases (Neligan et  al., 
2012). Although extensive research using animal models of 
epilepsy has highlighted the wide array of molecular and cellular 
events that predict epileptogenesis (Avoli et al., 2005), the “missing 
link” between the primal events leading up to epileptogenesis 
in a human brain still persists. In an interesting editorial, a 
vivid interpretation of historical texts from the works of novelist 
and painter August Strindberg (1849–1912) was made. In his 
writings, he  describes a person who, after several episodes with 
loss of tone and consciousness, shows a syndrome of complete 
hemiparesis due to stroke. This has been interpreted as vascular 
precursor epilepsy (Trinka et  al., 2015), and therefore, it is safe 
to comprehend that the vascular component of epilepsy has 
been a topic of subtle discussion in history as well. However, 
it was not until the nineteenth century that an alternate hypothesis, 
which today is known as the “blood-brain barrier (BBB) 
hypothesis,” was proposed to explain some of the phenotypic 
consequences of epilepsy (Cornford and Oldendorf, 1986; 
Cornford, 1999). Studies from several other groups later added 
insights that directly implicated dysfunction in blood vessels to 
seizure disorders (Seiffert et  al., 2004; van Vliet et  al., 2006; 
Ivens et  al., 2007; Marchi et  al., 2007; Weissberg et  al., 2011). 

In this context, our own work has depicted that selective deletion 
of vascular endothelial growth factor (VEGF), gamma aminobutyric 
acid (GABA) A receptor subunit beta 3 (GABRB3), or the vesicular 
GABA transporter (VGAT) from endothelial cells during early 
development affects forebrain vascular networks, leads to brain 
morphological defects, and makes lasting changes to cortical 
circuits (Li et  al., 2013, 2018). Importantly, vascular health is 
of significance not only for epilepsy but also for several 
neuropsychiatric disorders (Baruah and Vasudevan, 2019). In 
Figure  1, we  present a pictorial representation of “the vascular 
landscape in epilepsy,” highlighting different vascular or 
neurovascular abnormalities that are implicated in epilepsy through 
basic and clinical research. Many seminal reviews have addressed 
the role of BBB dysfunction in the etiology of epilepsy (van 
Vliet et  al., 2006; Marchi et  al., 2007, 2011; Kim et  al., 2017), 
and therefore, the current review focuses on some of the studies 
in the last two decades and how information gained from these 
studies can be  applied for novel therapeutic interventions.

VASCULAR-NEURONAL INTERACTIONS 
DURING BRAIN DEVELOPMENT

The similarities between vascular and neuronal development in 
the brain are striking initially at a phenomenological level. In 

A

B

ED

C

FIGURE 1  |  The Vascular Landscape in Epilepsy. The mechanisms involved in the etiology of epileptogenesis are multiphasic [(A) blood-brain-barrier disruption,  
(B) angiogenesis, (C) vascular inflammation, (D) neurovascular coupling and, lastly, (E) network excitability] and exist at the crossroads of the neurovascular 
network. Dotted black arrows indicate the sequence of events leading up to epileptogenesis, whereas dotted blue arrows show the sequence of events that affect 
the neuron or vascular interface in an epileptic brain. Illustration was created using Biorender.com.
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both the vascular and nervous systems, generation of the different 
types of cells begins with the proliferation of stem cells. Common 
mechanisms operate at the level of the cell cycle to regulate 
proliferation of angioblasts and neuronal precursors. In both, 
cell generation epochs result in an initial overproduction of 
cellular elements, and later, the excess elements are eliminated 
by apoptosis or pruning. Both vascular and neuronal elements 
undergo significant activity-dependent remodeling during 
development. In the case of the vasculature, the activity is 
generated by shearing force of blood flow, and in the case of 
the nervous system, the activity is generated by electrical impulses 
in the neuronal networks. Just as neuronal networks show 
plasticity in response to changing electrical activity, vascular 
endothelial cells also show remarkable plasticity in response to 
changing tissue oxygenation level or blood flow. Process outgrowth 
and guidance in the nervous system involve axon growth cone 
guidance, pathfinding, axon branching, and arborization. The 
corresponding events in the vascular system are filopodial 
extensions of tip cells (specialized endothelial cells at the growing 
tips of navigating vessels), migration of endothelial cells, vessel 
elongation, and sprouting. Thus, common mechanisms regulate 
the genesis of endothelial cells and neurons. A review of the 
literature indicates that not only an overlapping repertoire of 
signaling molecules but also intrinsic regulation by compartment-
specific transcription factors controls angiogenesis, neurogenesis, 
and neuronal migration in the embryonic brain (Carmeliet, 
2003; Haigh et  al., 2003; Carmeliet and Tessier-Lavigne, 2005; 
Eichmann et  al., 2005; Vasudevan et  al., 2008; Li et  al., 2013, 
2018; Paredes et al., 2018; Karakatsani et al., 2019). Importantly, 
molecules produced in one system influence the other to promote 
proliferation, differentiation, migration, or process outgrowth 
in both the systems. This developmental phase is very crucial 
because improper neuro-vascular interactions can precipitate 
into a spectrum of neurological disorders including epilepsy 
(Carmeliet, 2005; Vasudevan and Bhide, 2008; Obermeier et  al., 
2013; Ruhrberg and Bautch, 2013; Stern, 2018). A common 
pathology seen in epileptic brains is the presence of widespread 
structural alterations in brain regions, such as the hippocampus, 
thalamus, or neocortex (Barkovich et  al., 2015). Taken together, 
epilepsy can be  characterized by shared disturbance in the 
cortico-subcortical brain network (Stafstrom and Carmant, 2015), 
and often times, it is concomitant with vascular malformation 
in young patients (Hauser and Mohr, 2011). Given that the 
blood vessels or the vasculature plays an important role in 
defining brain architecture and circuitry, any aberrant vascular-
neuronal interactions during development stages when the brain 
is “wiring up” can be  expected to make the brain more prone 
to develop epilepsy at postnatal stages or during adulthood.

ABNORMAL ANGIOGENESIS AND 
EPILEPTOGENESIS

Angiogenesis is the spatio-temporal event where blood vessels 
are formed from preexisting vessels to perfuse tissues, establish 
circulation, and provide instructional cues both during 
development as well as in postnatal life as part of therapeutic 

angiogenesis. One of the earliest studies conducted by Rigau 
et al. showed an increase in angiogenic processes in the hippocampi 
that were surgically removed from patients with chronic intractable 
temporal lobe epilepsy (TLE; Rigau et  al., 2007). An important 
set of molecules that regulates both developmental and pathological 
angiogenesis and is upregulated in patients with medically 
intractable epilepsy is the family of vascular endothelial growth 
factor (VEGF; Croll et  al., 2004; Vezzani, 2005; Li et  al., 2013; 
Sun et  al., 2016). Interestingly, the subtypes A and B, and the 
VEGF receptors 1 and 2, were highly expressed in the dysplastic 
neurons. Since VEGF is expressed by both neuronal and 
endothelial cell populations, the authors concluded that VEGF-
mediated signaling can act via autocrine or paracrine mechanisms 
that can lead to astroglial activation and precipitate events 
associated with epilepsy (Nicoletti et  al., 2008, 2010; Li et  al., 
2013). The VEGF signaling pathway is also active in hippocampi, 
exhibiting epileptiform activity (Morin-Brureau et  al., 2011). In 
a rat model of pilocarpine-induced epilepsy, there was an 
increased angiogenesis in the CA3 region of the hippocampus, 
which was also accompanied by an increase in cerebral blood 
flow. The increased angiogenic sprouting was accompanied by 
neurodegeneration, ectopic neurogenesis, mossy fiber sprouting 
in the hippocampus, and most importantly BBB leakage (Ndode-
Ekane et  al., 2010). In another rat model of mesial temporal 
lobe epilepsy, inhibition of angiogenesis via a chemical inhibitor, 
sunitinib, resulted in the absence of seizures when compared 
to sham-treated mice (Benini et  al., 2016). Similar studies 
suggested that morphological changes observed in the epileptic 
foci were consistent with an increase in angiogenic processes. 
Most recently, patients who have mammalian target of rapamycin 
(mTOR)-dependent malformations of cortical development 
(MCDs) displayed hyperperfusion and an increased vessel density 
of the dysmorphic cortical tissue (Zhang et  al., 2019). Ephrin 
receptor A4 that mediates neurogenesis and angiogenesis in 
the dentate gyrus was also found to increase angiogenesis in 
the CA1 and CA2 regions of the hippocampus in a mouse 
model of TLE (Feng et  al., 2017). In another interesting study, 
astrocytes were shown to regulate angiogenesis via the activities 
of Jagged/Notch1 signaling pathway in a kainic acid-induced 
mouse model of epilepsy (Zhai et al., 2016). All of these studies 
have implicated abnormal angiogenesis in epilepsy.

DEVELOPMENTAL ANGIOGENESIS AND 
ORIGIN OF EPILEPSY

A new perspective is that abnormalities in developmental 
angiogenesis can now be  directly linked with the 
etiopathophysiology of epilepsy. Our studies have shown that 
during development, preformed vascular networks serve as a 
cellular substrate for long distance migration of GABAergic 
interneurons (Vasudevan et al., 2008; Won et al., 2013). Projection 
neuron precursors also interact closely with blood vessels during 
cerebral cortex development (Stubbs et  al., 2009). Cortical 
abnormalities by virtue of defective migration and neuronal 
positioning are a commonly observed phenomenon in epileptic 
brains (Blinder et  al., 2013; Whelan et  al., 2018). Interestingly, 
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the laminar position of cortical neuronal subsets has very little 
effect on the overall vascular pattern in the cortex in the 
shaking rat Kawasaki (SRK) and reeler mutants, despite inversion 
of cortical layers, suggesting the autonomous roles for vascular 
components in neurogenesis and neuronal migration (Vasudevan 
et  al., 2008; Stubbs et  al., 2009). Moreover, periventricular 
endothelial cells of the embryonic forebrain have a unique 
gene expression signature compared to pial endothelial cells 
or endothelial cells from the midbrain or hindbrain. Of 
significance, gene expression profiling depicted the disease 
category “epilepsy” to be significantly enriched in genes expressed 

in periventricular endothelial cells, whereas genes in pial 
endothelial cells showed enrichment in inflammation and 
pathological process categories. These observations implicate 
a new cell type, “periventricular endothelial cells,” as being 
contributory to epilepsy (Won et  al., 2013).

Defects in GABAA receptor regulation or mutations in GABAA 
receptor subunits and polymorphisms have also been associated 
with genetic epilepsies that cause seizures as one of the primary 
symptoms (Kang and Macdonald, 2009). In this respect, our 
work has unraveled a novel GABAA receptor-GABA signaling 
pathway in periventricular endothelial cells of the embryonic 

A

B

FIGURE 2  |  The Vascular Origin of Epilepsy. (A) Schema depicting the Vgat fl/fl or control embryonic telencephalon at day 15 that has normal periventricular 
vascular network (red lattice pattern) and a normal endothelial GABA signaling pathway that promotes long distance tangential migration of GABAergic interneurons 
(green) from the ventral telencephalon. A single vessel has been magnified to illustrate the positive feedback GABA signaling pathway that exists in normal 
telencephalic endothelial cells (red). Endothelial GABA activates GABAA receptors, thereby triggering Ca2+ influx and endothelial cell proliferation. Vesicular GABA 
transporter (VGAT) is the primary mechanism for GABA release from telencephalic endothelial cells at embryonic day 15 (Li et al., 2018). Endothelial GABA release 
thus has autocrine roles in stimulating angiogenesis (↑) and paracrine roles in promoting long distance GABAergic neuronal migration in the embryonic 
telencephalon. (B) Schema depicting altered vascular profiles in Vgat ECKO telencephalon (red dotted pattern) in which there is complete loss of endothelial GABA 
secretion that causes GABAergic interneurons to stall in the ventral telencephalon. This has significant consequences for GABAergic neuronal tangential migration, 
resulting in neuronal reductions and abnormal cortical distribution in Vgat ECKO telencephalon. Magnification of a single vessel to depict abnormal Vgat ECKO endothelial 
cells (blue) and how lack of GABA release from these endothelial cells affects the positive feedback of GABA-GABAA receptor signaling, which in turn significantly 
affects angiogenesis-related gene expression (↓). Lack of endothelial GABA release also affects paracrine signaling and impairs long-distance migration of 
GABAergic interneurons.
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brain that is distinct from the neuronal GABA signaling pathway. 
Selective deletion of the GABAA receptor β3 subunit from 
endothelial cells resulted in seizure-like symptoms in 15% of 
the mice. On the other hand, deletion of the vesicular GABA 
transporter (Vgat) from endothelial cells resulted in a mouse 
model of epilepsy. We  have shown that Vgat is the primary 
mechanism for GABA release from endothelial cells at early 
embryonic stages. Therefore, when Vgat was deleted specifically 
from endothelial cells, endothelial GABA secretion was turned 
off during embryonic brain development. In the absence of 
endothelial GABA release, all of the key cellular events during 
forebrain development – angiogenesis, neurogenesis, radial 
migration of projection neurons, and tangential migration of 
GABA interneurons – were affected to some degree, indicative 
of the autocrine and paracrine roles of EC-derived GABA 
signaling. Strikingly, gene expression profiling of Vgat endothelial 
cell conditional knockout (Vgat ECKO) embryonic telencephalon 
at embryonic stages was able to predict the postnatal phenotype 
of the mouse model. Significant enrichment was seen in disease 
categories “epilepsy” and “seizures,” and several of the epilepsy-
related genes were isolated and grouped (Li et  al., 2018; Choi 
and Vasudevan, 2019). The Vgat ECKO mice were smaller in size 
at birth when compared to littermate controls and developed 
severe seizures during the postnatal period P7–P14. Reduction 
in vascular densities was associated with a layer-specific loss 
of GABAergic interneurons along with abnormal GABAergic 
and glutamatergic neuronal distribution in Vgat ECKO cerebral 
cortex indicative of a highly asynchronous cortical circuitry. 
Vgat ECKO mice showed periods of quiescence, interrupted by 
tremors and reductions in movement, and did not survive 
beyond 2  months of age. Field potential recordings depicted a 
high degree of hyperexcitability in the hippocampus. Collectively, 
our work has provided mechanistic understanding of how intrinsic 
defects within blood vessels from the earliest developmental 
time points can directly contribute to epilepsy (Figure  2).

BASEMENT MEMBRANE DYSFUNCTION 
AND EPILEPSY

The basement membrane is a specialized form of extracellular 
matrix that encases the endothelial cells. Pericytes are also 
embedded in the basement membrane, situated between 
endothelial cells and astroglial endfeet. The composition and 
structure of the basement membrane affect the permeability of 
the vessel. Basement membrane constituents include collagens, 
laminins, fibronectin, fibrillin, vitronectin, perlecan, and nidogen, 
as well as growth factors and cytokines, enzymes responsible 
for matrix degradation, and proteins that adhere to the extracellular 
matrix, for instance, the semaphorins and lectins. Apart from 
providing a structural base for cells to adhere to, individual 
basement membrane components serve as regulators of many 
biological activities, such as cell growth, repair, differentiation, 
migration, proliferation, and morphogenesis. The effects of various 
basement membrane components on cell functions are mediated 
via cell surface receptors, such as integrins and dystroglycan. 
Mechanosensitive signals conveyed by the extracellular matrix 

have also been shown to converge with microenvironmental 
cues, such as growth factors (VEGF) to control transcription 
factors essential for angiogenesis (Mammoto et al., 2009). However, 
there is significant variability in the composition of basement 
membranes between small and large blood vessels throughout 
the brain. Targeted deletion of basement membrane components 
causes extensive cortical ectopias and dysplasia (Georges-Labouesse 
et  al., 1998; Anton et  al., 1999; Halfter et  al., 2002). Although 
several neurological disturbances have been described as a result 
of basement membrane disruption, the knockout of nidogen-1 
was the first report of a basement membrane gene that resulted 
in epilepsy. Interestingly, interference with nidogen altered 
neuronal excitability and synaptic plasticity without obvious 
underlying structural damage. Our work has shown that nidogen 
ablation leads to epileptic activity in vivo and the appearance 
of spontaneous epileptiform activity in vitro and opened the 
possibility of modulatory mechanisms of synaptic plasticity and 
excitability reaching beyond classical processes confined to cellular 
interactions (Köhling et  al., 2006; Vasudevan et  al., 2010).

Additionally, 8–20% of patients with laminin α2 deficiency 
suffer from seizures that arise in early childhood. Seizures 
were also observed in 8% patients with LAMA2 mutations, 
suggesting that seizures may be present in a significant proportion 
of patients with primary laminin α2 mutations (Jones et  al., 
2001). Alterations in vasoregulation that included degeneration 
of pericytes, accompanied by abnormal basement membrane 
thickening in cerebral microvessels, have been reported in 
patients with intractable complex partial seizures (Liwnicz et al., 
1990). Together, these studies establish contributions of basement 
membrane dysfunction in epilepsy.

BLOOD-BRAIN BARRIER FAILURE  
IN EPILEPTOGENESIS

The BBB is a highly complex and dynamic structure that separates 
the circulating blood from the brain and is mainly composed 
of endothelial cells, pericytes, astrocytes, and the basement 
membrane. While an activated vascular system leads to altered 
angiogenesis, the common phenotype associated with this is an 
increase in barrier permeability or alteration of adherens junction 
protein that ultimately leads to disruption of the BBB system 
(David et al., 2009; Friedman, 2011; Abbott and Friedman, 2012; 
Bar-Klein et  al., 2017; Stern, 2018). The disruption of the BBB 
can induce a multifaceted pathological process including but 
not limited to changes in the brain environment, altered neuroglial 
interactions, maladaptive angiogenesis, and hemodynamic changes 
in different brain regions. At the cellular level, the BBB is a 
micro-anatomic structure that mediates exchange of nutrients, 
xenobiotics, blood components, and cells, which is necessary 
for brain homeostatic functions (Obermeier et  al., 2013). Given 
the proximity of the BBB microvessels to neurons, it is now 
increasingly accepted as a cause-effect factor in epilepsy, meaning 
that BBB failure may result in abnormal excitability of neurons 
or the neuronal network. Regarding the pathogenesis of epilepsy, 
after initial speculations on BBB failure leading to epilepsy in 
the 1960s (Quadbeck, 1968) and experimental studies in the 
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1970s confirming edema formation in focal experimental epilepsy 
(Nagy and Fischer, 1978), several seminal papers by the Friedman 
lab (Seiffert et  al., 2004; Ivens et  al., 2007; Bar-Klein et  al., 
2017; Lippmann et  al., 2017) established a causality between 
BBB breakdown and epilepsy, mediated via albumin release into 
the brain parenchyma and subsequent TGF-β-dependent albumin 
glial uptake. The link between BBB disruption and epileptogenesis 
was consecutively confirmed in different models. Thus, recent 
evidence indicates that the dysfunctional BBB can (1) promote 
seizures, (2) contribute to epileptogenesis, and (3) favor seizure 
recurrence in patients with epilepsy (Daneman and Prat, 2015; 
Zhao et al., 2015; Rüber et al., 2018). One of the many proposed 
mechanisms by which BBB damage can lead to epileptogenesis 
is via a systemic intravascular inflammation (Vezzani and 
Friedman, 2011; Kim et  al., 2017). In light of these findings, 
one can assume that BBB disruption is the pivotal event, which 
subsequently can lead to secondary events, such as altered 
neurovascular coupling (NVC), changes in the morphology of 
neurovascular network, and altered cerebral blood flow to different 
brain areas and systemic vascular inflammation (Figure  1).

The BBB is far from mature at birth. By embryonic day 
15 (E15) in mice, the primitive BBB system is established 
via recruitment of pericytes to blood vessels, interaction of 
endothelial cells with the astrocytic endfeet, and further 
modifying the cell-cell junctions (Zhao et  al., 2015). The BBB 
continues to mature after birth, although it is a species-specific 
temporal event (Daneman and Prat, 2015; Zhao et  al., 2015). 
As the BBB continues to mature, improper establishment can 
lead to long-term implications in the brain and contribute 
to epileptogenesis. While a compromised BBB can have severe 
implications for the availability of glucose or drugs (Cornford 
and Oldendorf, 1986; Cornford, 1999), the experimental 
evidence cited above demonstrated direct seizure-promoting 
effects of a disrupted BBB. From a developmental standpoint, 
due to the fact that seizure activity is recorded in the postnatal 
stages, much of the current evidence is based on either animal 
or human systems analyzed at postnatal stages or during 
adulthood. One commonality observed in these cases was 
the presence of a leaky BBB system. A curious question is 
whether malformed BBB during development predicts 
epileptogenesis in a brain or whether ectopic events that result 
in a leaky BBB transform an otherwise healthy brain into 
an epileptic one? This remains an open-ended question, which 
Freidman famously stated as the “chicken and the egg puzzle” 
(Friedman, 2011). The above statement stems from experiments 
where either acute or chronic disruption of the endothelial 
tight junctions was induced that resulted in a hypersynchronous 
epileptiform activity (Seiffert et al., 2004; Marchi et al., 2007). 
Interestingly in our Vgat ECKO model of epilepsy, we  observed 
a reduction in tight junction proteins (claudin-5 and ZO1), 
IgG leakage, and increased vascular permeability at embryonic 
day 17 (Li et  al., 2018). Endothelial GABA thus seems to 
have novel roles in strengthening tight junctions and is 
important for BBB development (Li et  al., 2018).

The mechanisms by which a disrupted BBB in the affected 
brain can lead to epileptogenesis are multifold. One current 
hypothesis is that a leaky BBB can cause seizure-promoting 

components, such as albumin extravasation, excitatory glutamate 
neurotransmitter, and K+ ions to act on neuronal cells, which 
then increase network excitability (Ivens et  al., 2007; Köhling 
and Wolfart, 2016). Pivotally, Ivens et  al. found that a leaky 
BBB releases albumin that binds to TGF-β1 receptors on astrocytes 
and leads to astrocytic impairment of K+ spatial buffering and 
hence increased excitability. In a similar way, after BBB breakdown, 
glutamate uptake into astrocytes is compromised, thus possibly 
leading to a loss of excitability regulation as warranted by 
glutamate buffering (Heinemann et  al., 2012). Apart from 
depolarizing neurons, higher levels of glutamate could also affect 
endothelial cells. Endothelial cells, including the neuronal cells, 
express the N-methyl-D-aspartate receptor (NMDAR), which 
is responsive to glutamate. A study conducted by Vazana et  al. 
(2016) showed that glutamate can act on endothelial NMDAR, 
thereby inducing a leaky BBB; however, a separate commentary 
by Xhima et  al. (2016) mentioned that since NMDARs are 
pantropic receptors expressed in the brain, the exclusive role 
of endothelial cells may not be central to the barrier disruption. 
In fact, the events might have resulted from an interplay of 
both vascular and neuronal NMDAR activities (Vazana et  al., 
2016; Xhima et  al., 2016). In addition to endothelial cells, 
pericytes are also an integral component of the BBB system, 
and deficiency of pericytes is implicated in barrier disruption 
(Winkler et  al., 2011). Pericytes along with vascular smooth 
muscle cells have been reported to play a central role in seizure-
induced neurovascular remodeling, and these cells are added 
and removed from veins, arterioles, and capillaries after seizure 
induction with severe consequences for vessel physiology (Arango-
Lievano et al., 2018). Another interesting aspect that is implicated 
in epilepsy and BBB breakdown, both in TLE patients and in 
animal experimental models of epilepsy, is the altered expression 
of aquaporins, the water channels responsible for maintaining 
fluid homeostasis (Binder et  al., 2012; Heinemann et  al., 2012). 
Lastly, also a reduction in GABAergic inhibition could be  a 
factor of BBB breakdown, as demonstrated experimentally in 
peri-infarct hippocampal tissue (Lippmann et  al., 2017).

NEUROVASCULAR COUPLING

The aspect of NVC is an emerging area in the etiology of 
epilepsy. NVC mechanism broadly entails the relationship between 
neuronal activity, tissue level oxygenation, and the flow of blood 
in the affected area (Schwartz, 2007). Cellular contributors to 
NVC in the neocortex include different types of neurons, 
endothelial cells, pericytes, vascular smooth muscle cells, and 
astrocytes. In an epileptic brain, this mechanism is compromised 
or uncoupled to meet the metabolic demands around epileptic 
focus and in deep cortical layers (Zhao et  al., 2011). Prager 
et al. reported that seizure-induced injury to the microvasculature 
is associated with impaired NVC, which ultimately led to BBB 
dysfunction (Prager et  al., 2019). Using a rat ictal model, Ma 
and colleagues demonstrated, in real time, the dynamics of NVC 
and uncoupling, during the initiation and events leading up to 
the termination of an ictal propagation (Ma et  al., 2013). The 
use of voltage-sensitive dyes (VSDs) in their study helped image 
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the cerebral blood flow (CBF) as well as changes in the membrane 
potential, indicative of ongoing coupling and uncoupling events 
in real time. Similarly, through the use of simultaneous three-
dimensional (3-D) photoacoustic tomography and EEG, NVC 
events were validated in an animal model of epilepsy (Wang 
et  al., 2014). Interestingly, in a case study of a patient with 
acute subarachnoid hemorrhage, events such as impaired NVC 
to ictal epileptic activity and spreading depolarization were seen. 
The authors posit that this might be  a potential link to the 
BBB dysfunction (Winkler et  al., 2012).

During epileptogenesis, in parallel to the vascular responses, 
neuronal responses also mediate blood vessel function, such as 
modulating blood flow or inducing angiogenic activities in the 
responding niche (Attwell et al., 2010). The two major signaling 
events involved in this process are the neuronal and the astrocytic 
signaling. Nitric oxide synthase containing neurons have been 
reported to participate in coupling between local cortical blood 
flow and synaptic signaling, a form of NVC that does not 
depend on metabolic needs (Estrada and DeFelipe, 1998). With 
respect to the neuronal signaling, NMDA or glutamate activates 
NMDA receptors on cortical neurons that trigger calcium influx, 
membrane depolarization, activation of intracellular nitric oxide 
synthase (neuronal; nNOS), and subsequent release of nitric 
oxide (Busija et  al., 2007). This nitric oxide diffuses to cerebral 

arteries and arterioles and causes vasodilation, modulating the 
blood flow. The mechanism causes relaxation of the vascular 
smooth muscles without the involvement of astrocytes or 
endothelial cells. In astrocyte signaling, it is theorized that blood 
vessel dilation may occur through a K+-based mechanism via 
modulatory effects of oxygen (O2; Attwell et  al., 2010).

GABAergic interneurons are also known to provide an 
exceptionally rich innervation to local microvessels and can 
transmute afferent neuronal signals to appropriate vascular 
responses, thus acting as local integrators of NVC (Vaucher 
et  al., 2000; Cauli et  al., 2004). Changes in blood flow have 
also been implicated in providing spatial and temporal information 
by modulating the neural activity and regulating the excitability 
of cortical circuits (Moore and Cao, 2008). Thus, a deeper 
understanding of hemodynamics and neural activity can 
be  applied for elucidating vascular dysfunctions in epilepsy.

INFLAMMATION AND NETWORK 
EXCITABILITY

The mature vasculature and the mature nervous system can 
respond to infection or injury by activating defense mechanisms 
including inflammation. Another aspect in the development 

TABLE 1  |  Studies of interest in vascular-based human studies of epilepsy.

Method Type of sample Findings References

Immunohistochemistry Post mortem hippocampal sections Altered microvascular network Kastanauskaite et al. (2009) and Alonso-
Nanclares and DeFelipe (2014)

ESI/MSI and BOLD Patient population Blood oxygenation level-dependent (BOLD) signal 
changes at the time of interictal epileptic 
discharges (IEDs) to identify their associated 
vascular/hemodynamic responses

Heers et al. (2014)

Sandwich enzyme-linked 
immunosorbent assay to 
determine Adhesion Molecules in 
CSF and sera

Patient group Detection of soluble vascular cell adhesion 
molecule-1 (sVCAM-1) and soluble intercellular 
adhesion molecule-1 (sICAM-1) in sera, and CSF

Luo et al. (2014)

7T imaging Patient group Vascular dysgenesis implicated in the 
pathogenesis of polymicrogyria and epilepsy

De Ciantis et al. (2015)

Protein expression via Western 
Blotting

Patient group Increased protein expression of VEGF-A, VEGF-B, 
VEGF-C, and their receptors in the temporal 
neocortex of pharmacoresistant temporal lobe 
epilepsy patients.

Elevated expression of VEGF-C and its receptors, 
VEGFR-2 and VEGFR-3, in patients with mesial 
temporal lobe epilepsy

Castañeda-Cabral et al. (2019)

Sun et al. (2016)

Neuropsychological assessment, 
clinical examination, and fasting 
blood evaluation for quantification 
of vascular status

Patient group Aging persons with chronic epilepsy exhibit 
multiple abnormalities in metabolic, inflammatory, 
and vascular health that are associated with 
poorer cognitive function

Hermann et al. (2017)

Molecular and biochemical 
methods

Patient group cDNA microarray showed the presence of CYP 
enzymes in isolated human primary brain 
endothelial cells

Ghosh et al. (2010)

Molecular and Biochemical 
methods

Post mortem and patient group Endothelial cells of blood vessels are the major 
source of IL-17

He et al. (2016)

Immunohistochemistry Patient group Reduced ratio of afferent to total vascular density 
in mesial temporal sclerosis. Significant reduction 
in the density of afferent vessels

Mott et al. (2009)

ESI/MSI, electric source imaging/magnetic source imaging; BOLD, blood-oxygen-level-dependent; VEGF, vascular endothelial growth factor receptor; CYP, cytochrome P-450.

44

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Baruah et al.	 Vascular Integrity and Signaling in Epilepsy

Frontiers in Physiology | www.frontiersin.org	 8	 January 2020 | Volume 10 | Article 1583

of epileptogenesis is inflammation in the brain that serves as 
an essential feature in hyperexcitable brain regions or tissues. 
Interestingly, endothelial cells are at the forefront of an 
inflammatory cascade. In this context, given the heterogeneity 
of the cerebral vasculature, pathological deviations from normal 
functions can directly impact neuronal firing events (Librizzi 
et  al., 2018). Therefore, it is not surprising that an event that 
triggers seizure or epileptic activity in the brain will directly 
or indirectly affect the vasculature (Vezzani et  al., 2010, 2013). 
Studies reveal that the inflammatory receptor TGF-β-mediated 
signaling cascade is one of the central processes that mediate 
key events associated with epileptogenesis (Cacheaux et  al., 
2009). In vivo studies utilizing a murine model of CD8 T-cell-
mediated central nervous system inflammation demonstrated 
that neuronal VEGF is significantly upregulated, which is typical 
of neuroinflammation-induced BBB disruption (Suidan et  al., 
2010). While the group did not measure epileptic events in 
these mice, this study demonstrates the cellular interplay that 
can precipitate into epileptic events. Similarly, CCR5, a chemokine 
that regulates inflammatory processes was shown to control 
vascular inflammation and leukocyte recruitment during acute 
excitotoxic seizure induction and neural damage (Louboutin 
et  al., 2011). Endothelial inflammasome molecules, such as 
NLRP1 and NLRP3, NOD1 and NOD2, and NLRC4 and 
NLRC5, have been implicated in brain injury processes, and 
these molecules can further our understanding of functional 
congruence at the vascular-neuron interface (Lénárt et  al., 
2016). Indeed, various neurological insults result in alterations 
of inflammatory mechanisms (Kim et  al., 2017). The reports 
included in this review are not exhaustive. A similar correlation 
can be  inferred from additional scientific evidences supported 
by either non-rodent or primate models of epilepsy. We  have 
summarized some of the key studies in the epileptic patient 
population that were vascular centric in Table  1.

VASCULAR THERAPY FOR EPILEPSY

Today, most of the pharmacological compounds available for 
epilepsy treatment are partially effective. One major reason is 
that the majority of people exhibit drug-resistant epilepsy 
(Walker and Köhling, 2013). An emerging consensus for this 
ineffectiveness of clinically available drugs is because majority 
of the drugs are designed in a way to target molecules and 
receptors specific to the neuronal cells. This is where we reiterate 
the need for pharmacologic compounds or biologics that can 
also target the non-neuronal cell population, such as the 
endothelial cells. Additionally, it is important to have a better 
understanding of cell type-specific contributions in epilepsy 
disease origin and a realization that it is not primarily a 
neuronal dysfunction. Remediating the BBB could be one option 
to prevent or shunt epileptogenesis (Shlosberg et  al., 2010). 
Thus, BBB-affecting drugs such glucocorticosteroids have been 
used in children with difficult-to-treat epilepsies and were 
effective in reducing drug-resistant seizures and for restoration 
of BBB function (Marchi et al., 2012). Additionally, BBB-affecting 
drugs like natalizumab and IL-1RA act on proinflammatory 

mediators and have been tested in cases of refractory epilepsy, 
initially leading to suppression of seizures (Sotgiu et  al., 2010), 
however, harboring the risk of severe side effects in the long 
run (Abkur et  al., 2018). Thus, a search for less strongly 
interfering drugs is clearly necessary.

One possible intervention may be a modulation of mammalian 
target of rapamycin (mTOR). In neuron-specific (NS)-PTEN-
depleted mice, progression into epileptogenesis was blocked 
by inhibiting mTOR signaling (Sunnen et  al., 2011). Because 
aberrant mTOR signaling is concomitant with an increase in 
vessel density in epileptic patients, it will be  interesting to 
see if targeting endothelial mTOR might alleviate or lead to 
a remission of epilepsy symptoms. In addition, an adjunct 
area that can be  explored is the hormone therapy in epileptic 
patients. To this end, convincing data indicate that endothelial 
cells express estrogen or progesterone receptors, and both of 
these hormones have been shown to protect from vascular 
injury/BBB dysfunction in rodent models (Si et al., 2014; Shin 
et  al., 2016; Yu et  al., 2017). Therefore, targeting the vascular 
hormone receptors may serve as another approach to restore 
BBB defects, as well as for improving the angiogenic outcome 
in epileptogenesis. The vasoactive effects of soluble matrix 
proteins and integrin ligands may be tapped into in order to 
regulate calcium influx and modulate blood flow in arteries 
(Wu et  al., 1998). For instance, identification of alterations 
in extracellular matrix-integrin signaling and treatment of 
epileptic mice with integrin blockers resulted in a significant 
reduction in kindling epileptogenesis (Wu et al., 2017). Another 
study has reported that loss of mural cells (that includes 
pericytes and vascular smooth muscle cells) is proportional 
to seizure severity and vascular pathology. Interestingly, 
intravenous treatment with platelet-derived growth factor 
subunits BB (PDGF-BB) activated PDGFRβ in mural cells, 
ameliorating vessel coverage with mural cells, vessel functions, 
and reducing spontaneous EEG epileptiform activity (Arango-
Lievano et  al., 2018). An added perspective in managing 
intractable epilepsy is introducing the ketogenic diet (KD). 
At least experimentally, KD may also positively affect astrocytic 
monocarboxylate transporters, and this change in turn in a 
recent study was associated with seizure reduction (Forero-
Quintero et  al., 2017). Since the molecular mechanisms of 
KD are far from understood, it would be  interesting to 
understand the implication of KD on blood vessels, which 
can further our knowledge in designing effective diet-based 
interventions for epileptogenesis. While the list is not extensive, 
collectively, these studies bring to light the importance of 
vascular therapy in epilepsy.

In continuation, another experimental treatment for epilepsy 
is stem cell-based therapy. Human pluripotent stem cell 
(hPSC)-derived GABAergic interneurons can serve as a 
potential cell therapy for epilepsy because the therapeutic 
strategies are multiple: general secretion of GABA by the 
grafted cells to increase the seizure threshold, direct replacement 
of malfunctioning or lost GABAergic interneurons, or 
modulation of the excitatory hyperactive system (Cunningham 
et  al., 2014; Zhu et  al., 2018). However, one issue that needs 
improvement is the migration efficiency of transplanted cells. 
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Transplanted human interneurons displayed minimal migration 
and distribution at 2  weeks posttransplantation. It was only 
at 4–7  months posttransplantation that migration and 
integration into the host brain were observed (Cunningham 
et  al., 2014; Kim et  al., 2014; Zhu et  al., 2018; Upadhya 
et  al., 2019). Therefore, the beneficial effects of interneuron 
graft-in-disease models were delayed to several months after 
transplantation. Another drawback is a reduction in GABA 
levels after transplantation that has been reported by some 
groups (Nolte et  al., 2008; Alvarez Dolado and Broccoli, 
2011). These are some current issues with moving this 
promising therapeutic treatment to the clinic. Vascular therapy 
could serve to improve this treatment strategy. Since the 
periventricular vascular network is the natural substrate for 
GABAergic neuronal migration in the embryonic forebrain, 
it can serve to improve hPSC-derived GABAergic neuronal 
migration. We  have generated human periventricular-like 
endothelial cells in our laboratory using the hPSC technology 
that significantly improved the rate of human GABAergic 
neuronal migration after transplantation, with high GABA 
release levels (Datta et  al., 2018). This endothelial-neuronal 
cotransplantation strategy may have significant benefits for 
brain repair in epilepsy.

CONCLUSION AND PERSPECTIVES

In this review, we attempt to shed light on how vascular health 
is crucial, if not one of the primary factors leading up to 
epileptogenesis. Greater challenges in the field are some of 
these lingering questions: (1) How to effectively target and 
prevent the brain from becoming hyperexcitable and 

seizure-prone after the first episode of seizure? (2) Which 
parameters in the blood vessel can help identify a brain that 
can become epileptic after ictal events? (3) Can we  tap into 
the gene expression in embryonic forebrain blood vessels for 
better understanding of epilepsy? (4) Can we  effectively use 
knowledge gained from developmental and vasculature-related 
studies to design interventions that will be  effective in the 
clinic? These unmet questions warrant a deeper understanding 
and more research, necessitating new work highlighting vascular 
health. Molecular and mechanism-based studies can provide 
deeper understanding of pathways or genetic components 
involved in epileptogenesis. Translational studies or patient-
based studies should be  carefully evaluated to design targeted 
therapies in better management of this disease. Perhaps, fine 
tuning the vascular contribution or role in epileptogenesis can 
help find a “missing link” in epileptogenesis and will potentially 
serve as diagnostic or prognostic marker in years to come.
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Preeclampsia is the most severe type of hypertensive disorder of pregnancy, affecting
one in 10 pregnancies worldwide and increasing significantly maternal and neonatal
morbidity and mortality. Women developing preeclampsia display an array of symptoms
encompassing uncontrolled hypertension and proteinuria, with neurological symptoms
including seizures at the end of pregnancy. The main causes of preeclampsia are still
unknown. However, abnormal placentation and placenta vascularization seem to be
common features in preeclampsia, also leading to fetal growth restriction mainly due
to reduced placental blood flow and chronic hypoxia. An over activation of maternal
immunity cells against the trophoblasts, the main cells forming the placenta, has been
recently shown as an important mechanism triggering trophoblast apoptosis and death.
This response will further disrupt the remodeling of maternal uterine arteries, in a first
stage, and the formation of new placental vessels in a later stage. A consequent
chronic hypoxia stress will further contribute to increase placental stress and exacerbate
systemic circulatory changes in the mother. The molecular mechanisms driving these
processes of apoptosis and anti-angiogenesis are also not well-understood. In this
review, we group main evidences suggesting potential targets and molecules that
should be better investigated in preeclampsia. This knowledge will contribute to improve
therapies targeting a better placenta formation, having a positive impact on maternal
disease prevention and on fetal development.

Keywords: apoptosis, preeclampsia, placental development, vascular remodeling, hypoxia

INTRODUCTION

Pregnancy is a major physiologic event in a woman’s life, leading to significant body and metabolic
changes. During the implantation of the embryo, a new transient organ is formed connecting
mother and fetus, the placenta (Burton and Fowden, 2015). The structure of the placenta
will, during pregnancy, provide a range of functions such as fetal nutrition and oxygenation,
as well as the secretion of endocrine factors, also building a maternal-fetal immune tolerance
(Heerema-McKenney, 2018).
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During the first three gestational weeks, the blastocyst
implants in the decidual endometrium, developing the
placenta. The implantation is mediated by the invasion of
trophoblasts, the main cells forming the placenta (Knofler
et al., 2019). Trophoblasts are primitive cells giving origin to
different cell lineages such as the cytotrophoblasts and the
syncytiotrophoblasts. More specifically, during invasion, the
cytotrophoblasts form a cell layer under the syncytiotrophoblasts,
so these can infiltrate in between uterine epithelial cells in order
to ensure the implantation of the embryo (Knofler et al., 2019).

During the implantation process, endometrial cells, and
uterine vessels, in addition to uterine immune cells, are modified
to form the decidua. Trophoblasts will, in addition, invade
the spiral arteries of the uterus. In order to reach this goal,
trophoblasts differentiate into villous trophoblasts, ensuring the
feto-maternal exchanges and the endocrine functions of the
placenta, and in invasive extravillous trophoblasts, essential
for the implantation and remodeling of the uterine vessels.
The extravillous trophoblast proliferates and becomes invasive,
migrating into the decidua and myometrium.

The migration of the extravillous trophoblasts into the
maternal spiral arteries also represents another key step of
human placentation (Baker et al., 2009). There, extravillous
trophoblasts will replace maternal arteries endothelium and
smooth muscle cells by stimulating their apoptosis and ultimately
promote vessel remodeling (Whitley and Cartwright, 2009). The
invasion of extravillous trophoblasts further reduces vasomotor
tonus and responses of spiral arteries to vasoactive factors
(Baker et al., 2009), causing a permanent arterial dilation and
ensuring an increased blood flow to the placenta and growing
fetus (Salamonsen et al., 2003). This remodeling process is
completed around 20 gestational weeks in healthy pregnancies
(Osol and Mandala, 2009).

However, some pregnancies are associated with complications.
Indeed, several studies have demonstrated defects in the vascular
remodeling process in more severe complications such as
preeclampsia (da Cunha Castro and Popek, 2018). In abnormal
placentation with poor vascularization of the placenta, the
transition of increased oxygenation does not occur, resulting in
tissue hypoxia. In addition, the failure of vascular remodeling can
reduce significantly the blood supply to the placenta, stimulating
a placental metabolic stress and the release of vasoactive
factors. As a result, maternal blood pressure can increase
significantly either directly due to the chronic rise in uterine
vascular resistance, or in response to placental vasoactive factors,
causing hypertension in the mother (Karthikeyan and Lip, 2011;
American College of Obstetricians and Gynecologists, and Task
Force on Hypertension in Pregnancy, 2013; Chaiworapongsa
et al., 2014; Dymara-Konopka et al., 2018). Indeed, hypertension
occurs in 10% of all pregnancies in the world. If it is not treated
or is not well-monitored during pregnancy, it can predispose to
more severe outcomes such as preterm delivery, low birth weight
and preeclampsia.

In this review, we will describe one of the most severe
hypertensive disorders of pregnancy, preeclampsia. We will
discuss how the molecular mechanisms linked to abnormal
placentation involving maternal inflammation by activation of

immune cells and apoptosis can alter placental vascularization
and contribute to the unfavorable progression of preeclampsia.

PATHOGENESIS OF PREECLAMPSIA

Preeclampsia is a disorder emerging around 20 gestational weeks;
however, it is diagnosed through high blood pressure values
(≥140/90 mmHg) and proteinuria of ≥ 0.3 g per day later
during gestation. Other symptoms can be also associated such
as edema, severe headaches and visual disturbance (Ben Ali
Gannoun et al., 2016). Considered a major cause of maternal
and fetal mortality and morbidity, preeclampsia affects 2 to
10% of all pregnancies worldwide with nearly 70,000 maternal
deaths annually (Duhig et al., 2018). It can lead to multi-
systemic and serious complications in the mother such as
cerebral hemorrhage, renal failure, HELLP syndrome, which is
characterized by associated hemolysis and liver injury, and even
eclampsia with severe seizures in more severe cases.

In addition, the fetus can also be affected by preeclampsia since
it is one of the leading cause of premature birth and intrauterine
growth restriction, mainly due to insufficient nutrient supply
and chronic hypoxia exposure (Redman and Sargent, 2005). In
addition, the only known treatment of preeclampsia to date is
premature delivery. Nevertheless, there are risk factors already
identified and they include previous history of preeclampsia or
family history, multiple pregnancies, as well as cardiometabolic
factors such as obesity, diabetes and chronic hypertension
(Dong et al., 2017).

The pathogenesis of preeclampsia is still not well-understood
and seems to associate differential complex alterations in the
placenta and maternal circulation, turning this disorder a major
subject of a large amount of studies. Some, however, agree that the
preeclampsia origin is an abnormal placentation, which can be
defined by two distinct developmental stages: the pre-clinical and
the clinical stages (Mayrink et al., 2018). While the pre-clinical
stage is determined by critical changes in placental structure and
development, the clinical stage is characterized by circulatory
systemic changes and symptoms in the mother.

The pre-clinical stage corresponds to inefficient trophoblast
invasion in the maternal decidua (Tsatsaris et al., 2008). If the
cell invasion occurs only superficially at this stage, trophoblasts
will fail to reach the maternal spiral arteries and to promote
the vascular remodeling, resulting in increased arterial resistance
and reduced blood flow (Roberts and Hubel, 2009). A disrupted
remodeling of maternal spiral arteries is, therefore, a major
consequence of the pre-clinical stage. It further contributes
to promote placental ischemia and to stimulate the secretion
of pro-inflammatory factors by the placenta, leading to the
second stage of abnormal placentation (Mayrink et al., 2018).
Following the pre-clinical stage, the clinical stage corresponds
to the manifestation of symptoms in the mother such as
severe, and sometimes uncontrolled, high blood pressure, and
proteinuria followed by the dysfunction of multiple organs
(Chaiworapongsa et al., 2014).

Therefore, it is now well-understood that a healthy
placentation depends on the essential steps of placental
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development and the ability to respond or adapt to different
types of stress. The dysfunction of one of these processes
can have harmful repercussions on maternal circulation and
fetal development.

In the pre-clinical and clinical stages, the maternal immune
cells are also active. Lymphocyte T cells can significantly
increase the production of inflammatory cytokines such as
tumor necrosis factor alpha (TNFα) and interleukin-6 (IL6),
as shown in preeclampsia. Pro-inflammatory responses are also
associated with a reduction in anti-inflammatory cytokines (de
Oliveira et al., 2010; Hutabarat et al., 2017). In maternal vessels,
an increase in pro-inflammatory TNFα and IL6 contributes
to causing endothelial dysfunction, which is a hallmark of
preeclampsia mainly characterized by reduced production of
vasodilation factors and an increase in the permeability of
endothelial cells (de Oliveira et al., 2010). TNFα is also shown
to decrease nitric oxide synthase (NOS) gene transcription
while increasing the production of the potent vasoconstrictor
endothelin-1 (Cornelius, 2018). Further, placental ischemia can
trigger an oxidative stress state, characterized by the bursting
of large quantities of reactive oxygen species (ROS) in the cell
membrane, the endoplasmic reticulum and the compartments of
the mitochondria, causing protein and DNA damage (Schoots
et al., 2018). Hence, all these mechanisms contribute to stimulate
a state of chronic inflammation during abnormal placentation.

Inflammation can further activate and promote the
programed death of trophoblasts, a process called apoptosis.
In normal healthy pregnancies, the mechanisms of apoptosis
can be of crucial importance to protect the trophoblasts from
the attack of maternal immune cells and to promote the death
of uterine arteries endothelial cells and their replacement by
extravillous trophoblasts (Abrahams et al., 2004; Ashton et al.,
2005). However, under inflammation, activation of apoptosis can
backfire on the trophoblasts, significantly disrupting trophoblast
migration and placental vascularization, also exacerbating
immune responses (Sharp et al., 2010).

In addition, it has been described that abnormal placentation
can be associated with an imbalance in the production of
pro-angiogenic and antiangiogenic factors by the placenta.
Increased secretion of antiangiogenic factors soluble fms-like
tyrosine kinase 1 (sFlt1) and soluble endoglin (sEng), as
well as reduced production of pro-angiogenic factors vascular
endothelial growth factor (VEGF) and placental growth factor
(PlGF) during exposure to ischemia, likely contributes to the
pathogenesis of preeclampsia (Karthikeyan et al., 2011; Helmo
et al., 2018). An increasing number of studies have identified
enhanced sFlt1 expression in placentas of pregnancies with
preeclampsia (Helmo et al., 2018). sFlt1 is the soluble form
of VEGF receptor 1 (VEGFR1) and antagonizes the pro-
angiogenic effects of VEGF. In addition, sEng, another key
antiangiogenic protein, is also shown to be up-regulated in
preeclampsia (Dymara-Konopka et al., 2018). On the other
hand, the synthesis of pro-angiogenic PlGF was associated with
an exacerbated production of anti-angiogenic factors during
preeclampsia (Karthikeyan et al., 2011). These results indicate
that abnormal placentation does not only cause changes in
uterine vessels but also a systemic damage to the maternal

endothelium and the angiogenesis capacity, which can lead to
endothelial dysfunction (Eddy et al., 2018).

In the next sessions, we describe how these two interconnected
mechanisms involving the maternal immune system and cell
death act during placentation and placental vascularization in
healthy pregnancies and in the pathology of preeclampsia.

IMMUNE SYSTEM IN PREECLAMPSIA

Several hypotheses have been proposed to explain an abnormal
trophoblast invasion and the over activation of placental
inflammation in early pregnancies with preeclampsia. Some
support an impaired maternal immune response or a defective
maternal immune-tolerance to the semi-allogeneic fetus (Racicot
et al., 2014). A successful invasion in normal pregnancies relies on
an adequate interaction between trophoblast cells and maternal
epithelial, immune and endothelial cells and tissues (Liu et al.,
2017). In this regard, the maternal immune system plays a
key role in facilitating the interaction of two immunologically
different beings, the mother and the fetus (Baker et al., 2009).

In normal pregnancies, the processes of trophoblast invasion
and spiral artery remodeling are highly dependent on the
maternal immune system to allow significant tissue changes (Faas
and de Vos, 2017a). During trophoblast invasion, the decidua
contains a high number of immune cells necessary for the
migration of trophoblasts (Racicot et al., 2014). They include
macrophages, natural killer cells (NK), dendritic cells (DCs), T
lymphocyte and T regulatory cells (Tregs) (Liu et al., 2017). These
cells infiltrate the decidua and gather around the trophoblasts
allowing them to reach the endometrium and spiral arteries
(Figueiredo and Schumacher, 2016). On the other hand, Tregs
and regulatory cytokines ensure the proper control and function
of pro-inflammatory cells and their actions during invasion
(Baker et al., 2009). In mouse models, it is well-documented that
Treg cells are important for maternal-fetal immune tolerance
(Faas and de Vos, 2017a). In addition, it is believed that the DCs
present in the decidua can promote a dominant presence of T
helper type 2 cells (Th2) in the uterus and placenta in order
to induce immune tolerance of mother to fetus (Figueiredo and
Schumacher, 2016; Cornelius, 2018).

However, an over activated immune system can play a
significant negative role in placental development and the
progression of preeclampsia. Epidemiological evidence supports
this role, indicating an association between adverse changes
in maternal immune responses and preeclampsia (Kestlerova
et al., 2012). In particular, the fact that preeclampsia can surge
more frequently in the first pregnancy, and also that long-term
exposure to partner’s sperm has been described as reducing
the risk of preeclampsia, or that risks may increase during
artificial reproduction, for example, support the hypothesis that
the immune system can have a direct impact and perhaps
even induce preeclampsia (Matthiesen et al., 2005). In addition,
the mechanisms allowing the semi-allogenic trophoblast cell
to invade maternal tissues by outwitting maternal processes
of non-self recognition can also fail during preeclampsia
(Cornelius, 2018).
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One hypothesis is that over activation of immune cells
stimulates trophoblast apoptosis in preeclampsia (Jafri and
Ormiston, 2017). Indeed, during healthy pregnancies, the non-
recognition of trophoblasts by maternal immune cells reduces the
activation of inflammation, and this will consequently decrease
the lysis of the trophoblasts present in the decidua (Cornelius,
2018). In addition, a recent study showed a very low presence of
macrophages during trophoblast invasion in normal pregnancies
(Taylor and Sasser, 2017). However, in preeclampsia, their
numbers can be dramatically increased, notably in the uterine
artery wall of patients, where very few extravillous trophoblasts
were also present.

T lymphocytes along with NKs and DCs have also been
found to respond differently in preeclampsia compared to
normal pregnancies, tending to develop a pro-inflammatory
state (Faas and de Vos, 2017b). These cells produce and
respond to a broad spectrum of cytokines and are involved in
paracrine mechanisms regulating trophoblast invasion (Moffett-
King, 2002). In vitro, maternal macrophages could further
induce apoptosis of periarterial extravillous trophoblasts (Miko
et al., 2009; Faas and de Vos, 2017b; Taylor and Sasser,
2017). In addition, excessive activation of neutrophils and
monocytes in clinical and experimental preeclampsia have also
been described (Faas and de Vos, 2017a; Cornelius, 2018).
Monocytes have been found to spontaneously synthesize larger
quantities of pro-inflammatory cytokines such as IL1b, IL6, and
IL8 (Faas and de Vos, 2017a).

Another defective system appears to be involved in the
dysfunctional invasion of trophoblasts in the spiral arteries.
Human leukocyte antigens (HLAs) are major histocompatibility
complex (MHC) molecules expressed on different cells of
the placenta. Invasive extravillous trophoblasts express
Class I HLA-C and the atypical class Ib antigens HLA-G,
which promote immune-regulation between extravillous
trophoblasts and maternal decidual NK cells. HLA-G is
a ligand for the inhibitory receptor KIR2DL4 of NK cells
(Chen et al., 2010). Consequently, the expression of HLA-
G by the extravillous trophoblast can defend it against cell
death mediated by NKs. This is an essential mechanism of
extravillous trophoblast protection to allow cell invasion during
healthy pregnancies mainly by inhibiting NK cytotoxicity
and cytokine production (Chen et al., 2010; Liu et al., 2013).
HLA-G can also directly modify the biological function of
trophoblast cells stimulating invasiveness by different cell
signaling pathways (Liu et al., 2013). However, a lower HLA-G
expression in the placenta, more specifically in extravillous
trophoblasts, has been described in preeclampsia (Yie et al., 2004;
Robillard et al., 2011).

Lower expression of other HLA genes can inversely protect
the placenta. For example, syncytiotrophoblasts do not express
HLA-A and HLA-B genes, which leads to not expressing
MHC-I, a major binding site for lymphocyte T cells (Thellin
and Heinen, 2003; Racicot et al., 2014; Cornelius, 2018).
Therefore, by being in close contact with the activated maternal
immune system, the lack of HLA-A and -B protects the
syncytiotrophoblasts from maternal T cells, hence preventing
tissue rejection (Hutabarat et al., 2017).

APOPTOSIS IN PREECLAMPSIA

An important mechanisms involved in maternal-fetal immune
tolerance is apoptosis, which is defined as a programed cell death
that can be induced by two different pathways: the extrinsic and
the intrinsic (Elmore, 2007). The mechanisms of activation of
these two pathways are illustrated in Figure 1. The extrinsic
pathway is initiated when a cell expressing a FAS receptor on
the surface binds to its FAS ligand (FASL), activating a cascade
of pro-apoptotic elements and leading to cell death. The binding
of FASL to the transmembrane receptor FAS recruits procaspase
8, further activated to caspase 8. This then cleaves another type of
procaspase generating the active form of caspase 3. Active caspase
3 will also recruit other downstream effectors, promoting the final
steps of cell death (Elmore, 2007).

The intrinsic pathway is usually activated during intracellular
stress such as ischemia and DNA damage, or when cells receive
signals from certain pro-apoptotic factors. During intracellular
stress, P53 is also activated, a protein which main role is to
stimulate cascades of pro-apoptotic factors mainly targeting the
mitochondria (Harris and Levine, 2005). One of these factors, a
pro-apoptotic member of the BCL2 family called Bax, releases
cytochrome C from the inner mitochondrial membrane during
stress (Sharp et al., 2014). Subsequently, cytochrome C can form
an apoptosome in the cytosol, a complex comprising active
caspase 9 and Apaf-1, in order to cleave procaspase 3 to its active
form and, therefore, cause cell death (Sharp et al., 2010).

Figure 1 also illustrates the critical changes in apoptosis
pathways during normal healthy and complicated pregnancies.
During healthy and abnormal placentation, the mechanisms
of apoptosis, as noted above, occur in the vast majority of
placental cells and likewise in placental villous trophoblasts.
They regulate the number and type of trophoblast population
in the placenta and decidua, greatly influencing maternal-
fetal immune tolerance (Sharp et al., 2010). Apoptosis is
particularly important in the initial and final stages of placental
development and function. Apoptotic cells have been found
in the maternal and embryonic parts of the placenta during
normal pregnancy. The presence of these cells is associated
with stages of placental development, including the invasion of
trophoblast, remodeling of the spiral arteries, differentiation of
trophoblasts and childbirth (Abrahams et al., 2004). However,
stimulation of placental apoptosis is also regulated by maternal
immune cells, although the main mechanisms activated by
these cells in normal and complicated pregnancies are not yet
fully understood.

Evidence supports that in normal pregnancies, trophoblasts
secrete FASL rather than expressing the FAS receptor (Kauma
et al., 1999), as shown in Figure 1A. The predominance
of FASL secretion reduces their susceptibility to activate
themselves and enter apoptosis (Bamberger et al., 1997).
Therefore, the higher FASL secretion combined with lower
FAS receptor expression may protect trophoblasts against
cytolytic activation of maternal immune cells. Instead, they
can stimulate the extrinsic apoptosis pathway in maternal
immune cells such as T lymphocytes and macrophages, naturally
expressing higher amounts of FAS receptor (Kauma et al., 1999;

Frontiers in Physiology | www.frontiersin.org 4 February 2020 | Volume 11 | Article 9853

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00098 February 8, 2020 Time: 12:3 # 5

Raguema et al. Inflammation and Apoptosis in Preeclampsia

FIGURE 1 | Placental apoptosis mechanisms. (A) Extrinsic apoptosis pathway activation in maternal immune cells stimulated by trophoblasts producing FASL.
(B) Extrinsic apoptosis activation in trophoblasts stimulated by FASL produced by the maternal immune system and intrinsic pathway activated by environmental
stress such as hypoxia and DNA damage. FAS, FAS receptor; FASL, FAS ligand; FADD, Fas-associated protein with death domain; C-FLIP, cellular FLICE (FADD-like
IL-1β-converting enzyme)-inhibitory protein; P53, apoptosis inductor; BCL-2, B-cell lymphoma 2; BAX, BCL2-associated X apoptosis regulator; Mdm2, Human
mouse double minute 2; Bid, BH3 interacting-domain death agonist; tBid, truncated p15 BID; Apaf-1, apoptotic protease activating factor 1.

Roh et al., 2002). In addition, the higher secretion of
FASL by trophoblasts is an important mechanism activating
apoptosis of endothelial cells in the maternal spiral arteries
(Pongcharoen et al., 2004). This process is therefore critical for
their replacement by extravillous trophoblasts during normal
placentation (Pongcharoen et al., 2004).

On the other hand, changes in this process and on main
players have a significant negative impact on placental
development, contributing to the establishment of placental
abnormalities. In hypertensive pregnancies, for example,
increased trophoblast apoptosis and reduced cell invasion
were described (Whitley et al., 2007). More specifically,
during preeclampsia, apoptosis was described in extravillous
trophoblasts in the vicinity of the wall of the spiral arteries, rather
than in maternal endothelial cells (Whitley et al., 2007). It has
also been shown that these extravillous trophoblasts, instead of
mainly expressing FASL, express FAS receptor and the TNF-α
receptor 1, another pro-apoptotic factor. They also had lower
expression of anti-apoptotic factors BCL2 and Mcl-1.

Consistent with these findings, we and others have also shown
that the expression of FAS and FASL in serum and in maternal
lymphocytes also occurs in preeclampsia (Miko et al., 2009;
Raguema et al., 2018). We also described the polymorphisms of
FAS-670A/G and FASL IVS2nt124A/G genes in the lymphocytes
of pregnant women with preeclampsia. These polymorphisms
were characterized by a higher production of FASL by the
maternal immune cells, supporting the postulate of an over
activation of pro-apoptosis responses in the trophoblasts, as
illustrated in Figure 1B, which could contribute to alter the
placentation during preeclampsia (Abrahams et al., 2004). In
line with our findings, another study also described increased
expression of the FAS receptor and reduced expression of FASL

in the placentas of pregnancies with hypertensive disorders
(Roh et al., 2002).

In addition, over activation of the intrinsic pathway may
also occur due to reduced anti-apoptotic factors, being another
potential origin of exacerbated apoptosis in preeclampsia
(Figure 1B) (Hung et al., 2002; Sharp et al., 2010). Indeed,
several studies have shown that, during the development of
the trophoblastic villi, an early stage of apoptosis is activated,
specifically targeting cytotrophoblasts, whereas later stages
of apoptosis are more likely to affect syncytiotrophoblasts
(Hutabarat et al., 2017). Syncytiotrophoblasts are multinucleated
cells with number of nuclei increasing up to nine times from the
beginning of gestation to term. These nuclei can form aggregates
called syncytial knots. In normal pregnancies, knots are rarely
seen before 20 weeks of gestation and their frequency increases
in mature placentas (Loukeris et al., 2010). They are also very
frequent in the placentas of complicated pregnancies, being
present on almost all terminal villi in preeclamptic placentas
(Tomas et al., 2011). Currently, the presence of a large number
of syncytial knots can indicate premature aging of the placentas
(Loukeris et al., 2010).

Syncytiotrophoblast apoptosis in preeclampsia has also been
associated with larger numbers of syncytial knots and higher
oxidative stress (Tomas et al., 2011; Fogarty et al., 2013).
Rajakumar et al. have also described the presence of syncytial
knots in the bloodstream of preeclamptic mothers (Rajakumar
et al., 2012). In their study, they described the presence of large
structures of 50–150 µm consistent with detached syncytial knots
after gently rinsing the placentas of preeclamptic pregnancies.
The syncytial origin was determined by the fact that these
structures were always membrane-bound and multinucleated.
Interestingly, in normal term placentas, very few multi-nucleated

Frontiers in Physiology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 9854

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00098 February 8, 2020 Time: 12:3 # 6

Raguema et al. Inflammation and Apoptosis in Preeclampsia

structures were observed in the effluent. Their data indicated that
the abundant syncytial knots in the preeclamptic placentas can
easily detach from the syncytial layer to become free aggregates
of syncytial origin. Furthermore, these syncytial aggregates
have been described as containing a large expression of sFlt1,
potentially contributing to impair placental angiogenesis in
preeclampsia (Rajakumar et al., 2012).

The increase of syncytial knots in trophoblasts has been
observed and associated with down regulation of anti-apoptotic
factors of the intrinsic pathway such as BCL2 and Mdm2 and
with premature aging of the placenta in preeclampsia (Coleman
et al., 2013). In addition, they can also increase significantly
when exposed to hyperoxia, hypoxia or greater amounts of
ROS in the placental villi (Heazell et al., 2007). These findings
indicate that the presence of knots in syncytiotrophoblasts
may reflect placental responses to environmental stress and
the activation of intrinsic apoptosis pathways in abnormal
placentation and preeclampsia.

SUMMARY

Despite the increasing number of studies reporting the
involvement of the maternal immune system and apoptosis
in the development of the placenta and preeclampsia, the
main mechanisms promoting cell death and ineffective vascular
remodeling in abnormal placentation are still unclear. It
is well-known that close interaction between the maternal
immune system and trophoblasts is essential during placentation.
However, in the presence of an over activation of inflammation
and apoptosis of the trophoblasts, it leads to abnormal
placentation with impaired invasion, vascular remodeling and
microcirculation in the placenta. Activation of different pathways
of apoptosis also depends on pathological processes in the
placenta. More specifically, activation of the FAS/FASL extrinsic
pathway and of the intrinsic pathway mediated by P53, Bax,
and BCL2 have been systematically reported in normal and

complicated pregnancies such as preeclampsia although their
mechanisms are not yet fully understood.

Future studies are therefore necessary to better understand
the mechanisms of activation of the extrinsic and intrinsic
apoptosis pathways in hypertensive disorders of pregnancy
and whether their activation may also depend on different
pathological stimuli associated with preeclampsia. Current data
support that activation of the extrinsic pathway is largely
associated with systemic and local immune and inflammatory
responses in the placenta. The intrinsic pathway is primarily
described as a consequence of trophoblasts disruption under
severe and chronic hypoxia, DNA damage and environmental
stress conditions. Importantly, the close interaction of these
two pathways can help promote abnormal placentation and
vascularization, aggravating placental stress during preeclampsia.
More studies evaluating these mechanisms are therefore needed
to elucidate these interactions and to investigate new therapies
capable of reducing the activation of apoptosis at different stages
of the development of preeclampsia.
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The endothelium regulates and mediates vascular homeostasis, allowing for dynamic
changes of blood flow in response to mechanical and chemical stimuli. Endothelial
dysfunction underlies many diseases and is purported to be the earliest pathologic
change in the progression of atherosclerotic disease. Peripheral vascular function can
be interrogated by measuring the response kinetics following induced ischemia or
exercise. In the presence of endothelial dysfunction, there is a blunting and delay of
the hyperemic response, which can be measured non-invasively using a variety of
quantitative magnetic resonance imaging (MRI) methods. In this review, we summarize
recent developments in non-contrast, proton MRI for dynamic quantification of blood
flow and oxygenation. Methodologic description is provided for: blood oxygenation-
level dependent (BOLD) signal that reflect combined effect of blood flow and capillary
bed oxygen content; arterial spin labeling (ASL) for quantification of regional perfusion;
phase contrast (PC) to quantify arterial flow waveforms and macrovascular blood flow
velocity and rate; high-resolution MRI for luminal flow-mediated dilation; and dynamic
MR oximetry to quantify oxygen saturation. Overall, results suggest that these dynamic
and quantitative MRI methods can detect endothelial dysfunction both in the presence of
overt cardiovascular disease (such as in patients with peripheral artery disease), as well
as in sub-clinical settings (i.e., in chronic smokers, non-smokers exposed to e-cigarette
aerosol, and as a function of age). Thus far, these tools have been relegated to the
realm of research, used as biomarkers of disease progression and therapeutic response.
With proper validation, MRI-measures of vascular function may ultimately be used to
complement the standard clinical workup, providing additional insight into the optimal
treatment strategy and evaluation of treatment efficacy.

Keywords: MRI, reactive hyperemia, blood flow, endothelial (dys)function, flow mediated dilatation, perfusion

INTRODUCTION

Blood flow is necessary to sustain life through the delivery of substrates for cellular metabolism
including oxygen and nutrients, and the removal of waste products. Regulation of blood flow
to tissue is a complex and dynamically controlled process mediated in large part by the
vascular endothelium (Furchgott and Zawadzki, 1980). Endothelial dysfunction, the phenotypic
presentation of a vasoconstricted, pro-inflammatory, thrombogenic state, underlies many diseases
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including atherosclerosis (Harrison et al., 1987) and diabetes
(Yamauchi et al., 1990), and is present in patients with
significant risk factors for cardiovascular disease including
smoking (Messner and Bernhard, 2014), aging (Lakatta and
Levy, 2003) and hypertension (Zeiher et al., 1993). A reduced
bioavailability or activity of nitric oxide is thought to be the
predominant mechanism underlying endothelial dysfunction,
resulting in reduced vasodilation and delayed vascular reactivity
(Davignon, 2004). Other articles in this special issue will focus on
the physiologic importance of mediators that maintain vascular
homeostasis in the microvasculature and endothelium, but
here, we briefly overview some emerging non-invasive magnetic
resonance imaging (MRI) methods to evaluate peripheral
vascular function in the context of injury and inflammation.

In general, assessment of endothelial function can be
accomplished by measuring the magnitude and temporal
dynamics of blood flow and oxygenation in response to a
vasoactive stimulus such as exercise, induced ischemia, or
chemical stimulation (e.g., Acetylcholine). To evaluate peripheral
vascular function, a reactive hyperemia protocol is commonly
used, in which the response following a period of induced
ischemia is interrogated (Figure 1). During the period of arterial
occlusion, blood flow in the arteries, capillaries, and veins is
suspended. The stagnant blood in the capillary bed is subjected
to continued oxygen extraction (in short, the desaturated blood
serves as an endogenous tracer), though the oxygen diffusion
gradient between blood and tissue decreases as a function of
ischemic duration (Lebon et al., 1998). Meanwhile, there is local
accumulation of vasodilators, activation of inwardly rectifying
potassium channels and Na + /K + -ATPase (Crecelius et al.,
2013), and a reduction in arteriolar pressure, causing an overall
decrease in vascular resistance (Carlsson et al., 1987). Following
cuff release, reactive hyperemia ensues with a transient surge of
macrovascular flow rate as much as five-fold increase owing to
the decrease in microvascular resistance downstream at the level
of the arterioles. This increase of blood flow also amplify shear
stress at the vessel wall, ultimately triggering additional arteriolar
vasodilation (Tagawa et al., 1994; Widlansky et al., 2003). The
return of blood flow causes an increase in perfusion, delivering
oxygenated blood to the ischemic tissue and driving out the
accumulated vasodilators and deoxygenated capillary blood. In
the presence of endothelial dysfunction, the reactive hyperemia
response in dampened and/or delayed (Fronek et al., 1973;
Lieberman et al., 1996; Ledermann et al., 2006; Isbell et al., 2007).
Changes in vascular reactivity may therefore provide insight into
early, sub-clinical disease states (Flammer et al., 2012).

Conventional physiologic measurements used to assess
surrogate markers of endothelial function include ultrasound
to quantify blood flow and arterial diameter, strain gauge
plethysmography to measure tissue perfusion, and invasive
catheterization for blood gas analysis to determine oxygen
saturation in the arteries and veins. Though commonly used
clinically for evaluation of anatomy, MRI technology is far
richer and has the greater potential to quantify a spectrum
of physiologic parameters of interest, non-invasively across
multiple vascular beds in a single session. Other imaging
modalities including contrast-enhanced MRI (Isbell et al., 2007;

FIGURE 1 | Time course oxygen saturation and blood flow over a reactive
hyperemia protocol. (Top) Illustration of hemoglobin oxygen saturation
(%HbO2) measured in the artery, proximal to the cuff (red), capillary (black
dotted line), and venous (blue) circulations. During the period of ischemia,
arterial and venous %HbO2 remain constant, but progressively decreases in
the stagnant blood in the capillaries. Upon cuff release, the deoxygenated
blood from the capillaries serves as an endogenous tracer and can be tracked
as it flows into the large draining veins. The capillary bed and venous oxygen
saturations surpass the baseline condition during hyperemia. (Bottom) Blood
flow velocity and tissue perfusion decrease from the relative low baseline value
to approximately zero during induced ischemia. Following cuff release, there is
a transient surge in arterial flow velocity, which translates to increased
perfusion, albeit at a slight lag. This figure shows the mean arterial velocity
averaged over a cardiac cycle (dark red) and the real-time flow waveform (light
red). The arterial flow waveform, initially triphasic at rest in healthy subjects,
becomes entirely antegrade during the period of hyperemia. Dynamic,
temporally resolved MRI methods can quantify various aspects of the
illustrated processes. Figure adapted from Englund et al. (2013) and Englund
et al. (2016) with permission.

Zhang et al., 2019), positron emission tomography (PET)
(Heinonen et al., 2010), near infrared spectroscopy (NIRS)
(Nioka et al., 2006; Baker et al., 2017), and ultrasound (Celermajer
et al., 1992) have also been used to evaluate peripheral vascular
function. However, non-contrast MRI has the advantage of
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being spatially resolved (unlike plethysmography) with a fixed
frame of reference (compared to NIRS or ultrasound) and is
entirely non-invasive (compared to contrast-enhanced MRI or
catheterization) and does not expose the subjects to ionizing
radiation (in contrast to PET). Specific tailoring of the MRI pulse
sequence allows for quantification of various parameters which
can be expressed in physiologic units, including for instance,
blood flow velocity (cm/s) or flow rate (mL/min), tissue perfusion
(mL/min/100g), and oxygen saturation (% hemoglobin oxygen
saturation, %HbO2).

Here, we review recent developments and results from
quantitative, dynamic, non-contrast MRI studies for evaluation
of vascular function and reactivity including blood oxygen
level-dependent (BOLD) imaging, arterial spin labeling (ASL),
phase contrast (PC), including MR-measured pulse wave velocity
(PWV), luminal flow mediated dilation (FMD), and dynamic
MR oximetry, summarized in Table 1. The goal of this
manuscript is to introduce the reader to these MRI methods
and to review studies that have employed these methods as
biomarkers of disease presence, severity, and in the evaluation of
treatment response.

BOLD MRI TO ASSESS CAPILLARY
OXYGEN CONTENT

The most widely used MRI method to evaluate changes in blood
flow and oxygenation is the measurement of the BOLD response
(Raichle, 1998; Kim and Ogawa, 2012). BOLD MRI is perhaps
best known as the basis for functional neuroimaging experiments,
providing insight into patterns of neural activity in response to a
specified task (Glover, 2011). Similar principles may be applied
to the peripheral circulation, allowing BOLD MRI of skeletal
muscle to inform on vasoactive changes in response to exercise
or induced ischemia.

The BOLD signal arises due to changes in the local
content of paramagnetic deoxyhemoglobin. In the context of
a reactive hyperemia paradigm, during the period of induced
ischemia constant oxidative metabolism in nearby cells will

TABLE 1 | Summary of MRI methods to dynamically evaluate vascular function.

MR
method

Measurement Units Site Typical
temporal
resolution

BOLD Relative capillary
bed oxygen
content

% change from
baseline

Microvasculature 1–2 s

ASL Tissue perfusion mL/min/100g Microvasculature 2–16 s

PC Blood flow velocity,
flow rate, PWV

cm/s or mL/min Large arteries,
veins

5–60 ms

FMD Vessel diameter or
area

% change from
baseline

Large arteries 12 s

Oximetry Hemoglobin
oxygen saturation

%HbO2 Microvasculature or
large draining veins

2–228 s

BOLD, blood oxygen level-dependent; ASL, arterial spin labeling; PC, phase
contrast; PWV, pulse wave velocity; FMD, flow-mediated dilation.

cause blood in the capillary bed to desaturate, increasing the
local concentration of deoxyhemoglobin. This accumulation of
paramagnetic deoxyhemoglobin will cause the local magnetic
field to become more inhomogeneous, ultimately leading
to faster decay of the MR signal (e.g., decreased effective
transverse relaxation time, T2

∗). Following release of the cuff,
the surge of oxygenated blood decreases the concentration of
deoxyhemoglobin in the capillaries (increasing T2

∗), while at
the same time, expanding the blood volume, which tends to
decrease T2

∗. Thus, the BOLD signal serves as a surrogate marker
of capillary bed oxygen content, mediated by both changes
in blood flow/volume and oxygen extraction. Complicating
the physiologic interpretation even more, BOLD signal is also
sensitive to changes in cellular pH, vessel diameter, and vessel
orientation (Lebon et al., 1998; Damon et al., 2007; Sanchez et al.,
2010; Partovi et al., 2012a), and is significantly impacted by static
magnetic field inhomogeneities.

Despite the complicated origin of the BOLD signal, its
implementation is quite straightforward. Gradient-recalled echo
MR images are acquired with echo time approximately equal
to the expected T2

∗ (yielding T2
∗- or BOLD-weighted images),

or with multiple echoes to quantify T2
∗ from the rate of signal

decay. The dynamic data, generally measured at a temporal
resolution of 1 s (Huegli et al., 2008; Schulte et al., 2008; Kos
et al., 2009; Towse et al., 2016; Tonson et al., 2017; Larsen
et al., 2019), are normalized by the baseline signal intensity
and the relative changes in response to the vasoactive stimulus
(e.g., exercise or induced ischemia) are then evaluated. The
relative magnitude of the response (e.g., maximum signal change
following cuff release/exercise, or minimum during induced
ischemia) and the temporal response kinetics (e.g., time to half
maximum/minimum, time to peak response) provide insight into
the combined blood flow and oxygenation responses that are
occurring locally at the level of the capillary bed.

Early manifestations of endothelial dysfunction, even in the
absence of overt cardiovascular disease, have been observed with
BOLD MRI. In general, those with risk factors for cardiovascular
disease such as older subjects versus younger individuals (Schulte
et al., 2008; Kos et al., 2009) and smokers compared to non-
smokers (Nishii et al., 2015), demonstrated a blunting and
delay of the BOLD response following induced ischemia (i.e.,
reactive hyperemia). In addition, impaired vascular function
has been observed from BOLD imaging in clinically overt
diseases including peripheral artery disease (PAD) (Ledermann
et al., 2006; Englund et al., 2015; Li et al., 2016; Bakermans
et al., 2019), critical limb ischemia (CLI) (Huegli et al., 2008),
and systemic sclerosis (Partovi et al., 2012b, 2013). Assessment
of treatment response following percutaneous transluminal
angioplasty in patients with CLI (Huegli et al., 2008; Bajwa et al.,
2016), showed that patients had improvements in the reactive
hyperemia response as assessed by BOLD imaging. Another
recent study used BOLD MRI to investigate the therapeutic effect
of antioxidants on the response to exercise and induced ischemia
following eccentric exercise, but contrary to their hypothesis
found no significant effect (Larsen et al., 2019).

These results are, in general, promising for the use of BOLD
imaging during reactive hyperemia as a biomarker for disease
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progression and therapeutic response, particularly due to the ease
of implementation. However, the BOLD response is inherently
measured relative to some initial condition, is not quantified in
physiologic units, and it is difficult to separate the contributions
of flow and oxygenation changes to the measured signal.

ASL MRI FOR PERFUSION
QUANTIFICATION

To quantify tissue perfusion in physiologically relevant units,
another type of non-contrast MRI acquisition, ASL, can be used
(Detre et al., 1992; Williams et al., 1992; Kim, 1995; Kim et al.,
1997; Wong et al., 1997). In ASL, a magnetic label (i.e., inversion
pulse) is applied to water protons in arterial blood, allowing the
blood, serving as an endogenous tracer, to be tracked as it flows
from the large arteries into the capillary bed and perfuses the
tissue. The perfusion signal is isolated by pairwise subtraction
between two images, the second acquired without application
of the arterial tagging pulse. The difference between these two
images removes the contribution from static background tissue,
leaving behind only signal related to perfusion of the labeled
blood. This signal can be converted into perfusion in physiologic
units of mL/min/100g through application of various models that
describe the exchange of the labeled protons between arterial
blood and tissue (Buxton et al., 1998; Raynaud et al., 2001;
Alsop et al., 2014).

In reactive hyperemia experiments, the time course of
perfusion, measured at temporal resolution up to 2 s (e.g.,
Englund et al., 2016) is analyzed to determine the speed (e.g.,
time to peak), and magnitude (e.g., peak hyperemic flow) of the
post-ischemic perfusion response. Unlike BOLD, the magnitude
of the response quantifies the amount of tissue perfusion, and the
timing is unimpacted by the concurrent changes in capillary bed
oxygen saturation. Prior studies have uncovered an association
between these ASL-based measures and PAD disease presence
and severity (Wu et al., 2009; Englund et al., 2015). Compared
to healthy controls, patients with PAD had a decrease in peak
perfusion, and with worsening disease severity, there was a
prolongation of the time to peak perfusion.

In addition to the muscles of the leg, perfusion of the foot has
also been interrogated (Zheng et al., 2014), finding that patients
with diabetes had impaired perfusion following toe extension
exercise compared to healthy controls. Finally, investigation
of the impact of percutaneous transluminal angioplasty with
reactive hyperemia ASL measurements showed that patients with
CLI had improvements in perfusion in some but not all muscles
following intervention (Grözinger et al., 2013), which may be
reflective of the heterogeneity seen between muscles prior to
intervention (Wu et al., 2008, 2009).

While ASL measures microvascular perfusion, the blood
flow response in the capillary bed following induced ischemia
is mediated by both the macro- and microvascular reactivity.
This means that it’s not possible to separate the effects from
macrovascular stenoses from potential primary microvascular
dysfunction. In PAD, the macrovascular lesions are generally
unmodified by conservative therapies such as exercise (Sanne and

Sivertsson, 1968), thus there is significant interest in isolating
the microvascular response. Efforts to disentangle these two
effects has come in the form of physiologic models of the
reactive hyperemia perfusion response (Chen and Wright, 2017),
or through simultaneous measurement of microvascular and
macrovascular blood flow responses (Englund et al., 2017).
Additional work to clearly define and isolate the microvascular
contribution is necessary.

PHASE CONTRAST MRI FOR
QUANTIFICATION OF
MACROVASCULAR FLOW

In addition to quantifying perfusion in the microcirculation, MRI
can also be used to measure blood flow in the large arteries
and veins via PC. In PC-MRI, magnetic field gradients are
used to encode the motion of the water protons into the signal
phase (Moran, 1982; Bryant et al., 1984; Moran et al., 1985).
A thorough technical explanation of PC-MRI can be found in
Nayak et al. (2015), but briefly, application of bi-polar magnetic
field gradients will impart a residual phase offset in moving
protons relative to static tissue as a function of velocity and
gradient parameters (e.g., duration, temporal separation, and
strength). Since the timing and gradient strength are chosen pulse
sequence parameters, the measured phase can be converted to
velocity (in cm/s).

By gating the phase contrast acquisition to the
electrocardiogram, time-resolved images of blood flow
throughout the cardiac cycle can be reconstructed (Nayler
et al., 1986). Acquisition generally takes several seconds to
minutes depending on the desired apparent temporal resolution,
as data are sampled over several heartbeats and synthesized
together to create images over the cardiac cycle. In young
healthy subjects, the baseline flow waveform of arteries in the
high-resistance peripheral circulation (e.g., superficial femoral
artery) is triphasic, with high velocity antegrade flow during
the systolic phase of the cardiac cycle, followed by retrograde
flow during early and late diastole, respectively. In contrast,
patients with flow-limiting stenoses in the peripheral arteries
generally have a monophasic flow waveform, attributed to
decreased vascular resistance distal to the stenosis (Akbari,
2012). In these patients, the flow profile loses the retrograde flow
during diastole, remaining antegrade throughout the cardiac
cycle (Bernstein et al., 1970; Mohajer et al., 2006; Langham et al.,
2013a; Versluis et al., 2014).

Furthering this technique, velocity vector components can be
resolved by encoding motion in each of the three directions in
succession, and if 3-dimensional spatial encoding is implemented
at the same time, 4D flow images can be reconstructed (i.e.,
velocity vector is time-resolved (Buonocore, 1998; Frydrychowicz
et al., 2007). 4D flow MRI data allow assessment of complex flow
dynamics and can provide striking visualization of the impact of
macrovascular lesions, showing flow jets, vortices, and areas of
turbulence, which may be useful for understanding the patterns
of atherosclerotic plaque development (Markl et al., 2012).
Additionally, simultaneous quantification of the temporally
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resolved blood flow waveform at two distinct locations along
the artery of interest can be used to compute PWV, a measure
of arterial stiffness (Wentland et al., 2014). In contrast to the
traditional arterial applanation tonometry, MR-measured PWV
is not limited to superficial arteries, can provide accurate path
length measurements, and can probe shorter segments of the
artery, providing regional PWV of the aortic arch or femoral
artery (Langham et al., 2011).

In addition to this baseline characterization of the arterial
flow waveform, the dynamics of the arterial blood flow response
during reactive hyperemia (Mohiaddin et al., 2002; Langham
et al., 2010b, 2013a, 2015) or following exercise (Englund
et al., 2017) provide insight into endothelial function, vascular
reactivity, and flow reserve (Versluis et al., 2012). By quantifying
macrovascular blood flow dynamically in the feeding artery, the
time to peak flow and the duration of forward flow can be
measured. These parameters are increased in the presence of PAD
(Langham et al., 2013a) and are sensitive to early changes in
endothelial function that occur with smoking, aging (Langham
et al., 2015), and have recently been shown to be acutely
impaired following nicotine-free e-cigarette aerosol inhalation
(Caporale et al., 2019).

FLOW-MEDIATED DILATION FOR
EVALUATION OF ENDOTHELIAL
FUNCTION

Perhaps the most widely studied surrogate marker of endothelial
function is ultrasound measurements of FMD in the brachial
artery following cuff-induced ischemia (Celermajer et al., 1992).
While often regarded as an effective surrogate marker for
endothelial function (or dysfunction), the method’s poor intra-
subject reproducibility (Hardie et al., 1997) plague brachial
artery FMD. The reported coefficients of variation of FMD
measurements vary widely from as little as 1.5% to approximately
50% in others (Sorensen et al., 1995; Andrews et al., 1997; Hardie
et al., 1997; de Roos et al., 2001). This limitation is magnified since
the average magnitude of FMD is approximately 5% (Boushel and
Piantadosi, 2000) and ultrasound settings such as dynamic range,
gain and probe distance are known to significantly affect diameter
measurements (Potter et al., 2008). For these reasons, the value of
ultrasound-based FMD measurement in routine clinical practice
has been put into question (Bhagat et al., 1997; Pyke and
Tschakovsky, 2005; Sejda et al., 2005) since its introduction
over 25 years ago.

Magnetic resonance imaging (MRI) can also be used to
quantify vessel cross-sectional area through a variety of measures
including phase contrast angiography (Silber et al., 2001), high-
resolution cine bright-blood imaging (Wiesmann et al., 2004),
and dynamic vessel wall imaging methods (Langham et al.,
2013b). In addition to the measurement of vessel diameter
needed for FMD quantification, these MRI methods, depending
on the sequence used, can be used to evaluate the vessel
wall or flow dynamics. Brachial artery FMD measured by
MRI was found to be lower in smokers compared to non-
smokers (Wiesmann et al., 2004), and in long-term users of

birth control (contraceptive depot medroxyprogesterone acetate)
during menstruation compared to control women with no intake
of progestogens (Sorensen et al., 2002).

A new approach to rapidly acquire high-resolution vessel-wall
images to assess plaque burden in PAD have been modified to
quantify superficial femoral artery FMD at 60, 90, and 120 s after
cuff release (Langham et al., 2013b, 2016). Of note is that the
luminal FMD (denoted FMDL), consisting of a measurement of
the change in cross-sectional area (FMDL ≡ δA/Ao ≈ 2δr/ro),
where δr and r0 are the changes in radius, and radius at
rest, respectively, yields greater detection sensitivity compared
to ultrasound-based-measurement of the change in arterial
diameter, i.e., FMD ≡ δd/d0 = δr/ro. Recent work indicates that
the superficial femoral artery FMDL is sensitive enough to
detect acute effects of nicotine-free electronic cigarette aerosol
inhalation (Caporale et al., 2019).

DYNAMIC OXIMETRY FOR
QUANTIFICATION OF VASCULAR
REACTIVITY

While the previous methods generally focused on the dynamic
quantification of blood flow, measurement of blood oxygen
saturation (e.g., %HbO2) may also be useful for understanding
the underlying tissue metabolism. Differences in the magnetic
susceptibility of oxygenated and deoxygenated hemoglobin
(Pauling and Coryell, 1936) can be exploited to quantify %HbO2
in the microvasculature based on the irreversible transverse
relaxation time, T2’ (He and Yablonskiy, 2006), or %HbO2 in
large vessels via T2- (Lu and Ge, 2008) or MR susceptometry-
(Haacke et al., 1997; Fernández-Seara et al., 2006) based oximetry.
Furthermore, when these measures of oxygen extraction are
combined with the previously described measures of blood
flow, the muscle oxidative metabolism can be computed via
Fick’s principle (Zheng et al., 2013; Mathewson et al., 2014;
Englund et al., 2017).

In addition, temporally resolved measurement of intravascular
venous oxygen saturation (SvO2) throughout an ischemia-
reperfusion paradigm allows for the intravascular blood to
act as an endogenous tracer as it transits from the capillary
bed to the large draining vein. During the period of induced
ischemia, oxygen extraction continues in the stationary blood of
the capillary bed and upon cuff release, the hyperemic arterial
inflow drives deoxygenated blood from the capillary bed into
the collecting veins, causing the measured SvO2 to drop sharply
(Langham et al., 2010a, 2013a, 2015; Langham and Wehrli, 2011).
Thus blood flow, tissue metabolism, and endothelium-mediated
dilation underlie the measured SvO2 dynamics measured in the
large draining vein.

Washout time (time to minimum SvO2), upslope –
representing the rate of resaturation (maximum slope during
recovery), and overshoot (peak SvO2 minus baseline SvO2) can
be extracted from the SvO2 time course data. These metrics
reflect the reactivity of the microvessels to NO-mediated
vasodilation. Langham et al. revealed an association between
alterations in the SvO2 time course-derived metrics in the
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femoral (Langham et al., 2010a; Langham and Wehrli, 2011) or
posterior tibial (Englund et al., 2015) veins and the presence
of PAD. Compared to age-matched healthy controls and young
healthy subjects, patients with PAD had a longer washout time,
diminished upslope, and lower overshoot, suggesting endothelial
dysfunction. Furthermore, these dynamic measurement of SvO2
are altered in pre-clinical disease states including aging and
smoking (Langham et al., 2015), and most recently have been
shown to be sensitive to acute effects of nicotine-free e-cig aerosol
inhalation (Caporale et al., 2019).

DISCUSSION

The methods and results described herein illustrate the vast
capability of MRI for dynamic evaluation of endothelial function.
While there are many other approaches to quantify blood flow,
arterial diameter, or oxygen saturation, MR imaging is the only
modality capable of providing all parameters, non-invasively,
without being limited by depth or radiation exposure. However,
many of the described methods are not standard acquisition
schemes available on clinical MRI scanners. Thus, there is a
need for open-access to the acquisition and image analysis
software packages, which would help to expand the availability
of these advanced methods to researchers without dedicated MR
physicists and image analysis experts.

In general, the findings reviewed herein revealed that the
reactive hyperemia response was blunted and delayed in various
diseases and conditions with underlying endothelial dysfunction,
regardless of the measurement method, corroborating prior
non-MR-based research (e.g., Fronek et al., 1973). While these
methods have been described in the context of investigation of
peripheral vascular function, similar strategies could be used to
measure cerebrovascular reactivity albeit in response to different
vasoactive stimuli (Fisher et al., 2018).

Use of MRI and selection of imaging contrast may
ultimately help to unveil the mechanism of action for

disease progression or therapeutic response. For example,
it is known that exercise improves pain-limited walking
distance in patients with PAD (Murphy et al., 2012), but the
mechanism is not entirely understood. Using MRI, changes
in tissue perfusion could be used to assess the contribution
of microvascular angiogenesis, while measurement of venous
oxygen saturation may provide insight into changes in the
mitochondrial efficiency and metabolic processes, and the
combined effect of these factors may be unveiled by BOLD
imaging. Finally, MR-measured perfusion, FMD, and oximetry
could replace plethysmography, ultrasound, or invasive catheter-
based measures for studies investigating the specific signaling
pathways involved in vasodilation (e.g., Crecelius et al., 2013), or
the effect of dietary supplements on blood flow during exercise
(e.g., Richards et al., 2018).

The methods described herein have thus far been largely
relegated to the realm of research. Use as a clinical tool and
biomarker for disease progression and therapeutic response
mandates that the accuracy, precision, and repeatability of the
measurements be well documented, and that the methods be
accessible on clinical scanners. Future studies combining such
MRI methods with clinical measures and outcomes will help to
define the additive benefit of these imaging metrics in cohorts of
subjects as well as individual patients.
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Graft rejection remains the major obstacle after vascularized solid organ transplantation.
Endothelial cells, which form the interface between the transplanted graft and the
host’s immunity, are the first target for host immune cells. During acute cellular
rejection endothelial cells are directly attacked by HLA I and II-recognizing NK cells,
macrophages, and T cells, and activation of the complement system leads to endothelial
cell lysis. The established forms of immunosuppressive therapy provide effective
treatment options, but the treatment of chronic rejection of solid organs remains
challenging. Chronic rejection is mainly based on production of donor-specific antibodies
that induce endothelial cell activation—a condition which phenotypically resembles
chronic inflammation. Activated endothelial cells produce chemokines, and expression
of adhesion molecules increases. Due to this pro-inflammatory microenvironment,
leukocytes are recruited and transmigrate from the bloodstream across the endothelial
monolayer into the vessel wall. This mononuclear infiltrate is a hallmark of transplant
vasculopathy. Furthermore, expression profiles of different cytokines serve as clinical
markers for the patient’s outcome. Besides their effects on immune cells, activated
endothelial cells support the migration and proliferation of vascular smooth muscle
cells. In turn, muscle cell recruitment leads to neointima formation followed by reduction
in organ perfusion and eventually results in tissue injury. Activation of endothelial cells
involves antibody ligation to the surface of endothelial cells. Subsequently, intracellular
signaling pathways are initiated. These signaling cascades may serve as targets to
prevent or treat adverse effects in antibody-activated endothelial cells. Preventive
or therapeutic strategies for chronic rejection can be investigated in sophisticated
mouse models of transplant vasculopathy, mimicking interactions between immune cells
and endothelium.

Keywords: endothelial activation, donor-specific antibodies, transplant vasculopathy, vascular signaling, HLA I
and II

INTRODUCTION

Endothelial cells (ECs) are semiprofessional antigen-presenting cells; furthermore they express
all major sets of antigens that can be recognized by immune cells. Therefore, they constitute a
preferential target in vascularized grafts for the host immune system to discriminate between self
and non-self (Piotti et al., 2014). Various transplantation-dependent factors lead to EC activation,
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and upon reperfusion ECs themselves trigger T cell co-
stimulation and specific immune cell activation. It has been
shown in vitro that the co-stimulation properties of ECs are
influenced by their vascular origin, the presented antigen, and
the maturity of the T cell (Rothermel et al., 2004). So far,
rejection after allogeneic solid organ transplantation remains the
major limiting factor for graft survival. Allograft rejection can be
categorized as hyperacute, acute, or chronic, depending on the
time of onset after the transplant procedure. In addition, it can
be classified on the basis of the principal mechanism, such as
cell-mediated or antibody-mediated rejection.

Preformed Antibodies Against ECs Elicit
Hyperacute Rejection
In vascularized grafts, hyperacute rejection is seen within
minutes after organ reperfusion. The underlying mechanism
is the presence of preformed anti-donor specific antibodies
in the recipient prior to transplantation (Moreau et al.,
2013). Common reasons for these preformed antibodies
are previous blood transfusions, transplantations, and in
women, a history of one or more pregnancies. The preformed
anti-donor specific antibodies are directed against ECs and
other vascular cells. Deposition of antibodies on the EC
surface is sufficient to activate the complement system, both
distinct mechanisms result in formation of an interstitial
neutrophilic infiltrate, intravascular platelet adhesion, and
aggregation. One observation, specific for hyperacute rejection
after lung transplantation, is diffuse alveolar damage promoted
by donor-specific IgG antibodies that induce T cell-mediated
lymphocytotoxicity (Frost et al., 1996). In addition to its
effects on immune cells and platelets, the activated complement
system initiates an enzymatic cascade that forms the membrane
attack complex (MAC), resulting in pores in the plasma
membrane of ECs and subsequent cell lysis (Wehner et al.,
2007). Nowadays hyperacute organ rejection has become rare
because the detection of anti-donor specific antibodies is a
routine procedure performed before any organ transplantation
(Moreau et al., 2013).

T Cell- and B Cell-Dependent Pathways
Contribute to Acute Rejection
Whereas hyperacute rejection occurs within the first few minutes
after organ reperfusion, acute rejection refers to graft rejection
days or months after transplantation (Mengel et al., 2012).
While features of adaptive immunity are used to describe and
characterize acute rejection, the innate immune system also
plays a crucial role in acute transplant rejection. Importantly,
its effects are in part independent of adaptive immunity.
For example, in mice lacking an adaptive immune system
but developing normal NK and myeloid cell compartments,
pro-inflammatory cytokines, such as interleukin-1β (IL-1β)
and interleukin-6 (IL-6), are significantly upregulated after
heterotopic heart transplantation (He et al., 2003). Besides several
immunological factors there are various non-immunological
factors, e.g., ischemia–reperfusion (I/R) injury or infections
during transplantation, that are harmful to graft ECs (Chong

and Alegre, 2012; Krezdorn et al., 2017). Similar to hyperacute
rejection, acute rejection can arise in a T cell-mediated
fashion, the so-called acute cellular rejection or in a B cell-
dependent mechanism termed antibody-mediated rejection. The
two mechanisms can occur independently of each other, but
the immunological pathways of acute cellular rejection and
antibody-mediated rejection overlap (Moreau et al., 2013).
In acute cellular rejection, there are two known antigen-
dependent T cell-activating pathways. In the direct pathway,
T cells of the host immune system recognize intact foreign
HLA: antigen complexes presented on the surface of donor-
derived antigen presenting cells (APCs) in the host lymphoid
organs. In contrast, in the indirect pathway, recipient T cells
recognize fragments of donor HLA peptides bound to HLA
molecules on recipient APCs (Ochando et al., 2006). Both
pathways contribute to B cell activation which plays a crucial
role in developing antibody-mediated rejection. Antibody-
mediated rejection is driven by generation of antibodies
directed against HLA I and HLA II molecules or other
immunogenic targets on the surface of graft ECs. In early
antibody-mediated rejection, de novo synthesized donor-specific
antibodies against HLA I and HLA II molecules are equally
common. During late antibody-mediated rejection, however,
donor-specific antibodies are mainly directed against HLA II
molecules. This finding is interpreted as an indicator for two
distinct pathways in the development of antibody-mediated
rejection (Walsh et al., 2011). Persistent occurrence of antibodies
against the graft endothelium results in chronic antibody-
mediated rejection.

The past few years have seen improvements in
immunosuppressive therapies and concepts to tackle acute
rejection. As a result, acute rejection is now seen in less
than 15% of patients that lack preformed anti-donor
specific antibodies. With fewer episodes of acute rejection
and improved short-term graft survival, chronic rejection
has become increasingly relevant (Najarian et al., 1985;
Gonzalez-Molina et al., 2014).

Chronic Rejection Arises From
Persistent Inflammation of the
Endothelium
Chronic allograft rejection develops over a period of months
to years and is described as transplant vasculopathy (TV),
characterized by neointima formation. With further progression,
the luminal diameter decreases and the internal elastic lamina is
destroyed. Intima thickening, as a hallmark of TV, is manifested
by proliferation of myofibroblasts and accumulation of
extracellular matrix, both seen on histopathological examination.
TV is found as bronchiolitis obliterans syndrome (BOS) in
lung transplantation, as cardiac allograft vasculopathy after
cardiac transplantation, and as renal transplant arteriosclerosis
following kidney transplantation (Pedagogos et al., 1997; Pilmore
et al., 2000). One risk factor for the development of chronic
rejection is the occurrence of donor-specific antibodies. In a
prospective, single-center cohort study, 47% of the patients
were serum positive for antibodies against graft ECs after lung
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transplantation (Tikkanen et al., 2016).This agreed with an earlier
study’s finding of a negative correlation between the appearance
of anti-donor specific antibodies and graft survival (Mao
et al., 2007). Antibodies against the major histocompatibility
complex (MHC) I can elicit chronic allograft rejection in mice
lacking functional T and B cells (Uehara et al., 2007). Even
in the absence of an intact complement system, one of the
generally accepted criteria for antibody-mediated rejection, a
mononuclear infiltrate is formed by NK cells and macrophages
(Hirohashi et al., 2010).

Figure 1 provides an overview of the interplay of different
cellular compartments of the innate and adaptive immune system
as well as soluble factors such as antibodies and complement
factors. All of the pathways, starting with allorecognition of the
graft and leading to rejection, interfere with others. The time
of occurrence and concentration of each factor determine the
phenotype of rejection.

In acute inflammation, ECs undergo transcriptional and
translational changes and are converted into an activated
state. Activated ECs are phenotypically characterized by
increased permeability and cytokine release, enhanced
adhesiveness for leukocytes, and pro-thrombic features
(Pober and Cotran, 1990). These reactions serve to effectively
eliminate invading pathogens and destroy potentially
harmful agents. However, when the immune system fails
to resolve inflammation a chronic inflammatory state
will persist, involving subsequent destruction of primarily
unaffected tissue (Ryan and Majno, 1977). Altogether, ECs
in a transplanted solid organ can be activated during the
surgical procedure of transplantation, either by presenting
antigens bound to their HLA molecules or by antigens
expressed by themselves.

The major questions we address in this review include the
following:

• What are the main target structures on the vascular
endothelium of the transplanted organ that can be
recognized by immunological and non-immunological
factors?
• How will the endothelial phenotype be affected during

activation?
• What role plays the immune system during activation of

ECs and in organ rejection?
• How is the vascular structure altered due to organ rejection?
• What kind of research models do we have to address further

questions, and what are the advantages and limitations of
the different models?

IMMUNOLOGICAL ENDOTHELIAL
ACTIVATION FACTORS

A major goal after solid organ transplantation remains
prevention of an ongoing inflammatory process in the vessel
wall, which is the pathological correlate of chronic rejection.
Therefore, a reduced donor-specific immune response in a
mature immune system is desirable. Graft-infiltrating, innate

immune cells comprise a major pro-inflammatory stimulus
driving TV and putting graft function at risk.

Endothelial Interactions of Anti-HLA
Antibodies
It is established that antibodies against molecules of the
major histocompatibility complex (MHC), which is termed
human leukocyte antigen (HLA) in humans, play a critical
role in transplant rejection after solid organ transplantation
via fixation and activation of complement, which in turn
causes cytotoxicity in the graft endothelium (Patel and Terasaki,
1969). In addition to these so-called complement-dependent
effects, more recent evidence suggests that ligation of anti-HLA
antibodies can also cause complement-independent effects in
the graft endothelium via induction of intracellular signaling
cascades (Thomas et al., 2015). In particular, binding of anti-HLA
class I (HLA I) antibodies has been shown to cause phenotypical
alterations of the endothelium, including pro-inflammatory
activation via up-regulation of inducible pro-inflammatory
adhesion molecules and cytokines such as intercellular cell
adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1
(VCAM-1), and monocyte chemoattractant protein-1 (MCP-1)
(Naemi et al., 2013; Zilian et al., 2015), as well as increased
adhesion of inflammatory leukocytes via Fcγ receptor (FcγR)-
dependent mechanisms (Hirohashi et al., 2012; Valenzuela et al.,
2013b). Moreover, binding of anti-HLA I antibodies has been
associated with proliferation of ECs (Jindra et al., 2008; Thomas
et al., 2015). The complement-independent effects of anti-HLA
antibodies in ECs are mediated via activation of a variety
of signaling cascades including, but not limited to, mitogen-
activated protein (MAP) kinase pathway, the extracellular-
regulated kinase (ERK) pathway, and the nuclear factor (NF)-
kappa B and fibroblast growth factor (FGF) pathway (Thomas
et al., 2015). Another important intracellular signal transducer
in ECs is mechanistic target of rapamycin (mTOR). HLA I
crosslinking on ECs triggers mTOR/Rictor/Sin1 association,
which results in formation of mTORC2 complex (Jin et al., 2014).
Rearrangement of the cytoskeleton and cell migration is mediated
through activation of mTORC2 and the downstream-located Rho
GTPases. Furthermore, anti-HLA I antibodies mediate mTORC1
formation by inducing the mTOR-Raptor complex, resulting in
increased EC proliferation (Sarbassov et al., 2004). Binding of
anti-HLA I antibodies induces phosphorylation of Akt at Ser473
and ERK at Thr202/Tyr204, inducing expression of the anti-
apoptotic genes Bcl-2 and Bcl-xL (Jin et al., 2004). Another way
for anti-HLA I antibodies to induce EC proliferation is via the
generation of inositol phosphate, which serves as a messenger of
Akt signaling (Bian et al., 1997). In vitro treatment of ECs with
the mTOR inhibitors sirolimus and everolimus reduces monocyte
adhesion by repressing mTORC1- and mTORC2-dependent
pathways. Accordingly, administering mTOR inhibitors in a
mouse model of fully mismatched cardiac transplantation
results in reduced mononuclear infiltration (Salehi et al.,
2018). Furthermore, anti-HLA I antibodies induce tyrosine
phosphorylation of members of the Src family, regulating
complex signal transduction pathways (Jin et al., 2002). Activated
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FIGURE 1 | Overview of interactions of endothelial and immune cells leading to different forms of rejection after solid organ transplantation. EC, endothelial cell; C1,
complement factor; Ab, antibody; expr., expression; apopt., apoptotic (Piotti et al., 2014).

Src is required for phosphorylation of cortactin, an actin-binding
molecule, which is part of the adhesion molecule ICAM-1 cluster.
Phosphorylated cortactin stabilizes ICAM-1 clusters and induces
cytoskeletal remodeling with improved leukocyte transmigration
capacity (Yang et al., 2006). In contrast with the regulatory
events mediated by anti-HLA I antibodies in the endothelium,
the effects of anti-HLA II antibodies are less well established. Le
Bas-Bernadet and colleagues demonstrated that the monoclonal
HLA-DR antibody L243 caused differential effects in human
vascular ECs and B cells, such as activation of the protein kinase
C and protein kinase B/Akt signaling cascades (Le Bas-Bernardet
et al., 2004). A more recent report demonstrated that HLA
II antibody-dependent interaction with human ECs induced a
complex TH17 cell-dependent immunological mechanism that
might mediate humoral kidney transplant rejection. Specifically,
endothelial ligation of a monoclonal anti-HLA II antibody and
native allospecific anti-HLA II antibodies from patient sera
activated this pathway via up-regulation of interleukin (IL)-6 in
a co-culture model of a human EC line and primary peripheral

blood monocytes (Lion et al., 2016). Independently, Zhang and
colleagues have demonstrated that endothelial HLA II ligation
caused proliferation and migration of ECs via the induction of
a complex network of signaling cascades including Src, focal
adhesion kinase, phosphatidyl-inositol-3 kinase (PI3K), and ERK
(Jin et al., 2018). Finally, the monoclonal anti-HLA II antibody
L243 and native anti-HLA II antibodies from allosera have
recently been shown to cause complement-independent non-
apoptotic cytotoxicity in human ECs via a lysosomal membrane-
mediated cell death pathway (Aljabri et al., 2019).

Endothelial Interactions of Non-HLA
Antibodies
Numerous experimental and clinical studies have demonstrated
that antibodies directed against endothelial non-HLA antigens
are also critically involved in acute and chronic AMR after
transplantation of various solid organs (Opelz, 2005). However,
compared with anti-HLA antibodies, much less is known on the
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generation and functional significance of non-HLA antibodies in
transplant rejection.

Two major groups of non-HLA antibodies are known. The
first group is directed against polymorphic alloantigens, whereas
the second group interacts with a variety of autoantigens
of the endothelium (Zhang and Reed, 2016). A prototypical
alloantigen targeted by antibodies of the first group is
the endothelial MHC I chain-related gene A (MICA) (Zou
and Stastny, 2009). The clinical importance of antibodies
against MICA has been demonstrated in a study on kidney
transplant patients (Zou et al., 2007). Non-HLA antibodies of
the second group are directed against numerous endothelial
autoantigens, including several cell surface or intracellular
proteins (Dragun et al., 2016). Importantly, non-HLA antibodies
directed against autoantigens appear to be of major clinical
significance, because their presence in the circulation is
associated with adverse clinical outcome, as recently reported
by independent groups for renal transplantation (Cardinal
et al., 2017; Delville et al., 2019; Lefaucheur et al., 2019).
For example, an autoantigen targeted by non-HLA antibodies
is the G protein-coupled receptor anti-angiotensin type I
receptor (AT1R), which is critical for mediating the effects
of angiotensin II in blood vessels (Dragun et al., 2016).
The clinical significance of AT1R antibodies for rejection has
been demonstrated in kidney transplantation patients (Dragun
et al., 2005). Other examples of autoantigens targeted by non-
HLA antibodies include the endothelial receptor endothelin
type A receptor (ET1AR), perlecan, and endoglin (Dragun
et al., 2016). Interestingly, a large number of other non-HLA
candidate proteins that may serve as endothelial autoantigens
associated with transplant rejection have been identified by
array approaches (Li et al., 2009; Sigdel et al., 2012). The
mechanisms by which non-HLA antibodies mediate transplant
rejection are currently under intense investigation. Similar to
what has been explained for complement-independent signaling
of HLA antibodies in the endothelium, non-HLA antibodies
may mediate their detrimental effects in transplantation via
the induction of endothelial signal transduction (Zhang and
Reed, 2009). An important issue for future studies will be to
improve our understanding of the interrelationship of HLA
alloantibodies and non-HLA autoantibodies in the pathogenesis
of humoral rejection.

Figure 2 shows different effects of antibodies towards ECs.
Due to complement activation, antibodies may induce acute
rejection of the graft by directly damaging the endothelium or, if
the antibody titer reaches a sub-lytic level, EC expression profile
is altered, leading to a more chronic rejection phenotype.

NON-IMMUNOLOGICAL ENDOTHELIAL
ACTIVATION FACTORS

Non-immunological factors activating the endothelium of
vascular allografts are still not fully understood but have been best
investigated in cardiac, lung and renal transplantation. Activation
of ECs is a multifactorial process that is regularly initiated
long before the donor’s brain death. Factors associated with
critical illness, pain, infections, and treatment contribute to EC

FIGURE 2 | Schematic representation of known effects of antibodies towards
surface antigens on endothelial cells. Binding of antibodies can either leads to
acute rejection due to immune cell or complement mediated lysis or to a state
of chronic rejection due to endothelial cell activation (Colvin and Smith, 2005).
Elements of Figures 2, 3 and 4 were taken and adjusted from Servier Medical
Art at http://smart.servier.com, licensed under a Creative Commons
Attribution 3.0 Unported License.

activation. When brain death is diagnosed, the therapeutic goals
are revised with the aim of protecting organs from further adverse
events. Still, factors such as I/R injury and systemic inflammatory
reaction caused by the artificial surface of the cardiopulmonary
bypass (during heart transplantation) contribute to ongoing
endothelial injury.

Brain Death of Organ Donors Is the First
Inducer of Endothelial Dysfunction
During the Process of Transplantation
Organ donors are predominantly diagnosed with brain death
due to cerebral damage following intracranial bleeding or
trauma (McKeown et al., 2012). During this process, before
organ retrieval is initiated, the donor organism undergoes
profound systemic changes. Consequently, approximately 25%
of potential organ donors are excluded from explantation
due to hemodynamic instability (Szabo, 2004; Girlanda, 2016).
Furthermore, the process of organ retrieval—as a multi-visceral
operation—also causes systemic inflammation, altering vascular
structures, which requires intensive hemodynamic management
to minimize the risk of organ hypoperfusion, arrhythmia
or cardiac arrest.

Acute cerebral damage is immediately followed by a rapid
increase of intracranial pressure and is compensated by a
catecholamine storm, resulting in arterial hypertension and
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bradycardia (Smith, 2004). The acute catecholamine-mediated
compensatory mechanisms are followed by a loss of sympathetic
activity and consecutive peripheral vasodilatation with the risk
of hypoperfusion of possible allografts. Changes of plasma
catecholamines during the late phase after brain death result
in endothelial dysfunction (Szabo et al., 2002). Szabo et al.
established a canine model of induced brain death (inflation of a
subdural balloon) to assess coronary blood flow and the influence
of the endothelium on vasodilatation. Besides changes in blood
flow, the authors observed severe endothelial dysfunction by
impaired vasodilation caused by application of endothelium-
dependent acetylcholine (Szabo et al., 2002). The same group
demonstrated in a large animal model, that coronary blood
flow increases approximately threefold but drops significantly
below baseline levels as soon as the acute phase is over.
They hypothesized that nitric oxide supply improves endothelial
function, because after infusion of L-arginine, the substrate for
nitric oxide supply, the decrease in coronary blood flow was less
pronounced. They concluded that enhancement of endogenous
nitric oxide synthesis due to L-arginine treatment is beneficial for
endothelial function and thus for myocardial performance after
brain death (Szabo et al., 2006).

Takada et al. (1998) showed in a rat model, that experimentally
induced explosive brain death is followed by an up-regulation
of immunoregulatory and cell adhesion molecules (CAMs)
compared to animals with non-explosive brain death). They
postulated a preconditioning effect on allografts leading to
adverse donor–host reactions after transplantation. Segel et al.
found an abundance of CAMs and increased cytokine expression
in animal models of brain death and searched for an association
with endothelial dysfunction. Relative expression of ICAM-
1, VCAM-1, IL-1, and IL-6 mRNAs was significantly elevated
in brain-dead animals, while the hemodynamics remained
uncompromised (Segel et al., 2002). The authors concluded that
an increase in IL-1 might mediate the overexpression of the
adhesion molecules and IL-6 mRNAs. Similar effects have been
proven for humans by Mehra et al., who divided recipients
into groups that received cardiac allografts from donors with
either explosive or non-explosive brain death (EBD vs. non-
EBD). EBD was defined as acutely increased intracranial pressure
(Mehra et al., 2004). No significant differences were found
in posttransplant survival and distribution of immunological
and non-immunological variables between recipients of organs
from EBD donors and recipients of organs from non-EBD
donors. Interestingly, allografts from EBD donors demonstrated
advanced intimal thickening and a higher cardiac event rate, by
contrast with grafts from non-EBD donors. Consequently, hearts
from donors with EBD had lower organ survival than those from
non-EBD donors. These findings were attributed to a release of
cytokines following leukocyte activation in vascular beds of all
peripheral organs including the heart (Mehra et al., 2004).

Koo et al. (1999) found lower E-selectin, DR locus of HLA
(HLA-DR), ICAM-1, and VCAM-1 expression in biopsies from
human living-related kidney donors than from cadaveric donors,
which may be associated with beneficial graft survival). Similar
findings were also observed in cadaveric and living-donor livers
before transplantation (Jassem et al., 2003). These results are

further supported by Anyanwu et al. (2002) investigating domino
hearts (living-related heart transplantation from recipients who
require heart-lung transplantation). Domino hearts also tend to
develop less allograft vasculopathy than cadaveric grafts.

Ex vivo lung perfusion models have widely been used to
assess endothelial activation during transplantation in lungs. Park
et al. showed in a xenotransplant model, that nitric oxide donor
treatment reduced platelet adhesion and vascular resistance of
the lung (Park et al., 2015). Von Willebrand factor (vWF)
secretion from ECs was reduced; complement activation and
thrombin generation were inhibited. Another treatment strategy
to prevent EC activation was investigated by Kim et al., who
showed that aurintricarboxylic acid (ATA), a platelet inhibitor,
significantly inhibited tumor necrosis factor alpha (TNF-α)-
or lipopolysaccharide-induced endothelial E-selectin expression.
As a result of inhibited E-selectin expression, adhesiveness of
monocyte to ECs was impeded (Kim et al., 2008). Thrombin-
induced vWF secretion and complement activation were reduced,
although in vitro findings revealed that ATA induced endothelial
tissue factor expression and platelet activation (Kim et al., 2008).

Altogether, ECs of transplanted organs are already affected
during brain death and before the process of transplantation is
initiated. This leads to EC activation and facilitates increased
leukocyte–endothelial interactions. Thus, treatment of organ
donors prior to explantation focuses on prevention of vascular
allograft injury and needs to be developed further.

I/R Injury Contributes to Further
Endothelial Activation After
Transplantation
Another non-immunological factor that causes endothelial
dysfunction is I/R injury. Reperfusion injury develops hours
or days after the initial phase of blood flow suppression or
disruption during organ explantation and occurs either as
cold or warm ischemia. Despite restoration of flow, further
tissue and microcirculation injury occurs during reperfusion.
The associated damage even exceeds the injury during the
initial ischemic phase. Within the damaged tissue, apoptosis,
autophagy, and necrosis are induced concurrently to start repair
and regeneration processes. Predomination of regeneration
processes leads to organ survival, while prevailing damaging
processes result in organ failure (Nordling et al., 2018).

A common feature of graft I/R injury is increased
vascular permeability caused by endothelial dysfunction
and microvascular damage. The most important factor is the
adhesion of neutrophils to the activated endothelium. Neutrophil
adhesion to ECs is mediated by interactions between CAMs on
the surface of neutrophils and ECs, e.g., P-selectin, E-selectin,
and ICAM-1. The abundance of these factors depends strongly
on the local tissue conditions after explantation, e.g., time of
ischemia (Tsukimori et al., 2008). P-selectin expression occurs
acutely following I/R injury due to its storage in preformed
intracellular Weibel–Palade bodies, whereas expression of other
CAMs is delayed depending on their translation process.

Neutrophil–EC adherence not only provides physical
interactions but also results in altered intracellular signaling
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in both cell populations (Saragih et al., 2014). For instance,
adhesion of neutrophils to ECs induces intracellular Ca2+

increases, F-actin stress fiber formation, myosin light chain
kinase activation, and isometric tension generation in ECs
(Wang and Doerschuk, 2000). In addition to these structural
changes in the endothelium, neutrophil adherence to activated
ECs induces reactive oxygen species (ROS) production only
in ECs, not in neutrophils. Due to increased ROS production,
neutrophil–EC interactions lead to typical necrosis (Francis and
Baynosa, 2017). This appears to mediate cytoskeletal remodeling,
which may stimulate subsequent inflammatory responses.

Ischemic injury and the subsequent interaction between
immune cells and ECs cannot fully explain the damage observed
during I/R injury. Several non-immunological conditions play a
pivotal role. This includes pro-coagulatory and pro-thrombotic
changes on the surface of the endothelium, resulting in vascular
occlusion (Nordling et al., 2015).

Recent studies have shown that a healthy EC layer is the
most important factor in maintaining proper control over
inflammation and hemostasis, as described above. Alphonsus
and Rodseth showed that the endothelial glycocalyx (eGC)
modulates vascular homeostasis through its physical barrier
properties (Alphonsus and Rodseth, 2014). Mounting evidence
suggests that I/R injury causes the degradation of eGC, associated
with postischemic oxidative stress and increased leukocyte
and platelet adhesion. ROS may account for damage to the
eGC as well (Kolarova et al., 2014). In patients suffering from
sepsis, an ablated layer of eGC is negatively correlated with
leukocyte–endothelial interactions, thrombogenicity, and
vascular permeability. These effects could be reversed when the
eGC was restored. Degradation of eGC reinforces plasminogen
activator inhibitor-1 release and ICAM-1 expression, with
the consequence of intensified attachment of monocytes to
ECs. Furthermore, reduced eGC is associated with increased
endothelial nitric oxide synthase (eNOS) activity, which
is associated with impaired vascular homeostasis. These
findings illustrate that physical factors also make an important
contribution to regulation of the vascular inflammatory
responses and blood clotting function (Cao et al., 2019).

Other work has highlighted that stressed ECs release high
quantities of adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) into the extracellular environment. These
mediators act as early stimulators of inflammatory responses,
which, in turn, catalyze additional platelet aggregation, resulting
in microthrombus formation and further microvascular damage.
ATP and ADP can also directly stimulate macrophages and
neutrophils to release pro-inflammatory mediators and express
leukocyte adhesion molecules (Sugimoto et al., 2009). In several
rodent transplantation models, a direct linear correlation was
found between cold ischemic time, I/R injury, and early allograft
dysfunction. Prolonged ischemic time was associated with
increased ROS production, cytokine expression, cardiomyocyte
apoptosis, and caspase activity (Yun et al., 2000; Krishnadasan
et al., 2004; Tanaka et al., 2005; Lemke et al., 2015).

To date, the treatment of I/R injury relies heavily on
immune-modulating drugs with undesirable side effects, but
recent studies suggest new therapeutic targets (Tarjus et al.,

2019). After renal transplantation, many patients develop
hypertension under treatment with the immunosuppressive
drug tacrolimus to suppress rejection. This is a risk factor
for allograft vasculopathy and lower overall patient survival,
but the underlying mechanisms have not yet been completely
elucidated. A decrease in production of the vasodilator nitric
oxide (NO) by eNOS has been suggested to be responsible for the
endothelial dysfunction and hypertension elicited by tacrolimus
(Cook et al., 2009). Therefore, immunosuppressive drugs are
suspected to amplify the damage to an already critically stressed
and dysfunctional endothelium. One potential new therapeutic
target could be the epithelial sodium channel (ENaC). Active
ENaC decreases eNOS activity and therefore reduces NO release,
which in turn leads to stiffer ECs. This could explain the
observed prevention of renal tubular injury and renal dysfunction
after kidney I/R injury in mice with endothelial αENaC
deficiency. Moreover, in human ECs, pharmacological ENaC
inhibition promoted eNOS coupling and activation, resulting
in NO release and vasodilatation. Altogether, the authors
conclude that endothelial αENaC influences vasoconstriction and
vasodilatation and plays an important role in recovery from
ischemic injury (Tarjus et al., 2019).

SOLUBLE FACTORS ORCHESTRATE
INTERPLAY BETWEEN ECs AND
IMMUNE CELLS

Chemokines
Besides their prominent effects on promoting signal transduction
between different cell populations, chemokines are also able to
induce angiogenesis and vascular remodeling (Belperio et al.,
2005). Chemokines, as well as their corresponding receptors, can
be expressed in a constitutive or inducible manner on leukocytes,
neurons, astrocytes, epithelial cells, or ECs and on vascular
smooth muscle cells (VSMCs).

In heart transplantation models of acute allograft rejection,
the chemokines CCL3 and CCL5 were upregulated and the
subsequent mononuclear infiltrate could be diminished by
blocking the CCL3 and CCL5 receptor CCR1 (Gao et al., 2000;
Horuk et al., 2001). Another chemokine that serves as immune
cell recruiter into the vessel wall during rejection is ITAC. In
a prospective study with patients suffering transplant coronary
artery disease, elevated peripheral blood levels of ITAC were
measured and could serve as a clinical marker for patients
at elevated risk of developing chronic rejection (Kao et al.,
2003). ITAC binds to CXCR3 receptors on immune cells, and
immunohistochemical analysis showed mononuclear infiltrates
of CXCR3+ cells within the vasculature (Kao et al., 2003).
In addition to chronic rejection after cardiac transplantation,
elevated levels of CXCR3 ligands were found in patients at high
risk of developing chronic lung allograft dysfunction. In this
setting, CXCR3 ligands serve as chemoattractants for activated
T and NK cells (Shino et al., 2017). CXCR3 and its ligands
are involved in a broad spectrum of inflammatory and/or
vasculature-affecting diseases (e.g., atherosclerosis, hepatitis, and
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systemic sclerosis). Therefore, preventing CXCR3 activation
might be a promising therapeutic approach to delay graft failure
(Van Raemdonck et al., 2015). On the other hand, modulation
of CXCR3 expression might be a therapeutic tool to orchestrate
recruitment of anti-inflammatory cells with the aim of resolving
the chronic inflammation state during organ rejection. Intensive
research efforts are being devoted to a next-generation DNA
methyltransferase inhibitor (DMTi) in breast cancer. DMTi
upregulates CXCR3 ligands and recruits CD8+ cells into the
tumor, thereby enhancing their anti-tumor immune capacity
(Luo et al., 2018).

If ECs are stimulated synergistically with IL-17 and TNF-
α, in vitro expression of the neutrophil-specific chemokines
KC, MIP2α, and LIX increases and overexpression of co-
stimulatory molecules such as LFA-3 or OX-40L occurs (Griffin
et al., 2012). This leads to the recruitment of leukocytes with
enhanced activity, reinforcing a pro-inflammatory environment.
In addition, co-culturing of allogeneic CD4+ T cells and ECs
enhances release of IL-1α by ECs. IL-1α stimulates allogeneic
memory CD4+ T cells to produce IFN-γ and IL-17. IL-17, in
turn, stimulates predominantly smooth muscle cells (SMCs) to
release cytokines and to selectively recruit CCR6+ T cells into
allograft arteries, leading to an amplification of the immune
response. These cell–cell interactions lead to memory CD4+
T-cell proliferation and Th1/Th17 expansion and have been
verified in a humanized mouse model (Rao et al., 2008).

Damage-Associated Molecular Patterns
Damage associated molecular patterns (DAMPs) can be released
by all cell types and serve as homeostatic danger signals,
indicating pathological stress during transplantation or chronic
rejection (Bianchi, 2007; Gallo and Gallucci, 2013).They can
be recognized either by innate lymphocytes or by pattern
recognition receptors (PRR) such as toll-like receptors (TLRs)
(Land, 2012a). It has been shown that the high-mobility group
box protein-1 (HMGB1) is upregulated in a kidney I/R injury
mouse model. HMGB1 can be released from apoptotic cells
or actively secreted, maintaining nucleosomal structure and
regulating gene transcription (Herzog et al., 2014). It induces
up-regulation of adhesion molecules on ECs, which in turn
intensifies leukocyte–EC interaction and finally leads to graft
damage. This effect could be abolished by blocking HMGB1, and
it was not seen in TLR4−/− mice lacking its receptor, which
suggests involvement of the TLR4 pathway in HMGB1 signal
transduction (Wu et al., 2010; Chen et al., 2011). Downstream
of TLR4, both mitogen-activated protein kinase 8 (MAPK8)
and apoptosis signal-regulating kinase 1 (ASK1) are activated
following HMGB1–TLR4 interactions, and could thus serve as
new therapeutic targets to prevent apoptosis during I/R injury
(Mkaddem et al., 2009). It has been demonstrated that HMGB1
can be released from necrotic ECs and cardiomyocytes in the
setting of heart transplantation and activates pro-inflammatory
pathways (Park et al., 2004; Rovere-Querini et al., 2004; Bell
et al., 2006). Yao et al. have shown that overexpression of
microRNA26a, which plays an important role in apoptosis
(Zhang et al., 2010) and induces VSMC growth (Leeper et al.,
2011), inhibits HMGB1 expression and decreases cardiac I/R

injury (Yao et al., 2016). Further studies are needed to investigate
the mechanistic pathway of microRNA26a and to make it
available as a therapy.

TRANSMIGRATION OF LEUKOCYTES
ACROSS THE ENDOTHELIUM

During inflammation, leukocytes are actively recruited into
the vessel wall to resolve the inflammatory state, so cell–
cell contact between ECs and leukocytes must be established.
Alongside other triggers, donor-derived vascular cells, e.g., ECs
and VSMCs, produce and release ROS as well as cytokines
into the extracellular environment, recruiting neutrophils and
macrophages to the site of injury. In turn, recruited and activated
cells themselves start to produce, inter alia, ROS, which acts as an
amplification loop for immune cell stimulation (Land, 2012b).

Activation of ECs Induces Expression of
Adhesion Molecules and Growth Factors
Activation of ECs leads to rapid release of vWF. Also,
adhesion molecules, such as E-selectin, P-selectin, ICAM-1,
and VCAM-1, are upregulated on the surface of ECs (Salom
et al., 1998; Valenzuela et al., 2013a; Fenton et al., 2016).
Interestingly, Fenton et al. found a decrease of E- and P-selectin
expression on the endothelium in their patient cohort of
heart-transplanted children compared to age- and sex-matched
controls from healthy siblings. All patients had been treated
with immunosuppressant and 90% with statins after heart
transplantation (Fenton et al., 2016). A direct contact of dendritic
cells (DCs) and ECs, provided by adhesion molecules, leads to
the transfer of intact MHC:peptide complexes from activated
ECs to DCs. This offers recipient DCs to present foreign MHC
molecules to T cells and serves as a link between direct and
indirect allorecognition (Herrera et al., 2004).

Activation of ECs is not only characterized by intensified
expression of adhesion receptors but also by enhanced synthesis
of numerous growth factors (PDGF, EGF, FGF, VEGF, TGF-β,
etc.) and synthesis of endothelin I (ET-1) as well as expression
of the corresponding receptors (Bian and Reed, 2001; Chen et al.,
2001; Rossini et al., 2005).

The presence of higher numbers of FGF receptors (FGFR)
on the surface of ECs facilitates increased binding capacity of
FGF, which activates the MAPK/ERK pathway and results in
enhanced EC proliferation (Jin et al., 2007). ET-1 is one of the
most potent vasoconstrictors in humans, and its antagonists
are used to treat pulmonary arterial hypertension, but it also
exerts pro-inflammatory effects (Davenport et al., 2016). In a
retrospective study of heart transplantations, elevated ET-1 has
been established as an independent predictor of accelerated
cardiac allograft rejection (Parikh et al., 2019).

Sunitinib, a tyrosine kinase inhibitor, is already used
for gastrointestinal stromal tumor and metastatic renal cell
carcinoma, blocking PDGF and VEGF receptors (Chow
and Eckhardt, 2007). In a rat kidney rejection model, orally
administered Sunitinib was successfully used to prevent
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neointima hyperplasia, one hallmark of renal transplant
arteriosclerosis (Rintala et al., 2016).

Transmigration of Leukocytes Is a
Multistep Progress
For immune cells, up-regulation of transmigration molecules
on the surface of ECs is essential for migration from the
circulation across the endothelial monolayer into the vessel
wall. Before transmigration, leukocytes tether and roll along
the EC monolayer, which is mediated by selectins and integrins
(Muller, 2003). Subsequent leukocyte transmigration is mediated
by specialized molecules (Muller et al., 1993). PECAM, CD99,
or JAM-A are partially stored in lateral border recycling
compartments (LBRCs) within ECs beneath the plasma
membrane near endothelial junctions. To achieve sufficient
transmigration, leukocytes are surrounded by LBRC membrane
to provide unligated receptors for the immune cells (Mamdouh
et al., 2003, 2009). Recent studies suggest relevance of IQ-
domain GTPase-activating protein 1 (IQGAP1), bearing an
actin-binding as well as a calmodulin-binding domain, for
leukocyte transmigration. It has been shown that IQGAP1
interacts with LBRC, and knockdown of the protein prevents
LBRC movement and leukocyte transmigration (Dalal et al.,
2018, 2019). For the transient receptor potential canonical
6 (TRPC6), a ubiquitously expressed Ca2+ channel, co-
localization with PECAM at endothelial junctions during
transmigration has been proven. Chelation of Ca2+ as well
as disruption of TRPC6 function stops leukocytes on the
apical surface of ECs, suggesting a pivotal role for Ca2+

influx during transmigration. A TRPC6 function is likely
located downstream of PECAM, because transmigration
occurs after selective activation of TRPC6 and simultaneous
PECAM blockade (Weber et al., 2015). Taking these findings
together, interfering with Ca2+ currents might be a therapeutic
approach for TV.

Leukocytes can either transmigrate paracellularly across
ECs–ECs junctions or migrate transcellularly through single
ECs (Vestweber, 2015). Paracellular transmigration requires
loosening of endothelial junctions, with VE-cadherin as an
important regulator of these junctional connections (Gotsch
et al., 1997). To leave the bloodstream and invade the vessel
wall, leukocytes must penetrate the basement membrane, which
is composed of laminins and connects the endothelial monolayer
with the underlying SMCs. Laminin 411 is ubiquitously
expressed, whereas laminin 511 is expressed in distinct spots, and
these spots are not preferred sites of leukocyte transmigration
(Sixt et al., 2001). Laminin 511 induces VE-cadherin localization
at endothelial junctions, which results in a RhoA-dependent
stabilization of these cell junctions and reduced leukocyte
transmigration (Song et al., 2017). Yeh and colleagues have
shown that leukocytes are capable of generating 3D traction
stresses to mechanically widen gaps between ECs and initiate
transmigration (Yeh et al., 2018). Immunohistochemical analysis
of the vessel wall of explanted organs with TV revealed that
the majority of infiltrating cells are T cells. Macrophages
account for 8–15% of infiltrating cells, whereas B cells and NK

cells are encountered infrequently (van Loosdregt et al., 2006;
Hidalgo et al., 2010).

Figure 3 is a schematic summary of transcellular and
paracellular transmigration. The most prominent receptors
involved in these two distinct pathways of leukocyte migration
across the endothelial monolayer are depicted.

Prevention of leukocyte recruitment is a putative therapeutic
intervention to prevent TV. It has been shown, that adding the
heparin-based macromolecule Corline Heparin Conjugate
(CHC) to the preservation solution forms a protective
coating on the renal endothelium during cold storage after
kidney explantation. Kidneys were analyzed 24 hours after
transplantation, and the number of infiltrated leukocytes and
the thrombotic area was significantly greater in control kidneys.
CHC treatment is a promising strategy for prevention of I/R
injury-induced leukocyte transmigration (Nordling et al., 2018).

A further means of delaying graft failure is to actively recruit
suppressive, i.e., beneficial leukocytes into the graft. Application
of depletional antibodies or the use of specific knockout and
transgenic mouse strains enabled demonstration of the impact
of different immune cell subtypes on ongoing graft failure. In
various animal experiments, tolerogenic characteristics have been
revealed for regulatory T cells (Tregs), T cells, B cells, NK cells,
and NKT cells (Sakaguchi et al., 1995; Niimi et al., 1998; Seino
et al., 2001; Yu et al., 2006; Haudebourg et al., 2007).

CHANGES IN VASCULAR STRUCTURE

Transplant vasculopathy is characterized by accumulation of
extracellular matrix (ECM) (Lin et al., 1996), endothelial
dysfunction, and VSMC proliferation, which result in diffuse,
concentric intimal thickening (Rahmani et al., 2006). TV
differs in appearance depending on the vessel structure: large
coronary segments are affected by artery shrinkage, resulting
in a loss of luminal diameter, whereas new intimal growth
and subsequent loss of luminal diameter occurs in both
large and small segments (Wong et al., 2001; Suzuki et al.,
2010). In addition to the lumen narrowing, production of
vasoconstrictors such as ET-1 and thromboxane is impaired
and vascular resistance increases, which may result in ischemia
(Rahmani et al., 2006). After activation, ECs elicit the
differentiation and proliferation of quiescent medial VSMCs.
VSMCs transdifferentiate from a contractile phenotype to
dedifferentiated synthetic cells. Dedifferentiated VSMCs migrate
from the media into the neointima and interstitial space, where
they proceed to proliferate. VSMC proliferation and ECM
production aggravate lumen narrowing. Furthermore, VSMCs
produce cytokines which act in an autocrine fashion and
strengthen proliferation (Michael, 2003; Dewald et al., 2005;
Kennard et al., 2008; Wynn, 2008). Most neointimal muscle
cells that evolved from VSMCs are similar in appearance to
their medial progenitors; nevertheless, on the basis of some
important functional differences, neointimal muscle cells are
generally labeled smooth muscle-like cells (SMLCs) (Wong et al.,
2001; Suzuki et al., 2010).
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FIGURE 3 | In response to different pro-inflammatory signals the leukocyte adhesion and transmigration cascade is activated. Slow down, rolling, firm adhesion and
transmigration is mediated by different cytokines and molecules on the surface of leukocytes and ECs. Para-cellular transmigration through EC junctions is the
primary route for extravasation (Vestweber, 2015). Elements of Figures 2, 3 and 4 were taken and adjusted from Servier Medical Art at http://smart.servier.com,
licensed under a Creative Commons Attribution 3.0 Unported License.

Not only ECs but also VSMCs can be directly affected by
donor-specific anti-HLA I antibodies. In vitro stimulation
with anti-HLA I antibodies induces VSMC proliferation in a
dose-dependent manner. Also, migration is promoted, even
in the presence of the proliferation inhibitor mitomycin C.
As underlying mechanism for the observed effect, increased
phosphorylation of FAK Tyr576, Akt Ser473, and ERK1/2
Thr202/Tyr204 is postulated (Li et al., 2011). In a humanized
mouse model, human arteries were grafted into SCID/beige
mice lacking functional T and B cell compartments. In this
mouse model, passively transferred anti-HLA I antibodies were
able to evoke neointima thickening and VSMC proliferation
(Galvani et al., 2009). Recent studies demonstrated a pivotal
role for sphingosine-1-phosphate (S1P) in anti-HLA I-induced
intimal hyperplasia because treatment with anti-S1P antibodies
and siRNA knockdown of sphingosine kinase-1 (SK1) inhibitor
prevents intimal hyperplasia in mice (Trayssac et al., 2015). S1P

is a mediator within signaling pathways for cell survival,
proliferation, and migration (Herzog et al., 2010) and
provides another potential therapeutic target for preventing
TV (Spiegel and Milstien, 2003).

Figure 4 illustrates the vascular changes during alloresponse
after solid organ transplantation. EC activation due to I/R injury
predominantly leads to neutrophil recruitment into the vessel
wall. At a later stage, lymphocytes and macrophages transmigrate
into the vasculature and drive rejection. In the end, due to SMLC
proliferation, TV with hallmark lumen narrowing is established.

EFFECTS OF THE COMPLEMENT
SYSTEM ON ECs

The complement system is part of the innate immune system
and provides a link to adaptive immunity. It can be activated
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FIGURE 4 | Changes of vascular structure due alloresponse following solid organ transplantation. Acute injury is mainly mediated by neutrophiles ans macrophages.
These immune cells produce cytokines and induce expression of adhesion molecules on ECs, leading to further recruitment of immune cells. Activated ECs exert a
pro-inflammatory phenotype and activate smooth muscle-like cells, resulting in their proliferation and lumen narrowing (Mitchell, 2009). Elements of Figures 2, 3 and
4 were taken and adjusted from Servier Medical Art at http://smart.servier.com, licensed under a Creative Commons Attribution 3.0 Unported License.

in three different ways: complement proteins bind to (1)
antibodies bound to ECs, (2) proteins on cell membranes, or
(3) carbohydrate residues on the surface. Independent of the
mode of activation, all three pathways have in common protein
C3 cleavage and subsequent membrane attack complex (MAC)
formation. The MAC consists of complement proteins C5b-C9,
and its activity results in cell lysis. Deposition of the complement
fragment C4d on ECs was established as an independent
marker for acute allograft rejection and as a predictor for long-
term graft loss (Collins et al., 1999; Herzenberg et al., 2002;
Racusen et al., 2003).

Nevertheless, there are some mechanisms that protect against
EC damage due to an activated complement system. Expressed
on human ECs, CD59 binds tightly into the forming MAC, thus
preventing further MAC assembly (Davies and Lachmann, 1993).
Another complement regulatory protein is CD55, which is also
expressed on ECs. Incubation of ECs with CD55- and CD59-
blocking antibodies induces complement fixation, which results
in vWF release and platelet adhesion. Interestingly, complement
fixation was increased in ECs from patients with type 3 von
Willebrand disease lacking functional vWF. vWF seems to act
as a complement regulator on the surface of ECs (Noone et al.,
2016). Renal transplantation models in rats showed a decrease
in mRNA expression of the complement regulators CD59 and
Crry in allografts, and administration of anti-Crry and anti-
CD59 antibodies results in reduced graft survival. A subsequent
clinical study showed significantly increased graft survival in
patients with high expression of complement regulatory proteins
(Yamanaka et al., 2016).

It has been shown that assembly of MAC at sublytic levels
has various effects in different cell types. In vitro stimulation of

human ECs with C5b-C9 induces proliferation and migration.
Furthermore, C5b-C9 promotes the release of pro-inflammatory
cytokines, such as IL-6, MCP-1, and epidermal growth factor
(Fosbrink et al., 2006), which contribute to recruitment of
immune cells and ongoing inflammation.

In a mouse model of vascularized composite allografts, it was
documented that the neutrophil and macrophage infiltrate was
impaired in C3-deficient mice. Treatment with the C3 inhibitor
CR2-Crry was associated with significantly prolonged graft
survival (Zhu et al., 2017). Accordingly, the results of a clinical
study in patients after kidney transplantation demonstrated that
a local upregulation of C3 expression in glomeruli and tubuli
was associated with ongoing acute cellular rejection (Serinsoz
et al., 2005). Neutrophil recruitment to sites of inflammation
can also be reduced by interfering with C5a and its receptor
(Mueller et al., 2013).

WHAT KIND OF RESEARCH MODELS DO
WE HAVE?

Humanized Mouse Models
As there are several examples of successful therapy approaches
in mice that failed to provide similar efficacy in humans, the
transferability of preclinical animal studies to humans might
seem doubtful (Mestas and Hughes, 2004). Species-specific
differences between the murine and human immune systems
should be taken into account. To overcome this limitation in
the field of solid organ transplantation, the use of humanized
mice to study human allografts and xenograft rejection may
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provide insights into the immune mechanisms responsible for
graft rejection [recently reviewed by Kenney et al. (2016)].

Humanized mice have become an important preclinical tool
in translational biomedical research (Walsh et al., 2017) and
serve as a preclinical bridge in several fields [reviewed in Allen
et al. (2019)]. Generally, these mice are reconstituted with
human CD34+ stem cells derived from human cord blood,
bone marrow, and peripheral blood (Lee et al., 2019). This is
made possible by a targeted mutation in the interleukin 2 (IL-
2) receptor common gamma chain [IL2rg(null)] in mice that
are already deficient in T and B cells (Brehm et al., 2013). The
most widely used immunodeficient strains engrafted with human
hematopoietic cells are listed in Table 1 [modified after (Kenney
et al., 2016); a more detailed list with immunodeficient mice
that have been engrafted with human immune systems has been
published elsewhere (Shultz et al., 2012; Hogenes et al., 2014)].
Among other immune defects, these animals do not develop
functional NK cells. This allows efficient engraftment with human
hematopoietic cells, generating a functional human immune
system (Brehm et al., 2013).

BLT(bone marrow, liver, thymus) humanized mice are
generated by implantation of human fetal thymus and liver tissue
into immunodeficient mice followed by systemic reconstitution
with human innate (monocytes/macrophages, DCs, NK cells)
and adaptive immune cells (B cells and T cells) (Wahl et al.,
2019). The presence of a human thymic tissue allows human T
cell education depending on HLA and the induction of HLA-
restricted T cell responses in these mice is comparable with the
human system (Wahl et al., 2019). Even though mice have a
significantly shorter life span than humans, age-associated DNA
methylation changes in the transplanted hematopoietic stem cells
were not found to be increased (Frobel et al., 2018).

Recently, a humanized lung mouse model has been generated
by subcutaneously implanting human lung tissue into the back
of immunodeficient mice (Wahl et al., 2019). The human lung

tissue vascularizes, expands and persists as a human lung implant.
The engraftment of human non-hematopoietic cells, which are
able to present antigens to autologous human immune cells in
the full context of HLA (Wahl et al., 2019), will broaden the use
of humanized mice for research in the field of transplantation.

Heterotopic Versus Orthotopic
Transplantation of Different Organs
Solid organ transplantation is an established treatment option
for patients with end-organ dysfunction (Black et al., 2018).
Progress in surgical techniques has minimized complications and
reduced ischemic injury events. The more common orthotopic
transplantation includes removal of the recipient’s organ and the
insertion of the donor organ in the normal anatomic position,
while in the case of heterotopic or “piggy-back” transplantation
the diseased organ is retained.

Heterotopic heart transplantation (HHT) is extensively used
in murine animal models in the non-working mode (Flecher
et al., 2013). HHT in human patients, first performed by Barnard
and Losman in 1974 (Barnard and Losman, 1975) is used rarely
in comparison with orthotopic heart transplantation (OHT).
The reason for this is major progress in immunosuppression
therapy with the expansion of immunosuppressive protocols to
dampen the host immune response and improve short- and
long-term graft survival (Black et al., 2018). However, HHT may
experience a renaissance, especially for children with advanced
cardiomyopathy, where cardiac transplantation is limited by
pediatric donor availability, by increasing the size of the donor
pool. Beyond that, HHT also enables transplantations in adults
previously not eligible for transplantation. It may be used
especially in recipients with significant pulmonary hypertension
(Flecher et al., 2013). Another advantage is that during temporary
graft dysfunction due to early graft rejection the recipient heart
could serve as an auxiliary pump (Holinski et al., 2016).

TABLE 1 | Immunodeficient mouse strains engrafted with human hematopoietic cells (modified after Kenney et al., 2016)

Strain Abbreviation Il2rg mutation Characteristics Immunological
Characteristics

Availability [Refences]

NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ
NSG Do not express the DNA repair

complex protein Prkdc nor the
X-linked Il2rg gene, the IL2rgnull

mutation prevents cytokine
signaling through multiple
receptors

NOD strain. Immunodeficient
and relatively radiosensitive due
to a defect in DNA repair

Deficient in mature
lymphocytes, serum Ig is not
detectable and natural killer cell
cytotoxic activity is extremely
low

The Jackson Laboratory Stock:
005557 (Shultz et al., 2005)

NOD.cg-Prkdcscid

Il2rgtm1Sug/JicTac
NOG Lacks the intracytoplasmic

domain and will bind cytokines
but will not signal

NOD strain. Immunodeficient
and relatively radiosensitive due
to a defect in DNA repair

Lacks T, B and NK cells,
additional defects in innate
immune cells

Taconic Bioscience Stock: CIEA
NOG mouse (Ito et al., 2002)

NOD.Cg-Rag1tm1Mom

IL2rgtm1Wjl/SzJ
NRG Rag1null mutation renders the

mice B and T cell deficient and
the IL2rgnull mutation prevents
cytokine signaling through
multiple receptors,

NOD strain. Extremely
immunodeficient and relatively
radioresistant

Lacks T, B and NK cells,
additional defects in innate
immune cells

The Jackson Laboratory Stock:
007799 (Pearson et al., 2008)

C.Cg-Rag2tm1Fwa

Il2rgtm1SugJicTac
BRG Lacks the intracytoplasmic

domain and will bind cytokines
but will not signal

Mixed background,
predominately BALB/c strain:
Immunodeficient and relatively
radioresistant

Lacks T, B and NK cells,
remaining innate immune cells
are functional

Taconic Bioscience Stock:
11503 (Traggiai et al., 2004)

Frontiers in Physiology | www.frontiersin.org 12 May 2020 | Volume 11 | Article 44378

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00443 May 7, 2020 Time: 22:1 # 13

Kummer et al. Endothelial Cells and Organ Transplantation

The prognosis for long-term graft survival and retention
depends mainly on revascularization. Injury to the donor-derived
microvasculature during organ explantation and subsequent
ischemia may account for the documented clinical variability
(Soares et al., 2015). Thereby, replacement of the donor graft
vasculature by recipient-derived endothelial and endothelial
progenitor cells may be a strategy for all non-vascularized
free grafts or vascularization of tissue constructs engineered
in vitro (Capla et al., 2006). Exogenous liposomal delivery of
the angiogenic inducer VEGF gene prior to bone marrow–
derived endothelial precursor cell transplantation has been
shown to improve orthotopic liver transplantation-induced
hepatic I/R injury (Cao et al., 2017). In this study, the transfer
of the VEGF gene significantly increased hepatotrophic mitogen
expression, in common with, for example, hepatocyte growth
factor, angiogenesis, and NOS activity (Cao et al., 2017). In
another study, the phosphodiesterase-5 inhibitor sildenafil citrate
protected the graft microvasculature of warm ischemic kidney
transplants (Lledo-Garcia et al., 2009) and autologous fat grafts
(Soares et al., 2015). Sildenafil also decreased edema in lung
I/R injury and ROS formation in a lung I/R injury model
(Guerra-Mora et al., 2017).

The endothelial hypoxia-inducible factor HIF-2α has been
shown to be essential for airway microvascular health and to
play an important role in maintaining lung homeostasis (Jiang
et al., 2019). In an orthotopic tracheal transplantation model,
the genetic deletion of HIF-2α but not HIF-1α caused tracheal
endothelial cell apoptosis. HIF-1α overexpression induced the
expression of proangiogenic factors such as stromal cell-derived
factor 1 (Sdf1) and VEGF, and promoted the recruitment
of vasoreparative Tie2+ endothelial progenitor cells to the
allograft (Jiang et al., 2019). These results are in line with
the findings of a previous study using immortalized human
microvascular endothelial cells (HMEC-1), demonstrating that
reduction of both HIFs reduced cell survival, gene expression of
glycolytic enzymes and pro-angiogenic factors compared with the
corresponding control (Hahne et al., 2018).

ACCOMMODATION: THE ROLE OF
PROTECTIVE GENE EXPRESSION IN
ECs

Accommodation in solid organ transplantation has been defined
as stable allograft function without evidence of pathological
alterations in the presence of alloantibodies and graft deposition
of the complement component C4d (Smith and Colvin, 2012).
The term accommodation was proposed at the beginning of
the 1990s and was initially been demonstrated in the setting
of xenotransplantation (Bach et al., 1991). It was later shown
in a hamster-to-rat xenotransplantation model that increased
expression of protective genes, i.e., anti-apoptotic and anti-
oxidant genes, in ECs of the grafted organ was critical for
mediating transplant survival (Bach et al., 1997). Moreover, it was
found that regulation of endothelial gene expression patterns was
accompanied by a host TH2 cell response. A follow-up study in
a mouse-to-rat cardiac xenograft model demonstrated that the

inducible anti-oxidant heme-degrading enzyme heme oxygenase-
1 (HO-1) plays a key role in mediating anti-inflammatory
protective effects. These protective effects were important for
mediating transplant survival, possibly via the generation of
the gaseous molecule carbon monoxide and biliverdin/bilirubin
(Soares et al., 1998) [for a review see Soares et al. (1999)].
In accordance with these findings, Salama and colleagues
showed, in studies on sensitized kidney transplantation patients
with anti-HLA antibodies, that accommodation appears to be
dependent on the expression of the anti-apoptotic gene Bcl-
xL in the endothelium (Salama et al., 2001). Interestingly, this
study demonstrates that low titers of anti-HLA antibodies can
cause accommodation.

In a more recent HLA-mismatched, humanized murine HHT
model, it was demonstrated that up-regulation of protective
genes, including Bcl-2, Bcl-xL, and HO-1, was associated with
protection against transplant rejection. Furthermore, expression
of inducible inflammatory genes, e.g., ICAM-1 and VCAM-1,
and pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-
6 was decreased in accommodated grafts (Fukami et al., 2012).
In accordance with these findings, targeted up-regulation of
HO-1 protected against anti-HLA class I antibody-mediated pro-
inflammatory activation of ECs (Zilian et al., 2015).

Interestingly, a recent report compared the regulatory effects
of interactions of the endothelium with antibodies against
either AB0 or HLA antigens in a cell culture model of
EA.hy926 ECs. It was demonstrated that ligation of ECs with
anti-AB0 antibodies but not with anti-HLA antibodies caused
accommodation (Iwasaki et al., 2012). The principal findings
of these in vitro studies appear to be in accordance with a
report on AB0-incompatible living kidney donor transplantation
(Brocker et al., 2013).

Furthermore, ligation of anti-AB0 antibodies to EA.hy926
ECs induced upregulation of the complement regulatory proteins
CD55 and CD59 on the RNA as well as on the protein
level (Iwasaki et al., 2012). The first in vivo studies showed
that overexpression of human CD55 and CD59 (hCD55,
hCD59) protects mice from impaired kidney function in an
experimental renal I/R injury model (Bongoni et al., 2017).
A recent retrospective study of 150 patients after kidney
transplantation, confirmed that lower intragraft expression of
CD55 is a risk factor for rapid progression of chronic renal
rejection (Cernoch et al., 2018). A more detailed study of kidney
transplantations demonstrated a correlation between promotor
polymorphisms in complement-regulatory proteins and graft
survival (Michielsen et al., 2018).

CONCLUSION

Graft rejection after transplantation of vascularized solid organs
remains the main obstacle for graft survival. This complex
disease pattern is caused by the interplay of different immune
cell subsets and soluble factors from the recipient’s and the
donor’s immune system. Graft rejection has heterogeneous
characteristics, depending on the affected organ and whether it
arises from cellular- or humoral-dependent pathways, but in any
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case, it leads to organ failure. While medication to treat acute
rejection episodes is available, the therapeutic options for chronic
rejection are limited.

The first target structure to be attacked after transplantation
is the endothelium of the graft vessel wall. ECs are recognized
by the recipient’s immune system due to the expression of
surface molecules such as HLA and others, and activation
of ECs is induced. Beside immunological components, brain
death and I/R injury promote activation of donor-derived
ECs. Activated ECs upregulate expression of various pro-
inflammatory cytokines, and immune cells will be recruited.
Various cytokines have been established as clinical markers
to facilitate early diagnosis of graft failure and allow for
treatment optimization. Furthermore, ECs present an amended
expression pattern of adhesion and transmigration receptors
on the surface to promote transmigration of leukocytes
from the bloodstream across the EC monolayer into the
vessel wall. Due to cytokines released from ECs as well as
leukocytes, a pro-inflammatory microenvironment is built up
and cannot be resolved.

The mononuclear infiltrate and growth factors further
induce migration and proliferation of VSMCs and the
resulting concentric intimal hyperplasia is a hallmark of
long-term graft rejection. Crosslinking of antibodies on
the surface induces phosphorylation and formation of
intermediate signal transducers within the mTOR pathway,
which regulates cytoskeletal changes, proliferation, and
expression activity.

Further research is needed to gain deeper insight into how
innate and adaptive immune responses contribute to graft
rejection and how activation of ECs might be prevented. One
therapeutic approach could be blocking ECs from presenting
antigens, to prevent direct cellular cytotoxicity and to avoid
synthesis of de novo donor-specific antibodies. Another option
could be inhibiting recruitment of immune cells into the vessel
wall, a concept of interest for other vascular diseases such
as atherosclerosis. Humanized mouse models are important
preclinical tools to study the underlying mechanisms of graft
rejection. Despite many differences between the species, these
mice represent a model system to evaluate new drugs and other
treatment options without putting patients at risk.
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The popularity of electronic cigarettes (e-cigs) has grown at a startling rate since their
introduction to the United States market in 2007, with sales expected to outpace
tobacco products within a decade. Spurring this trend has been the notion that
e-cigs are a safer alternative to tobacco-based cigarettes. However, the long-term
health impacts of e-cigs are not yet known. Quantitative magnetic resonance imaging
(MRI) approaches, developed in the authors’ laboratory, provide conclusive evidence
of acute deleterious effects of e-cig aerosol inhalation in the absence of nicotine in
tobacco-naïve subjects. Among the pathophysiologic effects observed are transient
impairment of endothelial function, vascular reactivity, and oxygen metabolism. The
culprits of this response are currently not fully understood but are likely due to an
immune reaction caused by the aerosol containing thermal breakdown products of the
e-liquid, including radicals and organic aldehydes, with particle concentrations similar to
those emitted by conventional cigarettes. The acute effects observed following a single
vaping episode persist for 1–3 h before subsiding to baseline and are paralleled by
build-up of biological markers. Sparse data exist on long-term effects of vaping, and it
is likely that repeated regular exposure to e-cig aerosol during vaping will lead to chronic
conditions since there would be no return to baseline conditions as in the case of an
isolated vaping episode. This brief review aims to highlight the potential of pairing MRI,
with its extraordinary sensitivity to structure, physiology and metabolism at the holistic
level, with biologic investigations targeting serum and cellular markers of inflammation
and oxidative stress. Such a multi-modal framework should allow interpretation of
the impact of e-cigarette vaping on vascular health at the organ level in the context
of the underlying biological alterations. Applications of this approach to the study of
other lifestyle-initiated pathologies including hypertension, hypercholesterolemia, and
metabolic syndrome are indicated.

Keywords: E-cigarette, endothelium, MRI, vaping, vascular

INTRODUCTION

The popularity of electronic cigarettes (e-cigs) has grown at a startling rate since their introduction
to the United States market in 2007, with sales expected to outpace tobacco products within a
decade. Spurring this trend has been the notion that e-cigs are a safer alternative to tobacco-based
cigarettes. However, the long-term health impact of e-cigs are not yet known, and the existing
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research does not support such a conclusion (Kligerman et al.,
2020). The most urgent concern is the huge rise in the use of
e-cigs by adolescents, showing an increase of over 87% in 12th
graders from 2017 to 2019 with a 2019 prevalence of 35.1%
(16.1% in 8th graders) (Miech et al., 2019).

Even though it has been conjectured that e-cig use may be less
deleterious to human health than tobacco smoking, or perhaps
not harmful at all, this notion has been challenged by a number
of reports that appeared during the past several years, in the form
of studies in vitro (Schweitzer et al., 2015), in animal models
(Lerner et al., 2015) and, importantly, involving human subjects
(Vlachopoulos et al., 2016; Biondi-Zoccai et al., 2019).

Besides nicotine, which has long been known to cause
endothelial dysfunction (EDF) (Neunteufl et al., 2002), e-cig
users are exposed to a host of toxic compounds generated by
thermal degradation of solvents (Bekki et al., 2014; Jensen et al.,
2017), and possibly flavorings (Omaiye et al., 2019), along with
metal contaminants and ultrafine metal particles ejected by the
heating element (Williams et al., 2013, 2017; Olmedo et al.,
2018). Recent findings from the authors’ laboratories indicate
that a single vaping episode involving non-nicotinized e-liquid
provoked an inflammatory immune response and oxidative stress
along with reduced nitric oxide (NO) bioavailability (Chatterjee
et al., 2019b). The latter also manifested in impaired peripheral
vascular reactivity and endothelial function as determined by
a battery of quantitative magnetic resonance imaging (MRI)
metrics (Caporale et al., 2019). Almost coincidentally with the
release of our findings, a surge in vaping-related lung illnesses
and deaths had been reported, variably attributed to additives
such as vitamin-E acetate in cannabis-based vaping liquids
(Lewis et al., 2019).

The purpose of this brief review is to highlight some of the
recent findings from imaging studies, with particular focus on
magnetic resonance, and to elaborate on the potential of these
methods to gain insight into the vascular-metabolic consequences
of e-cig vaping, notably EDF. We further show that the transient
imaging findings are paralleled by rapid formation of signaling
molecules, both in serum and in pulmonary endothelial cells,
in response to e-cig aerosol exposure. The vascular-metabolic
effects of other risk-alleviating tobacco products, e.g., heat-not-
burn cigarettes, are not discussed here but we refer the reader to
the key paper by Biondi-Zoccai et al. (2019).

ENDOTHELIAL DYSFUNCTION AND ITS
MANIFESTATIONS AT MICRO AND
MACRO-CELLULAR LEVEL

The vascular circulatory system is a network that integrates
all organ systems via the transport of blood, nutrients, and
pathogenic stimuli. Chemical or physical alterations (Herrmann
and Lerman, 2001) within the vascular system play a major
role in vasodilatation and vasoconstriction of blood vessels. The
endothelial layer that lines these vessels functions as a mechanical
barrier, regulating fluid movement through blood vessels, but also
participates in regulation of vessel tone. This process is mediated
via endothelial derived relaxing factor (Furchgott and Zawadzki,

FIGURE 1 | Cascade of events following e-cigarette inhalation, initiating
vascular inflammation and dysfunction. Ultra-fine particles (UFP) and free
radicals, deposited on the respiratory tract are taken up by endothelial cells.
This process drives endothelial activation that triggers inflammation signaling,
eventually leading to vascular dysfunction (original figure).

1980) later recognized to be NO, a product of endothelial cells.
The endothelium is by virtue of its location, the converging site of
inflammation toward which immune cells are recruited and into
which these cells later adhere and extravasate. Indeed, as natural
barrier to inflammatory moieties and microorganisms (from
invading tissues) in the blood, the endothelium is also integral
to innate immune activation in response to microbial attack.
These events are facilitated by endothelial signaling that leads
to production of adhesion molecules, cytokines and chemokines
that drive immune cell adherence, inflammation, and endothelial
oxidative stress. A major participant in endothelial signaling
is reactive oxygen species (ROS). Endothelial cells produce
ROS in response to stimuli ranging from physical (shear
stress) to chemical (inflammatory agents, microbes, and smoke,
etc.). ROS in turn activate signaling cascades that induce
inflammation and oxidative stress leading to EDF, which
entails compromised vasodilatory capacity. Vasorelaxation is
expected, for example, in response to increased shear stress or
pharmacologic stimuli (e.g., acetylcholine), but can be impaired
as a result of reduced synthesis or depressed bioavailability
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FIGURE 2 | Multi-vascular MRI protocol. The 50-min MRI protocol included a measure of peripheral vascular reactivity (PVR) to cuff-induced ischemia, followed by
cerebrovascular reactivity (CVR) and aortic pulse wave velocity (PWV) quantification. PVR was assessed in the femoral vessels via multiple techniques. To stimulate
reactive hyperemia the cuff was placed around the upper thigh and inflated for 5 min. CVR to hypercapnia in the form of volitional apnea was measured in the
superior sagittal sinus (artwork modified from Caporale et al., 2019; Supplementary Figure B1, with permission from RSNA publisher).

of NO, the most potent endogenous vasodilator promoting
activation of proinflammatory and prothrombic pathways,
which in turn cause reduced blood fluidity (Bleakley et al.,
2015). EDF is often found with pre-clinical inflammatory
or autoimmune diseases [e.g., rheumatoid arthritis (Kerekes
et al., 2008), diabetes mellitus (Tabit et al., 2010)], and
promoted by hypertension (Bleakley et al., 2015) and unhealthy
lifestyle (e.g., tobacco abuse, lack of physical activity, and
improper diet) leading to hypercholesterolemia (Defago et al.,
2014), as well as environmental factors such as air pollution
(Bourdrel et al., 2017).

Of all the organs in the body, the lung is possibly the most
vascularized. The pulmonary system is also in direct contact with
the environment and for gas exchange to occur at the air-water
interface, inhaled gases or particles must pass through alveolar
surfactant, alveolar epithelium, and basement membrane into the
capillary endothelium. In the case of inhaled smoke or particulate
matter such as fine or ultra-fine particles associated with tobacco
or e-cigs, the pulmonary endothelium responds to this exposure
by activation of the endothelial enzyme NADPH oxidase to
produce ROS (Chatterjee et al., 2019a). Pulmonary endothelial
ROS produce intercellular adhesion molecule (ICAM) which is
key to recruitment and adherence of immune cells from the
circulation. ROS also react with NO, to form the highly reactive
peroxynitrite that curtails NO bioavailability. As the production
of peroxynitrite is accompanied by reduction in NO, it is also
linked to EDF (Cannon, 1998). The cascade of events following
e-cig aerosol inhalation is illustrated in Figure 1.

In addition to these changes occurring at the cellular level
of the endothelium, inflammatory moieties that increase in the
bloodstream in response to smoking or exposure to particulate
matter, entail increased circulatory burden. In the long term,
such insults can amplify inflammation along the endothelial
layer by enhanced expression of cell surface adhesion molecules,
enabling docking of circulating polymorphonuclear neutrophils
to endothelial cells and their transmigration in the interstitium
and airspace. It can also lead to changes between interconnected
endothelial cells via increasing gap junctions (Doerschuk et al.,
1999) making it more permissive to the spread of inflammation
over large areas of the lung and compromising vascular
properties such as vasodilation or vasoconstriction.

Thus, evaluation of changes at the microcellular level are
crucial in gaining insights into events as they occur sequentially
post inhalation: from the initial signals at the endothelial
cellular level, to its macro-manifestations on the vascular
network changes.

ROLE OF MRI AS AN INVESTIGATIONAL
TOOL OF E-CIGARETTE INDUCED
VASCULAR AND METABOLIC EFFECTS
IN HUMANS

The literature on image-based assessment of the effects of
e-cigarettes on the cardiovascular system is sparse. Recent work
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FIGURE 3 | Arterial velocimetry at baseline and hyperemia. (A) Blood flow velocity in the superficial femoral artery, during baseline and post-cuff occlusion (reactive
hyperemia). Systolic, retrograde, and baseline velocities are indicated (Vs, Vr, and Vb, respectively). Post-ischemia, hyperemia is evaluated in terms of hyperemic
index (HI) as the slope of the initial part of the velocity-time curve, peak average velocity (VP), and duration of hyperemia, referred to as time of forward flow (TFF).
(B) Axial MR image of the thigh perpendicular to the femoral artery. (C) Pre- vs. post-electronic cigarette (e-cig) vaping differences for two parameters, in
non-smokers, after a single episode of non-nicotinized e-cig vaping. The same MRI protocol was executed before and after e-cig use (modified from Caporale et al.,
2019; Figures 2, 5, with permission from RSNA publisher).

using B-mode ultrasound has provided some insight into the
acute effects of e-cigarette exposure in smokers in the form of
flow-mediated dilation (FMD). A group of Italian investigators
found brachial artery FMD in e-cigarette users to be impaired
following a single vaping episode (Carnevale et al., 2016; Biondi-
Zoccai et al., 2019).

Flow-mediated dilation is induced by transient increase in
conduit blood flow velocity due to reduced microvascular
resistance as the organism’s mechanism to re-oxygenate hypoxic
tissue. The resulting increase in shear stress to the endothelium
leads to vasodilation of the conduit artery via NO release
(Widlansky et al., 2003). While often regarded as an effective
surrogate marker for endothelial function (or dysfunction), the
method’s poor intra-and inter-session reproducibility plague
brachial artery FMD (Hardie et al., 1997; Ghiadoni et al., 2012).

Carotid-femoral pulse-wave velocity (PWV) has also
been explored as a tool to study the acute impact of
e-cigarette vaping (Vlachopoulos et al., 2016; Franzen
et al., 2018). Both studies provided evidence of transient
arterial wall stiffening following vaping and tobacco

smoking. PWV is typically obtained by measuring the time
delay of the systolic pressure wave at some downstream
location, using pressure transducers placed at two locations
(typically carotid and common femoral arteries) (Asmar
et al., 1995; Wilkinson et al., 1998) or Doppler ultrasound
(Sutton-Tyrrell et al., 2001).

Magnetic resonance imaging (MRI) is unmatched in its
ability to provide structural information at high resolution
and contrast, as well as quantitative physiologic and functional
information non-invasively. It has provided pivotal insight into
the vascular system in the form of quantitative perfusion data
in the brain (Detre et al., 2009) and musculoskeletal system
(Wu et al., 2009), blood flow velocity and flow rate of major
arteries and veins (Markl et al., 2003) and, more recently, the
metabolic rate of oxygen consumption, MRO2 (Xu et al., 2009;
Jain et al., 2010), or parameters assessing vascular compliance
(Mohiaddin et al., 1989) and PWV (Grotenhuis et al., 2009;
Langham et al., 2011). MRI quantification of each of these
physiologic quantities is able to yield results expressed in
absolute physiologic units. MRI thus provides us with a sensitive
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FIGURE 4 | Venous oximetry and flow-mediated dilation. (A) Post-cuff release venous oxygen saturation (SvO2) interleaved with vessel wall imaging to derive femoral
artery flow-mediated dilation (FMD) measurement at 60, 90, and 120 s following cuff deflation, with respect to the lumen at rest (B). (B–D) Pre vs. post-e-cig vaping
differences for the extracted metrics: (B,D) luminal FMD (FMDL), (C) pre-cuff occlusion baseline SvO2 [SvO2(b)], washout time (TW), and overshoot (A,B are original,
produced from data already published in Caporale et al., 2019; (C,D) are modified from Caporale et al., 2019; Figure 5, with permission from RSNA publisher).

toolbox to study vascular-metabolic disturbances such as acute
and chronic effects of smoking and vaping, the topic of this
review. Thus, unlike competing techniques, which evaluate a
single physiologic property, MRI is able to measure a host of
parameters covering multiple vascular territories in a single
session, as first demonstrated in a study of the acute effects of
tobacco smoking (Langham et al., 2015). In comparison to non-
smokers, smokers had reduced endothelial function and vascular
reactivity independent of subjects’ age. In that work, both
measures of post-occlusion hyperemia and femoral FMD were
assessed with an upper leg cuff-occlusion protocol disrupting
both arterial inflow and venous return, along with parameters
describing the time-course of femoral vein oxygen saturation
(SvO2). The latter also yielded significant group differences,
interpreted in terms of compromised microvascular reactivity
(Langham et al., 2015).

The above multi-vascular MRI procedure, which has since
been refined, permits concurrent measurement of arterial
and venous post-ischemia reactivity and endothelial function
(Caporale et al., 2019), central aortic PWV (Langham et al.,
2011) as well as cerebrovascular reactivity (Wu et al., 2019),
to study acute effects of e-cigarette vaping (Figure 2; Caporale
et al., 2019). The enhanced efficiency allows running the entire
protocol in back-to-back sessions separated by a vaping episode.

The objective of the latter study was to evaluate the acute
transient effects of inhalation of nicotine-free e-cig aerosol in
smoking-naïve young subjects (Caporale et al., 2019). The work
was motivated by prior data indicating aerosol and its break-
down products to contain toxic compounds that can enter the
vascular system through upper respiratory pathways (Bakand
et al., 2012; Nakane, 2012). Excerpts of the protocol, along
with pre/post comparison data are shown in Figures 3, 4. The
principle, along with sample data, for quantification of metrics
of hyperemia of the femoral artery is illustrated in Figure 3,
together with a comparison of two of the extracted parameters
before and after vaping (Figures 3A,C, respectively). Figure 4A
displays the femoral vein oxygen saturation curve following
cuff release, interleaving this measurement with high-resolution
femoral artery vessel wall images (Figure 4B) to derive FMD
at three time-points. Pre/post plots of the oximetric parameter
derived from the SvO2 recovery curve are presented in Figure 4C,
the change in FMD in Figure 4D. All data are highly significant
and consistent with the notion that the aerosol (supplemented
with tobacco flavor), or the breakdown products (Wang et al.,
2017), possibly micro-particles emanating from the heating
elements (Williams et al., 2013, 2017), cause an immune response
[as shown by the authors’ data in Chatterjee et al. (2019b)],
leading to acute EDF.
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RELATIONSHIP OF IMAGING FINDINGS
TO BIOLOGICAL MARKERS

Endothelial dysfunction, a process occurring at the microvascular
level, is highly predictive of future macrovascular events (Bleakley
et al., 2015). Microvascular dysfunction manifests in alterations
of endothelial receptors, and reduction in NO availability due
to reduced biosynthesis and increased scavenging by oxygen
radicals linked to oxidative stress. One consequence is impaired
anti-inflammatory protection, leading to increased systemic
inflammation, represented, for instance, by C-reactive protein
(CRP) (Bleakley et al., 2015). Associations between subclinical
vascular disease established by means of MRI and other
quantitative imaging modalities, and vascular inflammation is
well established [see, for instance (McEvoy et al., 2015) as
well as some of the current authors’ prior work (Langham
et al., 2015)]. Arterial FMD, as pointed out earlier, is mediated
by NO release in the endothelium (Kooijman et al., 2008).
The substantial reduction in femoral artery FMD measured
with MRI in non-smokers approximately 20–30 min after
inhalation of nicotine-free-cig aerosol (Caporale et al., 2019)
is paralleled by a decrease in NO and increase in CRP in
the circulating serum, recovering to baseline values within 2–
3 h (Chatterjee et al., 2019b). Similarly, a decrease on the
order of 20–30% in NO bioavailability was found in non-
smokers, whose brachial artery FMD was reduced by almost
40% after exposure to nicotinized e-cigarette in two crossover
studies comparing the effects of e-cig vaping to tobacco smoking
(Carnevale et al., 2016; Biondi-Zoccai et al., 2019), where
tobacco smoking was found to cause a larger decrement in both
quantities). The above two studies further provided evidence
of increased oxidative stress expressed by augmented NADPH
oxidase activation, and increased 8-iso prostaglandin F2α, and
reduced levels of vitamin E, an anti-oxidant, following exposure
to both, e-cig aerosol and tobacco smoke (Carnevale et al., 2016;
Biondi-Zoccai et al., 2019).

DISCUSSION AND CONCLUSION

The data reviewed above compellingly show that quantitative
MRI is extraordinarily sensitive to detect single events, in
this case a vaping episode of nicotine-free aerosol. These
results, though limited, demonstrate adverse effects consistent
with transient impairment of endothelial function, along
with reduced micro- and macrovascular reactivity. The time
window for the observed effects is in the order of 1–3 h,
which begs the question whether repeated vaping on this
time scale causes a chronic response without the vascular
system allowed to return to baseline conditions. Another
question is which, among the myriad possible sources of
toxins, would be the key culprit eliciting the observed
responses. The studies reviewed in section “Role of MRI
as an Investigational Tool of E-Cigarette Induced Vascular
and Metabolic Effects in Humans” involved healthy, smoking
naïve, young subjects rather than smokers/vapers. The latter
would require study of both, acute and chronic exposure,
which is currently in progress in the authors’ laboratory. The
other unknown is the added effect of nicotine that, alone,
can promote EDF.
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Background: Perturbation of endothelial function in people with cystic fibrosis (CF) has
been reported, which may be associated with endothelial cell expression of the cystic
fibrosis transmembrane conductance regulator (CFTR). Previous reports indicate that
CFTR activity upregulates endothelial barrier function, endothelial nitric oxide synthase
(eNOS) expression and NO release, while limiting interleukin-8 (IL-8) release, in human
umbilical vein endothelial cells (HUVECs) in cell culture. In view of reported microvascular
dysfunction in people with CF we investigated the role of CFTR expression and activity
in the regulation of oxidative stress, cell signaling and inflammation in human lung
microvascular endothelial cells (HLMVECs) in cell culture.

Methods: HLMVECs were cultured in the absence and presence of the CFTR
inhibitor GlyH-101 and CFTR siRNA. CFTR expression was analyzed using qRT-PCR,
immunocytochemistry (IHC) and western blot, and function by membrane potential
assay. IL-8 expression was analyzed using qRT-PCR and ELISA. Nrf2 expression, and
NF-κB and AP-1 activation were determined using IHC and western blot. The role of the
epidermal growth factor receptor (EGFR) in CFTR signaling was investigated using the
EGFR tyrosine kinase inhibitor AG1478. Oxidative stress was measured as intracellular
ROS and hydrogen peroxide (H2O2) concentration. VEGF and SOD-2 were measured
in culture supernatants by ELISA.

Results: HLMVECs express low levels of CFTR that increase following inhibition of
CFTR activity. Inhibition of CFTR, significantly increased intracellular ROS and H2O2

levels over 30 min and significantly decreased Nrf2 expression by 70% while increasing
SOD-2 expression over 24 h. CFTR siRNA significantly increased constitutive expression
of IL-8 by HLMVECs. CFTR inhibition activated the AP-1 pathway and increased IL-8
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expression, without effect on NF-κB activity. Conversely, TNF-α activated the NF-κB
pathway and increased IL-8 expression. The effects of TNF-α and GlyH-101 on IL-8
expression were additive and inhibited by AG1478. Inhibition of both CFTR and EGFR
in HLMVECs significantly increased VEGF expression. The antioxidant N-acetyl cysteine
significantly reduced ROS production and the increase in IL-8 and VEGF expression
following CFTR inhibition.

Conclusion: Functional endothelial CFTR limits oxidative stress and contributes to
the normal anti-inflammatory state of HLMVECs. Therapeutic strategies to restore
endothelial CFTR function in CF are warranted.

Keywords: endothelium, CFTR, cystic fibrosis, inflammation, oxidative stress, cell signaling

INTRODUCTION

Cystic fibrosis (CF) lung disease is associated with neutrophilic
airway inflammation, bronchiectasis, respiratory failure, and
early mortality (Nichols and Chmiel, 2015). Defective or deficient
expression of the cystic fibrosis transmembrane conductance
regulator (CFTR) protein, an anion channel conducting mainly
chloride and bicarbonate ions in airway epithelial cells (Saint-
Criq and Gray, 2017), leads to dehydration of airway secretions
with failure of mucociliary clearance and mucus plugging.
In the early stages of CF lung disease this may lead to
sterile inflammation (Zhou-Suckow et al., 2017), but inevitably
the airways become chronically infected leading to further
interleukin-8 (IL-8) driven neutrophilic inflammation (Nichols
and Chmiel, 2015). In more severe disease, increased expression
of vascular endothelial growth factor (VEGF) and associated
peribronchial vascularity contributes to the immune and
inflammatory responses in the CF airway, as well as the risk of
hemoptysis (Martin et al., 2013).

A number of studies have indicated macro- and microvascular
endothelial perturbation in people with CF (Romano et al., 2001;
Solic et al., 2005; Poore et al., 2013; Rodriguez-Miguelez et al.,
2016; Vizzardi et al., 2019) that may be associated with defective
endothelial CFTR function (Noe et al., 2009; Brown et al., 2014;
Peters et al., 2015; Totani et al., 2017). Increased circulating levels
of von Willebrand factor (vWF) and tissue plasminogen activator
(tPA), indicative of endothelial damage and altered hemostasis
(Romano et al., 2001), and reduced flow-mediated dilation of the
brachial artery, which was associated with more severe airway
disease and symptomatic of reduced NO availability (Poore
et al., 2013), were reported in CF. Hydrogen peroxide (H2O2)-
induced oxidative stress and apoptosis required functional CFTR
in human lung microvascular cells (HLMVEC), effects that
were reversed by the CFTR inhibitor CFTRinh-172 (Noe et al.,
2009). Reduced endothelial apoptosis in the vasculature of the
CF lung has previously been reported which may be associated
with reduced endothelial ceramide concentration (Noe et al.,
2009). Endothelial CFTR plays an important role in maintaining
hydration of the endothelial glycocalyx (Peters et al., 2015), the
endothelial barrier function (Brown et al., 2014; Totani et al.,
2017) and the availability of NO, while limiting IL-8 release
(Totani et al., 2017).

Thus, together with reports of endothelial expression of CFTR
in human umbilical vein endothelial cells (HUVEC) (Tousson
et al., 1998; Totani et al., 2017), HLMVEC (Tousson et al.,
1998), and human pulmonary artery endothelial cells (HPAEC)
(Plebani et al., 2017; Totani et al., 2017), there is a growing
body of evidence for expression and function of CFTR in
the endothelium.

Previous studies have shown that functional CFTR at the
epithelial cell surface is critical for limiting NF-κB mediated
cell signaling leading to IL-8 expression both at baseline and
following activation with pro-inflammatory cytokines IL-1 and
TNF-α (Perez et al., 2007; Vij et al., 2009), for inhibiting
epidermal growth factor receptor (EGFR)-mediated IL-8 (Kim
et al., 2013) and VEGF synthesis (Martin et al., 2013) and
for Nrf-2-mediated adaptive responses to oxidative stress
(Chen et al., 2008).

The present study focuses on the pulmonary microvasculature
and investigates the expression and function of CFTR as a
regulator of oxidative stress, expression of the key transcriptional
regulator of antioxidant defenses nuclear factor erythroid 2
[NF-E2]-related factor 2 (Nrf2), expression of pro-angiogenic
VEGF and of the neutrophil chemoattractant IL-8, and
reactive oxygen species (ROS)-mediated inflammatory cell
signaling in HLMVECs grown on the basement membrane
component, collagen IV.

The overall aim is to identify a role for dysfunctional
endothelial CFTR in systemic inflammation and oxidative stress
and, importantly, new therapeutic targets to reduce systemic
inflammation and oxidative stress in people with CF.

MATERIALS AND METHODS

Materials
All reagents were from Merck unless indicated otherwise.

Cell Culture
Human lung microvascular endothelial cells (HLMVECs)
from non-smoking donors (Lonza Biologics) were maintained
in complete EGM-2MV medium (EBM-2MV basal medium
supplemented with 5% FBS, 0.04% hydrocortisone, 0.4% hFGF,
0.1% VEGF, 0.1% IGF-1, 0.1% ascorbic acid, 0.1% hEGF and 0.1%
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GA-100 (Lonza Biologics) and used at passage 5–8. The growth
medium was changed 1 day after seeding and then every other
day to 90% confluence. Cells were passaged using trypsin-EDTA
to detach them, neutralized with warmed FBS and pelleted by
centrifugation. The cell pellet was re-suspended in full growth
medium (FGM) and seeded in multi-well plates (25 × 104/6-
well plate, 5× 104/24-well plate) coated with human collagen IV
(0.1 mg/ml) and allowed to adhere overnight before treatment
at the indicated times with the CFTR inhibitor GlyH-101 [5,
10, 20 µM (Friard et al., 2017)], dimethyl sulfoxide (DMSO,
0.1%) as vehicle control or TNF-α [10 ng/ml (Chen et al., 2008),
Peprotech] for up to 24 h, which was established by cell viability
testing in the presence of GlyH-101, as described below.

The specificity of GlyH-101 as a CFTR inhibitor
was confirmed using inhibitors of other chloride ion
channels. DCPIB (4-(2-butyl-6,7-dichlor-2-cyclopentyl-
indan-1-on-5-yl) oxybutyric acid) (Tocris), a potent (IC50
4.8 µM) and specific Volume-Regulated Anion Channel
(VRAC) inhibitor was used at 20 µM (Friard et al.,
2017), and Ani9 (2-(4-chloro-2-methylphenoxy)-N-[(2-
methoxyphenyl)methylideneamino]-acetamide), a potent (IC50
77 nM) and specific inhibitor of the calcium-activated chloride
ion channel Transmembrane Member 16A (TMEM16A), also
known as Anoctamin-1 (Ano-1), that lacks inhibitory activity
against CFTR and VRAC (Seo et al., 2016), was used at 10 µM in
HLMVEC cultures. HLMVECs were cultured in 5% CO2 at 37◦C
and used until passage 8.

In separate experiments, HLMVECs were treated with
N-acetyl cysteine [NAC, 5 or 10 mM (Chen et al., 2008), as
indicated] and the EGFR inhibitor AG-1478 [10 µM (Kim et al.,
2013)] for 3 h, followed by incubation with GlyH-101 (20 µM)
alone, and with TNF-α (10 ng/ml) for 16 and 24 h in FGM.

Human embryonic kidney cells (HEK-293) which do not
express CFTR (Friard et al., 2017) and human bronchial epithelial
cells (the human bronchial epithelial cell line 16HBE14o-)
which do express CFTR (Cozens et al., 1994) were used
as negative and positive controls, respectively. HEK-293 and
16HBE cells were cultured as described above in DMEM or
MEM media, respectively, supplemented with 10% FBS, 1%
penicillin-streptomycin, 1% L-glutamine. Cells were maintained
until passage 30.

MTT Assay for Cell Viability
Human lung microvascular endothelial cells were seeded at a
density of 1 × 104 cells/well/100 µl of FGM in collagen-coated
96 well plates and left to adhere overnight at 37◦C and 5%
CO2. Next day the cells were treated with GlyH-101 and DMSO
(0.1%) as vehicle control in FGM for 16, 24, and 48 h. In order
to eliminate the effect of ascorbic acid in FGM on MTT color
changes, the medium were replaced with 100 µl phenol red
free medium (MEM) containing 0.3% of FBS per well. MTT 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (to
a final concentration of 0.5 mg/ml) added to cells for 4 h at
37◦C and 5% CO2 was reduced by cellular metabolic activity to
insoluble formazan, which was solubilized with 100 µl 10% SDS
in 0.01 M HCl overnight, and the absorbance read at 570 nm
using a Spectramax i3x plate reader (Molecular Devices).

CFTR Activity Assay
Cystic fibrosis transmembrane conductance regulator activity
was measured in HLMVECs, 16HBE and HEK-293 cells using
the FLIPR Blue membrane potential assay (Molecular Devices),
according to the manufacturer’s instructions, and as described by
Maitra et al. (2013). Cells were seeded at 8× 103 cells per well and
cultured overnight in collagen IV-coated optical-bottom black
96-well plates in 100 µl FGM. FLIPR Blue (100 µl) was directly
added to the wells for 45 min at 37◦C in FGM. Agonists, forskolin
(100 µM)/IBMX (1000 µM), concentrations that significantly
increase endothelial intracellular cAMP (Hopkins and Gorman,
1981; Sayner et al., 2004), were applied for 2 min and fluorescence
measured with excitation 530 nm and emission 565 nm, using the
Spectramax R© i3x fluorescent plate reader (Molecular Devices).
GlyH-101 (20 µM) or DMSO (0.1%) control were applied
15 min before the agonists. Changes in membrane polarization
are reported as changes in relative fluorescence units (1RFU).
CFTR activity was detected as membrane depolarization at
baseline, and in response to IBMX plus forskolin leading to
increased uptake and fluorescence of intracellular FLIPR Blue,
that could be inhibited by GlyH-101 (Maitra et al., 2013).
Experimental conditions were tested in quadruplicate in each of
three independent experiments.

Preparation of Cell Lysates for CFTR and Nrf2 Protein
Assessment by Western Blot
Cells were lysed directly with 35 µl/well for 24-well (Nrf2)
and 75 µl/well for 6-well (CFTR) plates of 1X sample buffer
[7.5% (v/v) glycerol, 50 mM Tris-Base, 2% (w/v) sodium
dodecyl sulfate (SDS), 100 mM DL-dithiothreitol (DTT), 0.01%
(w/v) bromophenol blue, 2 mM MgCl2, 0.05% (v/v) benzonase
nuclease, 2x protease inhibitor cocktail I], on ice for 10 min.
Finally 1 µl of 0.25 M EDTA was added to each lysate and samples
heated in a water bath at 50◦C for 20 min.

Preparation of Cell Lysates for Phospho-c-Jun
Protein Assessment by Western Blot
Human lung microvascular endothelial cells in 6-well plates
were treated with DMSO (0.1%), GlyH-101 (20 µM) or TNF-
α (10 ng/ml) for 30 min and the cells lysed in 100 µl/well
lysis buffer [125 mM NaCl, 1 mM MgCl2, 20 mM Tris–
HCl, 1% Triton X-100, Complete protease inhibitor cocktail
(Roche) and phosphatase inhibitor (PhosSTOP, Roche)] at 4◦C
for 30 min. The cell lysates were centrifuged at 24000 RCF,
at 4◦C for 30 min and stored at −80◦C. Cell lysates (30 µl)
were mixed with 10 µl 4X sample loading buffer (30% v/v
glycerol, 200 mM Tris–HCl pH 6.8, 8% w/v SDS, 400 mM
DTT, 0.04% w/v bromophenol blue), and placed in a water bath
(95◦C) for 4 min.

Gel Electrophoresis and Western Blotting
Samples (35 µl) were loaded onto 7.5% (CFTR) or 10%
(Nrf2, p-c-Jun) SDS-PAGE gels, with 5 µl of a molecular
weight ladder with pre-stained proteins in the molecular size
range 8–220 kDa (Sigma) or 10–250 kDa (Bio-Rad) loaded
on each gel, and resolved proteins transferred using a Trans-
Blot semi-dry transfer cell (Bio-Rad, United Kingdom) to
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0.45 µm nitrocellulose membrane (Bio-Rad, United Kingdom).
Membranes were blocked with 3% (w/v) skimmed milk
powder in PBS (without Ca/Mg) with 0.1% Tween-20 (PBS-T),
overnight at 4◦C.

For CFTR, blots were incubated with 2 µg/ml “Mr. Pink”
rabbit polyclonal antibody (kindly provided by Prof. Ineke
Braakman, Utrecht University through the CFTR Folding
Consortium, United States) diluted 1:500 in PBS-T. Blots were
incubated with antibody for 1 h at room temperature (RT),
washed and incubated with 0.05 µg/ml goat anti-rabbit-HRP
(Dako) for 1 h at RT.

For Nrf-2, membranes were stained with 1 µg/ml rabbit
polyclonal anti-Nrf2 (Santa Cruz) in blocking buffer for 1 h
at RT, washed in PBS-T, and incubated with 0.125 µg/ml goat
anti-rabbit-HRP (Dako) for 1 h at RT.

For p-c-Jun, membranes were stained with 0.2 µg/ml rabbit
polyclonal anti-p-c-Jun [(Ser 63/73) Santa Cruz] overnight at 4◦C
in blocking buffer, and then 0.125 µg/ml goat anti-rabbit-HRP
(DAKO) for 2 h at RT.

After washing in PBS, blots were incubated for 5 min in the
dark with chemiluminescence substrate (Promega), followed by
detection of the bands with ChemiDocTM MP System (Bio-Rad).
The bands were normalized to β-actin in the samples, which
was detected after stripping with Restore Western Blot Stripping
Buffer (Thermo Fisher, United Kingdom) for 15 min and re-
probing membranes with rabbit polyclonal anti-β-actin for 1 h
at RT followed by 1 h incubation at RT with 0.05 µg/ml goat
anti-rabbit HRP (DAKO). Bands were quantified using scanning
densitometry and Quantiscan software.

Preparation of Supernatants and Cell Lysates for
Quantification of IL-8, VEGF, SOD-2 and Catalase by
ELISA
Supernatants from HLMVECs grown in 24-well plates were
cleared by centrifugation (1500 RCF for 10 min at 4◦C).
Cells were lysed for 10 min on ice in hypotonic buffer
(20 mM NaCl, 1% Triton X-100, and 20 mM Tris-base,
pH 7.4), containing Complete protease inhibitors (Roche),
and protease inhibitor cocktail I (Calbiochem). Lysates were
centrifuged at 5000 RCF for 10 min at 4◦C and samples
stored at −80◦C prior to analysis. IL-8 and VEGF were
measured using Duo-Set ELISA kits (R&D Systems) according
to the manufacturer’s instruction. Mitochondrial Mn-dependent
superoxide dismutase (SOD-2) and catalase were quantified
in neat cell lysates using ELISA kits (AbCam) according to
manufacturer’s instructions, with standard curves prepared in the
range 7.8–500 ng/ml.

Measurement of Intracellular ROS and H2O2
Human lung microvascular endothelial cells were seeded in
35 mm dishes for live cell imaging (25 × 104 cells/dish), and
HLMVECs and 16HBEs were seeded (8 × 103/well/100 µl)
for quantification of ROS in 96-well plates coated with
collagen IV and incubated overnight. In some experiments,
NAC (10 mM) was added for 3 h in FGM before adding
the ROS detector, carboxy-H2DFFDA (5-(and-6)-carboxy-2′,7′-
difluorodihydrofluorescein diacetate, (Invitrogen) in serum-free

HBSS (+Ca/Mg) at 10 µM for 30 min. Cells were washed
and incubated for 30 min in FGM, before being challenged
with GlyH-101 and TNF-α for 5, 10, and 30 min in FGM.
Changes in relative fluorescent units (1RFU) were compared
with cells treated with 0.1% DMSO or media alone, as controls
for GlyH-101 and TNF-α, respectively, and designated 100%
at each time point. In some experiments, the mitochondrial
targeting antioxidant MitoQ was added at 1 µM for 30 min
in FGM prior to challenge of the cells with GlyH-101 for
5 min. Plates were read at 37◦C in 5% CO2, Polar Star Optima
plate reader, (BMG Labtech), with excitation at 485 nm and
emission at 520 nm. For live cell imaging, dishes were examined
on a LSM 710 confocal microscope (ZEISS) with immersion
objectives and stage with temperature control, but without
atmospheric control.

Hydrogen peroxide (H2O2) was measured in HLMVECs
seeded at 5 × 104 cells/well/300 µl FGM in wells of 24-
well plates, incubated in the absence and presence of 10 µM
diphenyleneiodonium chloride (DPI) in FGM for 1 h, before
challenge with CFTR inhibitor GlyH-101 (20 µM) and control
DMSO (0.1%) for 5, 10, 30 min. Cells were lysed in 125 µl
of hypotonic lysis buffer [20 mM NaCl, 1% Triton X-100,
20 mM Tris-base, and pH to 7.4, with protease inhibitors
(Calbiochem), and sodium azide (0.1% w/v), to inhibit catalase
and peroxidase activity] and H2O2 quantified against an H2O2
standard in the range 3.125–200 µM using the Amplex Red assay
(Chen et al., 2008).

Immunocytochemistry for CFTR, Nrf2, NF-κB and
Phospho-c-Jun
HLMVECs, 16HBE or HEK293 cells in collagen-coated eight-
well chamber slides were fixed in paraformaldehyde (4%) and
permeabilized with Triton X-100 (0.1%). No primary antibody
controls were included for each analysis.

For CFTR staining, non-specific antibody-binding sites were
blocked with BSA (2%, for 16 h at 4◦C) and HLMVECs, 16HBE
or HEK293 cells incubated with rabbit anti-CFTR antibody “Mr.
Pink” (1/500), followed by goat anti-rabbit antibody conjugated
to Alexa Fluor-555 (2 µg/ml; Molecular Probes).

For NF-κB localization, non-specific antibody-binding sites
were blocked with rabbit serum (5%, for 1 h) and HLMVECs
incubated with mouse anti-p65 (4 µg/ml; Santa Cruz), for 16 h at
4◦C, followed by rabbit anti-mouse antibody conjugated to Alexa
Fluor-488 (2 µg/ml; Molecular Probes) for 1 h at RT.

For Nrf2 staining, HLMVECs were blocked with 5% goat
serum overnight at 4◦C, then rabbit polyclonal anti-Nrf2 (Santa
Cruz) at 4 µg/ml was added for 1 h at 4◦C, followed by
Alexa Fluor-555 goat anti-rabbit IgG (2 µg/ml; Molecular
Probes) for 1 h at RT.

For phospho-c-Jun staining HLMVECs were blocked with
5% goat serum overnight at 4◦C, then rabbit anti-p-c-Jun [(Ser
63/73), Santa Cruz] at 0.8 µg/ml was added for 1 h at 4◦C,
followed by goat anti-rabbit Alexa Fluor-555 (Molecular Probes)
at 2 µg/ml for 1 h at RT.

Nuclei were stained with 5 µg/ml Hoechst 33342 (Molecular
Probes) for 10 min, and slides mounted in Fluor-Preserve
Reagent for imaging with a LSM 710 confocal microscope (Zeiss).
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RNA Extraction and Reverse Transcription
Total RNA was extracted using ReliaPrep RNA Cell Miniprep
System (Promega) according to manufacturers’ instructions. The
concentration and purity (absorbance ratios at 260/230 and
260/280 of ≥2.0) of RNA in samples was determined using a
Nanodrop spectrophotometer. RNA was then reverse transcribed
into cDNA using the first step of the GoTaq 2-Step RT-qPCR
System (Promega) and either stored at −20◦C or immediately
used in quantitative PCR.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)
Cystic fibrosis transmembrane conductance regulator, IL-8 and
β-actin transcripts were amplified from cDNA (1 µg), using the
following primers: CFTR (105 bp) sense 5′- ATG CCC TTC GGC
GAT GTT TT -3′and antisense 5′- TGA TTC TTC CCA GTA
AGA GAG GC -3′;

IL-8 (194 bp) sense 5′- TTT TGC CAA GGA GTG CTA AAG
A -3′ and antisense 5′- AAC CCT CTG CAC CCA GTT TTC -3′:
and β-actin (93 bp) sense 5′- CGC GAG AAG ATG ACC CAG
AT -3′ and antisense 5′- GCC AGA GGC GTA CAG GGA TA -3.
The cycles for the qRT-PCR were: 2 min at 95◦C, then 35 cycles
for quantitation of IL-8 expression and 40 cycles for detection of
CFTR mRNA of 10 s at 95◦C, 20 s at 62◦C, and 60 s at 72◦C.
Data were collected using a LightCycler 96 (Roche Diagnostics
International Ltd.).

For nested or two-step, quantitative PCR, a 526 bp region of
CFTR was first amplified using primers: sense 5′- ACA GCG
CCT GGA ATT GTC AGA C -3′and antisense 5′- AGC GAT
CCA CAC GAA ATG TGC C -3′, followed by a second round
of amplification using the CFTR-specific primers and conditions
used in the single-step quantitative PCR.

To exclude the possibility of amplification from
contaminating genomic DNA during the qRT-PCR reaction,
we utilized a DNAse step in the ReliaPrep protocol during
mRNA extraction, and primers were designed to span at
least one or more large (>20,000 bp) introns, precluding
amplification from genomic DNA directly. Negative control
reactions, not including template cDNA (no template control)
or reverse transcriptase (“-RT,” or no amplification control),
were also performed and accepted when the threshold value
(Ct) was at least five cycles greater than the experimental
amplifications. Measurements were performed in duplicate
and accepted if the difference between the Ct values of the
duplicates was less than 1. The generation of a single product
of appropriate size was routinely checked by the presence of
a single melt peak and by agarose gel electrophoresis. Data
were analyzed using Roche LightCycler software. A relative
expression method was implemented, normalizing the data by

the internal control β-actin and expressing the final result relative
to the control group.

Electroporation and CFTR Silencing
Electroporation were used to introduce small interfering RNA to
target the CFTR gene in HLMVECs. HLMVECs (0.75 × 106)
were suspended in 100 µl of OptiMEM medium and transferred
to a sterile cuvette for the NEPA21 electroporator (NepaGene)
and 2 µl of siRNA for CFTR or validated non-targeting siRNA
pool (50 µM) was added to a final concentration of 1 µM. For
CFTR siRNA (ON-TARGET plus Human CFTR (1080) siRNA-
SMART pool (Dharmacon) was used, which consists of a mixture
of four siRNA with target sequence as the following:

1-GAACACAUACCUUCGAUAU
2-GUACAAACAUGGUAUGACU
3-GUGAAAGACUUGUGAUUAC
4-GCAGGUGGGAUUCUUAAUA

The cells were electroporated according to the pulse settings in
Table 1.

After electroporation cells were transferred to the wells of a
collagen-coated 6 well plate at a final concentration of 1.5 × 106
cell/well/2 ml of FGM. The medium then was changed every
24 h, for a total of 72 h, then the supernatants for the last
24 h were harvested and processed and used to analyze IL-8
concentrations by ELISA.

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism version
8. Data is presented graphically as mean ± SEM, and analyzed
by one-way or two-way ANOVA with two-tailed post hoc tests
for multiple comparisons as appropriate and as indicated in the
Figure legends. A directional one-tailed t-test was applied in the
case of the hypothesized increase in CFTR expression following
inhibition of CFTR activity (Figure 1F). Multiplicity adjusted p
values are given in the text to four decimal places.

The relative effect size, Cohen’s d, was determined
by calculating the mean difference between two groups
and dividing the result by the pooled standard deviation.
Cohen’s d = (M2−M1)/SDpooled, where:

SDpooled =
√

((SD1
2
+ SD2

2)/2), and Cohen’s d > 0.8 is
considered a large effect size.

RESULTS

CFTR Expression
Western blotting and RT-PCR were used to confirm CFTR
expression in HLMVEC under the cell culture conditions used

TABLE 1 | Electroporation pulse settings.

Poring pulse Transfer pulse

V Length ms Interval ms No. D. Rate (%) Polarity V Length ms Interval ms No. D. Rate (%) Polarity

170 2.5 50 2 10 + 20 50 50 5 40 ±
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FIGURE 1 | CFTR expression in HLMVECs. (A) Immunoblot of CFTR in whole cell extracts of HLMVEC, 16HBE and HEK-293 cells. All data are representative of
that obtained in at least three independent experiments. (B) Immunolocalization of CFTR in HLMVEC, 16HBE and HEK-293 cells (the control refers to the no-primary
antibody negative control). All images were acquired and displayed under identical conditions. (C) RT-PCR amplification of CFTR (light gray), β-actin (solid) and
reverse-transcription negative control (-RT CFTR, dotted line) in HLMVECs, and CFTR in 16HBE cells (positive control, dark gray). (D) Gel analysis of CFTR cDNA
amplified from HLMVEC, 16HBE mRNA and -RT control following single and nested RT-PCR. (E,F) CFTR expression in HLMVECs cell lysate by western blot after
16 h incubation with GlyH-101 (20 µM) and DMSO (0.1%) vehicle control. Data were normalized to β-actin, numbers expressed as average of three independent
experiments. Each experiment was conducted on HLMVECs obtained from three different donors (∗p < 0.05 for the difference between GlyH-101 and control). The
scale bar represents 50 µm.
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in these experiments, including growth on collagen IV coated
cultureware. CFTR could be detected on western blot as two
high molecular weight bands in HLMVEC lysates, the partially
glycosylated band B (140 kDa) and fully mature band C
(170 kDa) (Figure 1A). However, the level of expression was
highly variable between preparations. In separate experiments,
the same CFTR protein bands were detected in 16HBE, but not
in HEK293 cells. Levels of CFTR detected by IHC appeared to
be lower in HLMVECs than in the 16HBE bronchial epithelial
cell line and, in addition to the plasma membrane, CFTR was
detected in association with intracellular organelles possibly
the endoplasmic reticulum around the nucleus (Figure 1B).
Additionally, expression of CFTR mRNA was detected in
HLMVECs (1CT = 25.35 ± 0.55, n = 3), although at
much lower levels that in 16HBEs (1CT = 3.78 ± 0.53,
n = 3; p < 0.0001), when normalized to housekeeping β-actin
expression at threshold of 0.02 1RFU (Figure 1C). The
expression of CFTR mRNA In HLMVECs was confirmed by
nested PCR (Figure 1D) which increased the intensity of the
expected 100 bp CFTR product observed in single round PCR
while the expected 500 bp product was faintly detected.

In view of previous reports of the negative regulation of
CFTR expression by CFTR activity (Wang et al., 2016), we
tested the hypothesis that CFTR inhibition would increase
CFTR expression. Indeed, the abundance of CFTR in cells
treated for 16 h with GlyH-101 (20 µM) was significantly
higher (p = 0.035, one-tailed t-test) with a large effect size
(Cohen’s d = 1.55) compared to control cells treated with
DMSO (0.1%) (Figures 1E,F).

GlyH-101 and HLMVEC Viability
In order to investigate the effect of the CFTR inhibitor and
the vehicle control on metabolic activity as a measure of cell
cytotoxicity, cells were grown in medium (FGM) alone, or
incubated with GlyH-101 (5, 10, 20 µM) or DMSO (0.1%), as the
vehicle control, for the times indicated (Figure 2) and metabolic
activity measured using the MTT assay. Data was normalized to
the metabolic activity of cells grown in medium alone. Incubation

FIGURE 2 | Effect of GlyH-101 on HLMVEC viability. HLMVECs were grown in
FGM medium alone (medium), or treated for 16, 24, and 48 h with CFTR
inhibitor GlyH-101 at 5, 10, and 20 µM or 1% DMSO as vehicle control.
Results were normalized for the cells grown in medium alone, and data for the
effect of GlyH-101 compared with DMSO (0.1%) vehicle control data. Data
were expressed as mean ± SEM (**p value < 0.01 comparing GlyH-101
(20 µM) to DMSO (0.1%) at 48 h, n = 3 independent experiments). Data were
analyzed with two-way ANOVA and Tukey’s multiple comparison test.

of cells with GlyH-101 at concentrations of 5–20 µM for up to
24 h had no significant effect on HLMVEC metabolic activity
(MTT reduction) compared to the vehicle control (Figure 2).
After 48 h incubation with the highest (20 µM) GlyH-101
concentration, the significant (p = 0.002) decrease in MTT
reduction (74.2 ± 15.4%) compared with the DMSO control
(123.6± 22.0%) was associated with a reduction in the number of
cells adherent to the plate. Experiments using GlyH-101 to inhibit
CFTR were therefore conducted over periods of up to 24 h.

CFTR Activity
Cystic fibrosis transmembrane conductance regulator activity
was detected as membrane depolarization at baseline, and in
response to IBMX plus forskolin leading to increased uptake
and fluorescence of intracellular FLIPR Blue, that could be
inhibited by GlyH-101 (Maitra et al., 2013). The significant
(p = 0.0002) inhibitory effect (Cohen’s d = 1.32) of GlyH-101 on
control cells indicates constitutive activity of CFTR in HLMVECs
(Figure 3A). This was not seen in HEK293 cells used as a negative
control or 16HBE cells used as a positive control. The cAMP-
elevating agent forskolin (an adenylate cyclase activator) together
with IBMX (a cAMP-phosphodiesterase inhibitor) strongly
(p < 0.0001) stimulated HLMVEC membrane depolarization
in all cells (Figure 3B, black bars) compared to baseline
(Figure 3A, black bars). CFTR activity was measured as the
increase in membrane depolarization (increase in 1 RFU) that
was significantly inhibited by GlyH-101 (20 µM) (Figure 3B,
gray bars). In HLMVEC, GlyH-101 significantly (p = 0.0495)
inhibited membrane depolarization by 34% (Cohen’s d = 1.17).
The depolarization response of 16HBE cells was significantly
(p = 0.0095) greater than that of HLMVECs and was significantly
(p = 0.0068) inhibited 26.4% (Cohen’s d = 1.08) by GlyH-101.
This decrease in fluorescence was attributed to inhibition of
CFTR activity. HEK293 cells that do not express CFTR (Friard
et al., 2017) showed a greater depolarization in response to
forskolin/IBMX than HLMVECs, but there was no significant
inhibitory effect of GlyH-101 (Figure 3B) and no effect on
unstimulated control cells (Figure 3A).

CFTR and Oxidative Stress
In view of previous reports of the effect of dysfunctional epithelial
CFTR on increased intracellular H2O2 (Chen et al., 2008), we
investigated the effect of CFTR inhibition on the generation of
intracellular ROS and, specifically, H2O2 levels. Using live-cell
imaging, low levels of intracellular ROS were observed at time
zero, which increased over 30 min after treating the cells with
GlyH-101 (Figure 4A). However, using a quantitative approach
to measuring ROS generation, a faster response was detected
in stimulated cells compared to unstimulated control cells
(Figure 4B). The slower response during live cell imaging may
reflect the absence of atmospheric control during the experiment.

Both TNF-α, included as a positive control, and GlyH-101
induced a significant (p = 0.0012 and p = 0.0004, respectively)
increase in ROS of 165.2 ± 35.1% and 170 ± 11.5% compared to
unstimulated control cells at 5 min. The response to GlyH-101
was sustained over 30 min and was significantly higher than the
response to TNF-α at 10 and 30 min (p = 0.003 and p = 0.0173,
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FIGURE 3 | CFTR activity in HLMVECs at baseline and following cAMP-dependent activation. CFTR activity was measured at baseline (A) and following
cAMP-dependent activation (B) of HLMVECs, non-CFTR expressing HEK-293 cells and CFTR expressing 16HBE cells for comparison. CFTR activity at baseline
was measured as a decrease in relative fluorescence units (1RFU) following treatment of cells with the CFTR inhibitor GlyH-101 (20 µM, gray bars), reflecting
membrane hyperpolarization and decreased uptake of FLIPR compared to cells treated with 0.1% DMSO vehicle control (black bars). Activation of CFTR (B) was
measured as an increase in fluorescence (1RFU) following membrane depolarization of HLMVECs, HEK-293, and 16HBE cells activated with forskolin (100 µM) plus
IBMX (1000 µM) (F/I) for 2 min in the absence (black bars) and presence (gray bars) of GlyH-101 (n = 3 independent experiments, each carried out in quadruplicate).
Data were analyzed by two-way ANOVA and Holm-Sidak multiple comparisons test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 for the comparisons indicated).

respectively), while the response to TNF-α was back to control
levels at 10 min (Figure 4B).

N-acetyl cysteine (10 mM), added 3 h before GlyH-101, had no
effect on ROS production at 5 and 10 min following stimulation
with GlyH-101. After 10 min, ROS production in response to
GlyH-101 was 164.5 ± 9.9% of the control value, and in the
presence of NAC was still 156.9± 50% of the control value (n = 6).
However, NAC (10 mM) not only reversed the effect of GlyH-101
on ROS levels at 30 min, but also significantly (p = 0.005) reduced
the level of ROS to 42.8 ± 28.1% fluorescence intensity, below
that observed in control cells (Figure 4B).

H2DFFDA detects intracellular oxidative stress rather than a
specific reactive species (Eruslanov and Kusmartsev, 2010). We
therefore measured H2O2, one of the major ROS in cells. H2O2
was not detected in supernatants, but intracellular H2O2 was
significantly (p = 0.0022) increased (Cohen’s d = 4.39) following
30 min treatment with GlyH-101 (36.1 ± 2.7 µM) compared to
control (13.2 ± 2.5 µM), with no significant changes at earlier
time points (Figure 4C). Incubation of cells with 10 µM DPI
for 1 h prior to and during GlyH-101 challenge had no effect on
H2O2 concentrations.

Intracellular SOD-2 protein levels were significantly increased
at 16 h (p = 0.05, Cohen’s d = 1.58) and at 24 h (p = 0.0054,
Cohen’s d = 2.63) following CFTR inhibition (Figure 4D). No
significant changes in catalase protein levels were observed over
24 h (data not shown).

The staining pattern observed during live cell imaging of ROS
was punctuate (Figure 4A), which suggested a mitochondrial
source of ROS. However, the mitochondrial-targeting antioxidant
MitoQ had no effect in HLMVEC or 16HBE cells on ROS
production, measured as a change in 1RFU of carboxy-
H2DFFDA over 5 min following challenge with GlyH-101
(Figures 4E,F). GlyH-101 induced a significant increase in ROS
in HLMVECs in the absence (p = 0.0043, Cohen’s d = 1.65) and
presence (p = 0.0042) of MitoQ, and in the 16HBE bronchial
epithelial cell line in the absence (p = 0.0275, Cohen’s d = 1.3) and
presence (p = 0.0474) of MitoQ, which had no significant effect.

CFTR and Nrf-2 Expression
Chen et al. (2008) reported significantly reduced Nrf2 expression
in CF epithelia and in normal epithelial cells treated with the
CFTR inhibitor CFTRinh-172 (Chen et al., 2008). Therefore,
Nrf2 expression in HLMVECs was investigated following CFTR
inhibition with GlyH-101 (20 µM) for up to 24 h. IHC
demonstrated that Nrf2 was mostly absent from the cytoplasm
after 24 h incubation with GlyH-101, compared to control cells
(Figure 5A). The overall abundance of Nrf2 was significantly
(p = 0.0425) decreased at 6 h and had decreased further still at
16 h (p = 0.0032) and by 70.8± 11.6% at 24 h, (p = 0.0034, Cohen’s
d = 4.82), compared to control cells (Figures 5B,C).

CFTR and VEGF Expression
Since ROS induce the expression of endothelial VEGF (Kim and
Byzova, 2014), we investigated the effect of GlyH-101 on VEGF
levels in HLMVEC culture supernatants. Initial experiments
established that GlyH-101 (5, 10, 20 µM) increased endothelial
VEGF expression over 16 h, with a significant effect at 20 µM
GlyH-101 (Figure 6), but not at lower concentrations (data not
shown). GlyH-101 (20 µM) significantly (p = 0.0375, Cohen’s
d = 2.95) increased VEGF concentration in the supernatants
(202.1 ± 22.1 pg/ml) compared to control (74.24 ± 11.8 pg/ml)
over 16 h (Figure 6A). TNF-α, alone, did not have a significant
effect on VEGF levels, but further significantly (p = 0.0019,
Cohen’s d = 2.01) increased the VEGF response to GlyH-101
to 394.5 ± 50.4 pg/ml. Treatment of cells with NAC (5 mM)
significantly (p = 0.0056) reduced VEGF levels in the presence
of GlyH-101 plus TNF-α to 105.6 ± 21.8 pg/ml, which was
thus found not significantly higher than control levels (data not
presented graphically).

In cultured airway epithelial cells, treatment with CFTR
inhibitors triggered EGFR phosphorylation and activation that
was required for VEGF synthesis (Martin et al., 2013). We
therefore investigated the effect of EGFR inhibition on VEGF
synthesis in HLMVECs. Pre-treatment with the EGFR tyrosine
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FIGURE 4 | Oxidative stress in HLMVECs following CFTR inhibition with GlyH-101. (A) Intracellular ROS in HLMVECs using live cell imaging. Intracellular ROS in
HLMVECs detected using carboxy H2-DFFDA. GlyH-101 (20 µM) was added and the fluorescence detected at 0, 10, and 30 min. Scale bar 50 µm. Images
representative of duplicate wells in a single experiment. (B) Quantification of intracellular ROS in HLMVECs using carboxy-H2DFFDA. HLMVECs were incubated for
5–30 min in the absence and presence of GlyH-101 (20 µM) and TNF-α (10 ng/ml) and ROS detected by intracellular DFFDA. The experiments were conducted in
triplicate, n = 6 independent experiments for GlyH-101 in the absence and presence of 10 mM NAC, and n = 3 for TNF-α. Control values at each time point were
designated 100% (filled circles). Data points represent the mean ± SEM. Results were analyzed with two-way ANOVA and Tukey’s multiple comparisons test. (**** p
value < 0.0001, *** p value < 0.001) comparing GlyH-101 to control and (** p value < 0.01) comparing TNF-α to control, (††, p value < 0.01, † p value < 0.05
comparing GlyH-101 and TNF-α). (C) Quantification of intracellular H2O2 using Amplex Red. HLMVECs were treated with GlyH-101 for 5–30 min, and H2O2

measured in cell lysates using Amplex Red reagent. ** p value < 0.01 in comparison to DMSO after 30 min, (n = 4). Data were expressed as average ± SEM and
analyzed with two way ANOVA and Tukey’s post hoc test. (D) Intracellular SOD2. SOD2 was measured by ELISA in HLMVECs cell lysates following CFTR inhibition
with GlyH-101 (20 µM). Data were analyzed with one way ANOVA and Dunnett’s test, n = 3 (* p < 0.05, ** p value < 0.01 compared to DMSO control at 24 h).
(E) Quantification of intracellular ROS in HLMVECs using carboxy-H2DFFDA. HLMVECs were incubated for 30 min with/without MitoQ (1 µM) followed by 5 min
incubation with GlyH-101 (20 µM) and ROS detected by intracellular DFFDA. The experiments were conducted in quadruplicate, n = 3 independent experiments.
(** p value < 0.01 for the comparisons indicated). Data were analyzed by two-way ANOVA with Tukey’s multiple comparison post hoc test. RFU, relative fluorescence
units. (F) Quantification of intracellular ROS in 16HBEs using carboxy-H2DFFDA. 16HBEs were incubated for 30 min with/without MitoQ (1 µM) followed by 5 min
incubation with GlyH-101 (20 µM) and ROS detected by intracellular DFFDA. The experiments were conducted in quadruplicate, n = 3 independent experiments.
(* p < 0.05 for the comparisons indicated). Data were analyzed by two-way ANOVA with Tukey’s multiple comparison post hoc test. RFU, relative fluorescence units.
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FIGURE 5 | The effect of CFTR inhibition on Nrf-2 expression. The effect of CFTR inhibition on Nrf2 expression in HLMVECs over 24 h was investigated by
immunocytochemistry (A) and by western blot (B,C). (A) CFTR inhibition by GlyH-101 (20 µM) results in loss of cytosolic Nrf2 (arrows in control) with residual Nrf2 in
nuclei. Scale bar 50 µm. Images are representative of two independent experiments. (B,C) Nrf2 was detected on western blot as an 85 kDa band in control cells
(lane C) at 24 h (B), this value was significantly reduced by 70% with GlyH-101 over 24 h (C). Bars indicate mean ± SEM (* p < 0.05, *** p value < 0.001) for
comparison with 24 h control, n = 3 independent experiments. Data were analyzed by one-way ANOVA with Dunnett’s post hoc test.

kinase inhibitor AG1478 (10 µM) caused a non-significant
increase in VEGF levels at 16 h (results not shown). However,
a significant (p < 0.0001) increase in VEGF (481.6± 59.2 pg/ml)
was seen following EGFR inhibition with AG1478, alone,
compared to control (13.48 ± 2.9 pg/ml) over 24 h (Figure 6B).
Although GlyH-101 alone had no significant effect on VEGF
synthesis over 24 h, AG1478 increased VEGF synthesis in the
presence of GlyH-101 (p < 0.0001), and in the presence of
both the CFTR inhibitor and EGFR inhibitor VEGF levels were
598.8 ± 63.7 pg/ml. Addition of TNF-α to GlyH-101 at this time
point induced a small significant (p = 0.046) increase in VEGF
levels, and addition of AG1478 further significantly (p < 0.0001)
increased VEGF levels in the presence of GlyH-101 plus TNF-α.

CFTR and IL-8 Expression
Functional CFTR was reported to limit bronchial epithelial
expression of IL-8 (Perez et al., 2007). We therefore investigated
the effect of CFTR inhibition on IL-8 expression by HLMVECs.
Control, unstimulated, HLMVECs expressed IL-8 that was

predominantly in soluble form and released into supernatants
(Figure 7A). The CFTR inhibitor GlyH-101 (20 µM) significantly
increased IL-8 protein levels in both supernatants (p = 0.0359)
and HLMVEC cell lysates (p = 0.0234) (Figure 7A). This effect
was not seen with GlyH-101 added at 5 µM and 10 µM.
IL-8 concentrations were significantly (p < 0.0001) higher in
supernatants than lysates under all conditions. TNF-α (10 ng/ml)
further significantly (p < 0.0001) increased IL-8 levels in the
presence of GlyH-101 (20 µM) in both fractions over 16 h. In the
presence of TNF-α, GlyH-101 (20 µM) significantly increased IL-
8 levels in cell lysates (p = 0.0193) and supernatants (p = 0.0047)
compared to TNF-α alone.

Over a 24-h time course, TNF-α (10 ng/ml) and the
combination of TNF-α (10 ng/ml) plus GlyH-101 (20 µM)
significantly (p < 0.0001) increased supernatant IL-8 levels at
both 16 h and 24 h (Figure 7B). The response to TNF-α alone
plateaued at 16 h (Figure 7B), but the combination of GlyH-101
plus TNF-α significantly increased IL-8 levels at 16 h (p = 0.0043)
and at 24 h (p < 0.0001) compared to the effect of TNF-α alone.
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FIGURE 6 | The effect of CFTR inhibition on VEGF concentrations in HLMVEC
culture supernatants. (A) VEGF concentration after 16 h CFTR inhibition with
GlyH-101 (20 µM), in the absence and presence of TNF-α (10 ng/ml). VEGF
was measured by ELISA, and concentrations expressed as average ± SEM
(* p value < 0.05, ** p value < 0.01, *** p value < 0.001 for the comparisons
indicated). Data were analyzed with one-way ANOVA test and Tukey’s multiple
comparison test, n = 6 independent experiments, each carried out in
triplicate. (B) The effect of AG1478 on VEGF concentration alone, and after
24 h CFTR inhibition with GlyH-101 (20 µM) in the absence and presence of
TNF-α. VEGF was measured by ELISA, and concentrations expressed as
average ± SEM (**** p value < 0.0001 for the comparisons indicated,
* p value < 0.05 for TNF + Gly compared to the control value). Data were
analyzed with one-way ANOVA test and Tukey’s multiple comparison test,
n = 3 independent experiments, each carried out in triplicate.

AG1478 (10 µM) and NAC (5 mM) significantly (p = 0.0028
and p = 0.0444, respectively) inhibited the response to the
combination of TNF-α plus GlyH-101 at 24 h.

The increase in protein concentration mirrored the increase in
IL-8 mRNA expression following 16 h incubation with GlyH-101
(20 µM) and TNF-α (10 ng/ml), alone and in combination
(Figure 7C). The normalized relative expression of IL-8 mRNA
was significantly (p = 0.0258, Cohen’s d = 17.82) increased in the
presence of GlyH-101 alone. GlyH-101 also further significantly
(p = 0.0004, Cohen’s d = 3.72) enhanced the response to TNF-α.

Specificity of GlyH-101
Melis et al. (2014) reported non-specific inhibitory effects of
GlyH-101 on volume-sensitive outwardly rectifying chloride

conductance (VSORC), also termed volume-regulated anion
channel current (VRAC), and calcium-activated chloride
conductance (CaCC) in murine cell lines expressing CFTR
(Melis et al., 2014). More recently, Friard et al. (2017) also
reported inhibitory effects of GlyH-101 on VRAC conductance
in the immortalized human embryonic kidney cell line, HEK-293
cells, with an IC50 of 9.5 µM and 80% inhibition at 20 µM
(Friard et al., 2017).

HEK-293 cells, unlike endothelial cells, do not express CFTR
or the calcium-activated chloride ion channels anoctamin-1 and
anoctamin-2 (ANO1/2, also termed TMEM16A and TMEM16B,
respectively) (Friard et al., 2017). Therefore to investigate
whether the pro-inflammatory effects of GlyH-101 effects on
HLMVEC were due to inhibitory effects on VRAC activity, HEK-
293 cells were incubated with 20 µM GlyH-101 for 24 h and
IL-8 levels measured in cell culture supernatants. Because HEK-
293 cells express moderate levels of endogenous TNFα receptors
(Greco et al., 2015), TNFα (10 ng/ml) was used as a positive
control. TNFα (10 ng/ml) significantly (p < 0.0001, Cohen’s
d = 42.1) increased IL-8 concentrations in HEK-293 cell culture
supernatant compared to control levels (Figure 8A), whereas
GlyH-101 had no effect, indicating that effects of GlyH-101 on
IL-8 expression are not mediated by VRAC.

This was confirmed using the potent (IC50 4.8 µM)
and specific VRAC inhibitor DCPIB (4-(2-butyl-6,7-dichlor-
2-cyclopentyl-indan-1-on-5-yl) oxybutyric acid (Friard et al.,
2017), in cultures of HLMVECs with GlyH-101 (20 µM) and
TNFα (10 ng/ml) as positive controls. Both TNFα (p < 0.0001,
Cohen’s d = 16.73) and GlyH-101 (p = 0.017, Cohen’s d = 4.7)
significantly increased IL-8 in culture supernatants, but DCPIB
at 20 µM had no effect (Figure 8B).

Additionally, the potent (IC50 77 nM) TMEM16A-specific
inhibitor Ani9 (2-(4-chloro-2-methylphenoxy)-N-[(2-
methoxyphenyl)methylideneamino]-acetamide), that lacks
inhibitory activity against CFTR and VRAC (Seo et al., 2016)
did not induce significant IL-8 expression by HLMVECs at the
relatively high concentration of 10 µM (Figure 8B).

Effect of CFTR Gene Silencing
The anti-inflammatory function of endothelial CFTR was
confirmed using a siRNA approach to CFTR gene silencing.
A significantly (p = 0.041, Cohen’s d = 1.84) higher concentration
of IL-8 was measured in the supernatants of HLMVECs
transfected with CFTR siRNA compared with cells transfected
with non-targeting siRNA. The non-targeted cells yielded
160.01 ± 17.2 pg/ml IL-8 in HLMVEC supernatants,
while silencing of CFTR (siCFTR) in HLMVECs gave
265.4± 36.7 pg/ml IL-8 in the supernatant (Figure 9) confirming
constitutive CFTR activity in HLMVECs.

CFTR and Inflammatory Cell Signaling
Functional CFTR was reported to be a negative regulator of
NF-κB and inflammatory cell signaling (Vij et al., 2009). We
therefore investigated the effect of CFTR inhibition on activation
of NF-kB and AP-1, two key ROS-dependent signaling pathways
leading to IL-8 expression (Hoffmann et al., 2002), with TNF-
α (10 ng/ml) as a positive control stimulus. While TNF-α
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FIGURE 7 | IL-8 in HLMVEC cells and supernatants. (A) Concentration response curve for CFTR inhibitor GlyH-101 in the absence and presence of TNF-α
(10 ng/ml) for 16 h. GlyH-101 at 20 µM significantly increased IL-8 in supernatant, cell lysate, with and without TNF-α (* p < 0.05, ** p < 0.01) comparing GlyH-101
with control for each condition using one-way ANOVA (n = 3). (B) Time course for the effect of TNF-α (10 ng/ml) alone and in the presence of GlyH-101 (20 µM) on
IL-8 levels in HLMVEC supernatants. (**** p < 0.0001 compared to 24 h control, FGM), (†† value < 0.01, † † †† value < 0.0001 compared to TNF-α alone), (n = 3).
AG1478 (10 µM, filled triangle) and NAC (5 mM, open circle) significantly (p < 0.01 and p < 0.05, respectively) inhibited the response to the combination of TNF-α
plus GlyH-101 at 24 h. Numbers were expressed as mean ± SEM. The data were analyzed with two-way ANOVA and Tukey’s multiple comparison test, or one-way
ANOVA for the effects of AG1478 and NAC on the response to the combination of TNF-α plus GlyH-101. (C) Relative changes in IL-8 mRNA levels normalized to
β-actin (2-delta delta Ct values), following 16 h incubation with GlyH-101 (20 µM) and TNF-α (10 ng/ml), alone and together, compared to DMSO (0.1%) control,
n = 3. (* p < 0.05 comparing GlyH-101 with DMSO control, and *** p < 0.001 comparing TNF-α + GlyH-101 with TNF-α alone).

clearly stimulated nuclear translocation of the NF-kB p65 subunit
(Figure 10A, panel 2), CFTR inhibition with GlyH-101 (20 µM)
had no effect (Figure 10A, panel 3). However, both GlyH-101
and TNF-α significantly (p = 0.0326 with Cohen’s d = 1.86
and p = 0.035 with Cohen’s d = 2.37, respectively) increased
phosphorylation of the AP-1 c-Jun subunit (Figures 10C1,C2)
and significantly (p = 0.0476 with Cohen’s d = 1.96, and
p = 0.0094 with Cohen’s d = 1.99, respectively) increased its
nuclear translocation (Figures 10B,D).

DISCUSSION

Summary of Key Findings
We have shown that lung microvascular endothelial cells
respond to CFTR inhibition with significantly increased levels

of ROS, increased IL-8, VEGF and SOD-2 expression, and a
significant 70% decrease in Nrf2 protein levels. GlyH-101, a
CFTR-specific inhibitor, increased IL-8 expression via ROS-
dependent activation of AP-1 signaling with increased nuclear
phospho-c-Jun in HLMVECs, but no evidence of NF-κB
activation. Further, CFTR inhibition enhanced TNFα-stimulated
IL-8 expression, which occurs via both AP-1 and NF-κB
signaling pathways. We show that dysfunctional CFTR enhanced
EGFR-dependent expression of IL-8, which was inhibited
using the EGFR tyrosine kinase specific inhibitor AG1478.
Conversely, the increased expression of VEGF following CFTR
inhibition was significantly enhanced in the presence of
AG1478, and in this respect these endothelial cells differ
from airway epithelial cells. Overall, the data indicate that
suppression of endothelial CFTR activity activates production of
intracellular ROS, and ROS-dependent signaling cascades leading
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FIGURE 8 | CFTR-specific inhibition mediates pro-inflammatory effects in HLMVECs. (A) non-CFTR expressing HEK-293 cells were incubated with GlyH-101
(20 µM) and TNF-α (10 ng/ml) as a positive control, and IL-8 was measured in culture supernatants by ELISA (n = 3) (**** p < 0.0001 compared to control).
(B) HLMVECs were cultured for 24 h in the absence and presence of the CFTR inhibitor GlyH-101 (20 µM), the calcium-activated chloride ion channel
Transmembrane Member 16A (TMEM16A)-specific inhibitor Ani-9 (10 µM), the Volume-Regulated Anion Channel (VRAC)-specific inhibitor DCPIB (20 µM) and
TNF-α (10 ng/ml) as a positive control, and IL-8 was measured in culture supernatants by ELISA (n = 3). Data were analyzed by one-way ANOVA with Dunnett’s
multiple comparisons post hoc test. (* p < 0.05 comparing GlyH-101 with control, and **** p < 0.0001 comparing TNF-α with control).

FIGURE 9 | CFTR gene silencing. CFTR gene silencing using siRNA in
HLMVECs induced a significant increase in IL-8 in supernatants. After
targeting CFTR mRNA for 72 h, the results were compared with non-targeting
siRNA as negative control. (*p < 0.05, n = 4 independent experiments, with
each experiment carried out in duplicate). Data were expressed as
mean ± SEM and analyzed by t-test.

to activation of nuclear transcription factors involved in IL-8
and VEGF synthesis.

CFTR Expression
Endothelial CFTR expression was confirmed in the present study,
but appeared to be lower in our model than previously reported
in HLMVECs (Tousson et al., 1998), possibly reflecting growth
on collagen IV, which is an exclusive component of basement
membranes that regulates endothelial cell function (Wang and
Su, 2011). Levels of expression varied greatly between HLMVEC
preparations, as reported for other tissues (Riordan et al., 1989),
and appeared to be largely associated with intracellular organelles
with punctate staining indicating localization in the endoplasmic
reticulum surrounding the nucleus, as previously reported in
endothelial cells (Tousson et al., 1998).

Since we found that the CFTR inhibitor GlyH-101 does
not activate endothelial NF-κB (Figure 10), the increased
expression of CFTR following CFTR inhibition is unlikely to
be via activation of the TNF-R adaptor molecule, TRADD,
and NF-κB activation, as has been previously described
in bronchial epithelial cells (Wang et al., 2016). However,
Nrf2 has an inhibitory effect on CFTR expression (Rene
et al., 2010) and repression of CFTR expression occurs
under conditions of prolonged oxidative stress in bronchial
epithelial cells (Zhang et al., 2015). Thus, the significantly
reduced levels of endothelial Nrf2 we detected in HLMVECs
following CFTR inhibition (Figure 5) may contribute to the
observed increase in endothelial CFTR expression following
treatment with GlyH-101.

However, the low levels of mature CFTR in the plasma
membrane were activated by the cAMP-elevating agents,
forskolin plus IBMX, to cause cell depolarization. This response
was inhibited by GlyH-101, a water-soluble glycine hydrazide
reported to bind to CFTR externally in the channel pore where,
at 10 µM, it rapidly and completely inhibited CFTR chloride
channel activity in human airway epithelial cells (Muanprasat
et al., 2004). The cAMP-elevating agents stimulated membrane
depolarization in both HLMVECs and 16HBEs and the non-
CFTR expressing HEK293 cells. Significant inhibition of the
response by GlyH-101 in HLMVECs and 16HBEs indicated
that depolarization was partly due to CFTR. However, other
cAMP-activated channels, such as cAMP-gated non-selective
cation channels (Nilius and Droogmans, 2001), which are not
inhibited by GlyH-101, may also contribute to membrane
depolarization in these cells.

CFTR and Oxidative Stress
Oxidative stress is a key contributor to vascular endothelial
dysfunction in people with CF (Tucker et al., 2019). In the present
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FIGURE 10 | The effect of GlyH-101 on cell signaling. (A) NF-κB immunocytochemistry of HLMVECS after 1 h of 1; DMSO (0.1%), 2; TNF-α (10 ng/ml), 3; GlyH-101
(20 µM). No primary antibody controls showed no positive staining. (B) p-c-jun immunocytochemistry of HLMVECs after 30 min of 1; DMSO (0.1%), 2; TNF-α
(10 ng/ml), 3; GlyH-101 (20 µM). No primary antibody controls showed no positive staining. (C) p-c-jun western blotting. (C1) image of whole cell lysate after treating
HLMVECs with DMSO (0.1%), TNF-α (10 ng/ml), GlyH-101 (20 µM) for 30 min. L; molecular weight ladder. (C2) quantification p-c-jun on western blots from three
independent experiments. Data were analyzed with one-way ANOVA and Fisher post hoc test. (* p < 0.05 compared with DMSO control, n = 3). (D) Immunocyto-
chemistry quantification of relative nuclear to cytoplasmic p-c-jun intensity, data represent three independent experiments, in which 20 cells were quantified from
each condition. Data were analyzed with one-way ANOVA, and Fisher test (* p < 0.05, ** p < 0.01,compared with DMSO control, n = 3).

study, increased intracellular oxidative stress in HLMVECs and
16HBEs was demonstrated in response to CFTR inhibition. Chen
et al. (2008) previously reported an increase in intracellular
H2O2 following 72 h of CFTR inhibition in human bronchial
epithelial cells. The difference lies in the rapid response in
HLMVECs, in which intracellular ROS were significantly induced
over 5–30 min following CFTR inhibition with GlyH-101 and
was reflected in a significant increase in intracellular H2O2
concentrations at 30 min compared to baseline levels. H2O2 is
a highly diffusible cell signaling molecule with multiple redox-
sensitive molecular targets. These include oxidative inactivation

of protein phosphatases and direct or indirect activation
of kinases, converging in the regulation of transcription
factor activity and effects on endothelial cell function via
increased expression of growth factors including VEGF and
transactivation of growth factor receptors including EGFR
(Bretón-Romero and Lamas, 2014; Kim and Byzova, 2014;
Marinho et al., 2014).

The ROS signal following CFTR inhibition was completely
ablated in the presence of NAC, despite the fact that NAC
has only weak direct antioxidant properties toward superoxide
anions and H2O2 (Aldini et al., 2018). However, as a precursor
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FIGURE 11 | Schematic of the impact of CFTR dysfunction in HLMVEC on
oxidative stress, inflammation and angiogenesis. Specific pharmacological
inhibition of endothelial CFTR activity is associated with an increase in
intracellular ROS (5 min) and hydrogen peroxide (30 min), an increase in
phosphorylation of c-jun and activation of AP-1 (30 min) leading to
transcription of IL-8 (16–24 h). These responses are inhibited by the
antioxidant NAC and the EGFR inhibitor AG1478, indicating a role for
EGFR-mediated ROS/H2O2 generation in the induction of IL-8 synthesis. The
increase in ROS/H2O2 is associated with increased VEGF and SOD2
expression which serve to sustain high levels of intracellular hydrogen
peroxide, via effects on VEGFR and superoxide dismutation, respectively.
Under these conditions Nrf2, the master regulator of oxidative stress, is
significantly depleted, which is proposed to occur via prolonged exposure to
high levels of H2O2, activation of GSK-3β and labeling of Nrf2 for β-TrCP
recognition, ubiquitination and degradation. The suppression of Nrf2 levels to
below normal will further sensitize endothelial cells to oxidative stress by
reducing expression of antioxidant genes. Dotted lines indicate proposed
pathways. T indicates inhibition of a pathway.

of cysteine and thus of glutathione (GSH) synthesis, NAC is
effectively an indirect antioxidant, GSH being a direct antioxidant
and a substrate of several antioxidant enzymes (Aldini et al.,
2018). CFTR may be a major transporter of GSH in both
epithelial and endothelial cells (Roum et al., 1993; Gao et al.,
1999). Impaired CFTR activity diminishes both intracellular and
extracellular GSH levels in bronchial epithelial cells (de Bari et al.,
2018), and impaired endothelial CFTR activity may contribute
to the systemic deficiency in GSH in CF (Roum et al., 1993).
A rapid, within 10 min, significant 50% decrease in GSH in
airway epithelial cells following CFTR inhibition with the CFTR
inhibitor CFTRinh-172 was recently reported (de Bari et al.,
2018). Thus, if CFTR inhibition similarly lowers intracellular
GSH concentrations in HLMVECs, this may contribute to the
observed rapid increase in ROS/H2O2 following treatment with
GlyH-101. On the other hand, the significant decrease in ROS
observed in the presence of 10 mM NAC may reflect an
increase in intracellular GSH, as previously reported for human
pulmonary vascular endothelial cells treated with 10 mM NAC
(Hashimoto et al., 2001).

Major sources of ROS production in vascular endothelial
cells include the mitochondria, endoplasmic reticulum, plasma
membrane and cytosolic enzymes (Bretón-Romero and Lamas,
2014). Mitochondrial defects and increased production of ROS,

although controversial (Schwarzer et al., 2007), have been
reported in CF lung (Valdivieso and Santa-Coloma, 2013; Atlante
et al., 2016), and gut (Kleme et al., 2018) epithelial cells.
However, the mitochondrially targeting antioxidant MitoQ did
not attenuate ROS production in HLMVEC or 16HBEs, and
since the NOX/Duox inhibitor, diphenyleneiodonium (DPI)
at 10 µM, failed to inhibit H2O2 formation, another source
of endothelial ROS is indicated (Cai, 2005), which warrants
further investigation.

Cystic fibrosis transmembrane conductance regulator
dysfunction in airway epithelial cells was previously reported to
significantly increase SOD-2, while reducing catalase, expression
(Chen et al., 2008). Similarly, inhibition of endothelial CFTR
induced a significant increase in SOD-2, albeit in the absence of
a significant decrease in catalase expression.

SOD-2 is localized in the mitochondrial matrix and catalyzes
the dismutation of O2·− to H2O2. The observed increase in SOD-
2 expression 16–24 h following CFTR inhibition, in the absence
of any increase in catalase expression, would serve to maintain
relatively high intracellular H2O2 levels in our endothelial cell
cultures, as previously reported in airway epithelial cells over
72 h (Chen et al., 2008). SOD-2 expression is not reported
to be regulated by Nrf2 (Türei et al., 2013) and, considering
the loss of Nrf2 function over 16–24 h (Figure 5), we propose
that SOD-2 expression is upregulated in response to H2O2 -
mediated activation of other redox sensitive transcription factors
(Yoshioka et al., 1994).

CFTR and Nrf2 Expression
Previous work has demonstrated, in intestinal epithelial cells, that
CFTR knockout significantly increased mitochondrial levels of
H2O2 and decreased mitochondrial levels of Nrf2 (Kleme et al.,
2018). As in bronchial epithelial cells (Chen et al., 2008), CFTR
inhibition in HLMVECs led to a 70% decrease in endothelial
Nrf2 expression in the present study, although further work is
needed to demonstrate the subcellular organelle distribution of
Nrf2 in HLMVECs.

Since Nrf2 is a transcription factor and a master regulator
of the adaptive cellular response to oxidative stress in
endothelial cells, one would expect that oxidative stress would
induce an adaptive response (reviewed in 53). Adaptive
responses are characterized by increased Nrf2 expression and
activity, upregulated antioxidant response element (ARE)-
regulated gene expression with co-ordinated induction of
endogenous cytoprotective enzymes. In view of our evidence of
oxidative stress in endothelial cells following CFTR inhibition
(increased ROS/H2O2), the observed decrease in Nrf2 is
a paradox, but one which was also previously reported
in airway epithelial cells (Chen et al., 2008). H2O2 is
further metabolized by catalase in the peroxisomes or by
the glutathione peroxidase, peroxiredoxin/thioredoxin system,
isoforms of which are found in the mitochondria and the
cytosol, and whose expression is normally regulated by
Nrf2. However, expression of these cytoprotective proteins
is decreased in CF epithelial cells, and CF nasal and lung
tissue, and this was linked to the decreased expression of Nrf2
(Chen et al., 2008).
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Nuclear related factor 2 is normally maintained at low
levels intracellularly by its association with Kelch-like ECH-
associated protein 1 (Keap-1), a substrate adapter in an E3
ubiquitin ligase complex, leading to Nrf2 ubiquitination and
proteosomal degradation (Rada et al., 2011; Marinho et al.,
2014). H2O2 oxidizes critical cysteine residues in Keap-1,
inducing conformational changes affecting the interaction
between Keap-1 and Nrf2, thereby inhibiting Nrf2 ubiquitination
and degradation. In this way, stabilization of Nrf2 by H2O2
leads to translocation and accumulation of Nrf2 in the nucleus,
upregulation of ARE-driven gene expression and coordinated
induction of endogenous cytoprotective proteins. However, Nrf2
can also be tagged for degradation by phosphorylation mediated
by glycogen synthase kinase-3β (GSK-3β). Phosphorylated
Nrf2 is recognized and bound by the β-transducin repeat
containing protein (β-TrCP), a substrate adapter forming
an E3 ligase complex, followed by ubiquitination and
proteosomal degradation of Nrf2. Since GSK-3β is inhibited
by PKB/Akt-mediated phosphorylation, and H2O2 is an
activator of the PI3K/Akt pathway, then H2O2 can also activate
Nrf2 in a Keap-1 independent manner (Rada et al., 2011;
Marinho et al., 2014).

However, while short-term exposure to H2O2 inhibits GSK-
3β and activates Nrf2, prolonged exposure to high H2O2
concentrations activates GSK-3β, which could terminate the Nrf2
signal by degradation of Nrf2 through the β-TrCP pathway
leading to lower than normal levels of Nrf2 (Rada et al., 2011;
Marinho et al., 2014). These pathways are outlined in Figure 11.
Thus it would be of future interest to investigate if antioxidants,
such as NAC, could prevent the loss of Nrf2 following CFTR
inhibition in endothelial cell cultures.

Nrf2 as a Therapeutic Target
Since, Nrf2 expression is central to limiting oxidative stress and
inflammation, the reduced expression of Nrf2 in CF airway
epithelium (Chen et al., 2008), and now also demonstrated in
pulmonary endothelial cells with dysfunctional CFTR, strongly
indicate Nrf2 may be a therapeutic target to limit oxidative
stress and airway inflammation by increasing its expression and
activation in CF. Such an approach has been demonstrated using
the synthetic triterpenoid CDDO (2-cyano-3,12-dioxooleana-1,9
(Peters et al., 2015)-dien-28-oic acid) in airway epithelial cell and
animal models of CF (Nichols et al., 2009). Further, since CDDO
activates PI3K-PKB/Akt signaling (reviewed in 53), the increase
in Nrf2 activity in CF airway epithelial cells following treatment
with CDDO (Nichols et al., 2009), suggests the reduced Nrf2
activity in preclinical models of CF lung disease is associated
with GSK-3β activity. It would therefore be of future interest
to investigate the effect of specific pharmacological activators
of PI3K-PKB/Akt and inhibitors of GSK-3β activity on Nrf2
activity in pulmonary endothelial cells. Other Nrf2 activators
include natural products such as curcumin (Balogun et al., 2003)
and sulforaphane, an isothiocyanate enriched in broccoli sprouts,
which has been proposed as a dietary supplement to activate Nrf2
(Galli et al., 2012).

In addition to regulation by proteosomal degradation,
cytosolic Nrf2 levels are regulated at the stage of Nrf2 gene

transcription. Amongst factors that increase Nrf2 transcripts
is Nrf2 itself (Suzuki et al., 2013), possibly contributing to
the overall significant decrease in Nrf2 levels following CFTR
inhibition. Of interest, is the recent observation that clinically
approved CFTR modulators rescue Nrf2 dysfunction in CF
airway epithelial cells (Borcherding et al., 2019). The effect of
CFTR modulators on endothelial Nrf-2 expression and activity
remains to be investigated.

CFTR and VEGF Expression
Increased VEGF expression and peribronchial angiogenesis is
a feature of the CF airway. VEGF promotes angiogenesis and
increased vascular permeability, enhancing inflammatory cell
recruitment and plasma exudation in the airway. Inhibition
of airway epithelial CFTR increased VEGF expression, an
effect that was dependent on EGFR activity and inhibited
by the receptor tyrosine kinase inhibitor AG1478 (Martin
et al., 2013). Further, CF airway epithelial cells have increased
EGFR activity and phosphorylation compared to normal cells
(Stolarczyk et al., 2018). Thus it was suggested that EGFR
tyrosine kinase inhibitors, such as AG1478, might be useful
in the treatment of CF. However, the findings in the present
study clearly indicate that such an approach further enhances the
increased VEGF expression observed following CFTR inhibition
in HLMVECs, and in this respect these endothelial cells differ
from epithelial cells.

Conversely, EGFR inhibition reduced IL-8 expression in
CFTR-inhibited epithelial cells (Kim et al., 2013) and, as
demonstrated in the present study, also in HLMVECs. Since anti-
inflammatory therapies targeting inhibition of EGFR are likely to
increase VEGF expression in endothelial cells, other approaches
such as those that target oxidative stress (Kim and Byzova,
2014) are needed. This notion is supported by our evidence that
the antioxidant NAC significantly reduced ROS, and both IL-8
and VEGF expression in HLMVECs. In addition, others have
recently demonstrated that ingestion of an antioxidant cocktail
can improve vascular endothelial cell function and oxidative
stress in patients with CF (Tucker et al., 2019).

CFTR and IL-8 Expression
Dysfunctional CFTR significantly increased endothelial IL-8
expression both in the absence and presence of TNFα, a pro-
inflammatory cytokine that enhances neutrophil responses in
CF airways (Nichols and Chmiel, 2015). Increased expression
of IL-8 in pulmonary epithelial cells with dysfunctional CFTR
was previously associated with increased activation of the
transcription factor NF−κB (Vij et al., 2009), which works
with other transcription factors, including AP−1, as a central
transcriptional regulator of airway inflammation in CF (Nichols
and Chmiel, 2015). Diminished Nrf2 levels are proposed to
exacerbate activation of redox sensitive pathways including
activation of AP-1 and NF-κB signaling leading to increased
IL-8 expression (Hoffmann et al., 2002) and activation of
EGFR signaling pathways (Burgel and Nadel, 2008). GlyH-101
induced a rapid (within 30 min) significant increase in the
cellular abundance of phospho-c-Jun, including an increase in
the concentration of nuclear phospho-c-Jun. These changes are
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indicative of increased c-Jun expression and activation of AP-1
signaling, which contribute to a self-amplifying cycle of increased
c-Jun abundance (Marinho et al., 2014). However, no nuclear
translocation of p65, an indicator of NF-κB activation, was seen
following treatment of HLMVECs with GlyH-101 alone for up
to 1 h, ruling out a role for NF-κB activation via the canonical
pathway in the IL-8 response to inhibition of CFTR activity.
Similarly, the CFTR inhibitor CFTRinh172 also did not induce
NF-κB activation and nuclear translocation in airway epithelial
cells (Perez et al., 2007).

Unlike GlyH-101, TNFα induced activation of both NF-
κB and AP-1 signaling, leading to significantly increased IL-8
expression in HLMVECs, beyond the response to GlyH-101
alone. Of particular interest in this respect is the recent report
that JNK is activated in CF epithelial cells and further activated in
response to TNFα (Saadane et al., 2011).

The complete inhibitory effect of AG1478 on the GlyH101-
induced increase in IL8 synthesis indicates that this response
occurred via a signaling cascade leading to ligand-dependent
EGFR signaling, as previously described for human airway
epithelial cells exposed to the CFTRinh172 (Kim et al., 2013).
EGFR activation leads to rapid (within 5 min) generation
of H2O2 (Bae et al., 1997) by mechanisms which are not
yet described (Weng et al., 2018), with immediate response
gene expression, including JUN and FOS, occurring over the
first 45 min (Avraham and Yarden, 2011). Our data therefore
indicate the early, 30 min, increase in phospho-c-Jun observed
in response to GlyH-101 is mediated via H2O2-activated EGFR
signaling (Weng et al., 2018) and involved in AP-1-mediated
IL-8 expression.

The inhibitory effect of NAC on IL-8 production in response
to GlyH-101 in the presence of TNFα further indicates that ROS
are involved in signaling pathways leading to IL-8 synthesis in
endothelial cells. Following CFTR inhibition, GlyH-101 appears
to act solely through the EGFR cascade and AP-1 activation,
while TNF-α activates both NF-κB and AP-1 signaling pathways.
ROS contribute to EGFR activation, and activation of NF-κB
and AP-1 signaling pathways, as described above. Whether
endothelial oxidative stress further contributes to increased IL-
8 gene expression through remodeling of chromatin structure
and increased histone H4 acetylation at the IL-8 promoter, as
seen in CF airway epithelial cell models (Bartling and Drumm,
2009), is not known.

GlyH-101 Is a Specific Inhibitor of
Endothelial CFTR
Some degree of non-specificity for GlyH-101 has been reported
in murine epithelial cell lines (Melis et al., 2014), although
these effects appear to be species specific (Stahl et al., 2012).
In murine cells, GlyH-101 inhibited the volume-sensitive
outwardly rectifying Cl− conductance (VSORC) and the calcium
dependent Cl− conductance (CaCC), which in endothelial cells
is predominantly TMEM16A. However, although TMEM16A
activity was reported to negatively regulate pro-inflammatory
cytokine, including IL-8, synthesis in human CF bronchial
epithelia (Veit et al., 2012), TMEM16A is a positive regulator

of endothelial ROS (Ma et al., 2017), and its inhibition would
lead to decreased ROS in endothelial cells, and not the increase
reported in the current study, supporting the involvement of
CFTR in the observed responses to GlyH-101. In our control
experiments, specific inhibition of other chloride ion channels,
VRAC and TMEM16A had no effect on IL-8 expression, and
GlyH-101 had no effect on IL-8 expression in HEK-293 cells that
do not express CFTR. Together these experiments indicate that
the observed effects of GlyH-101 in HLMVECs reflect inhibition
of CFTR activity without off-target effects.

Others reported non-specific effects of GlyH-101 on
mitochondrial respiration and a rapid increase in ROS levels
that were independent of CFTR channel inhibition, although
these were largely abrogated in the presence of 10% serum,
and under these conditions GlyH-101 had no effect on basal
oxygen consumption (Kelly et al., 2010). Serum (5%) was present
in our HLMVEC cultures to provide a reducing extracellular
environment (Chan et al., 2001) and as a source of albumin to
increase intracellular glutathione that protects pulmonary cells
from oxidant-mediated cytotoxicity (Cantin et al., 2000). Under
these conditions, but not in the absence of serum, NAC acts as an
anti-oxidant (Chan et al., 2001), as we observed. Further, we saw
no effect of MitoQ on the GlyH-101 stimulated ROS production
in HLMVECs or 16HBEs, ruling out a direct effect of GlyH-101
on mitochondrial ROS.

Therapeutic Relevance
Systemic inflammation and oxidative stress are characteristics of
people with CF and it is proposed that dysfunctional endothelial
cells contribute to these changes in the circulation in people with
CF (Declercq et al., 2019; Causer et al., 2020). Further, systemic
inflammation, oxidative stress and endothelial dysfunction were
proposed to be major risk factors for cardiovascular disease in the
aging CF population (Reverri et al., 2014). Our data now point to
a role for dysfunctional endothelial CFTR in systemic oxidative
stress and inflammation in CF.

However, to date, there are limited options for anti-
inflammatory therapy for CF (Cantin et al., 2015). Targeting
endothelial CFTR for correction and/or potentiation would seem
to be a logical therapeutic approach, as small molecule correctors
and potentiators are already in development to restore epithelial
CFTR function. It was surprising that 6 months treatment with
ivacaftor in CF patients with the G551D mutation improved lung
function, and reduced sweat chloride, indicating an effect on
CFTR function, without an effect on pulmonary inflammation
(Rowe et al., 2014). Systemic inflammation was not measured
in the study, so it is not possible to appreciate the effect of the
oral drug, ivacaftor, on endothelial function. The combination
of lumacaftor with ivacaftor (Orkambi) for delF508 patients was
approved in 2015, but to our knowledge no studies have reported
effects on systemic inflammation.

Correction of CFTR expression in the bronchial epithelium by
gene transfer in 10–25% of cells in a population was sufficient
to restore normal chloride conductance and epithelial function
(Johnson et al., 1992; Zhang et al., 2009). However, it is currently
unclear whether low-level expression in many cells (e.g., 10% of
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residual CFTR expression) or a low number of cells expressing
high levels of CFTR are required to restore normal function and
achieve clinical benefit after gene therapy (Griesenbach et al.,
2015). Recent revised estimates of the number of endothelial cells
in the human body indicate a total of 6× 1011 cells (Sender et al.,
2016), and low level of expression of CFTR in all of them may
be sufficient to maintain normal barrier, anti-inflammatory and
anti-oxidant endothelial function.

In addition to inherited defects in CFTR in people with
CF, inhibition of CFTR on endothelial cells increased the loss
of barrier function induced by exposure of endothelial cells
to cigarette smoke (Brown et al., 2014). Raju et al. (2013)
showed that smoking causes systemic CFTR dysfunction and
that acrolein present in cigarette smoke mediates CFTR defects
in extrapulmonary tissues in smokers. Endothelial dysfunction
is associated with loss of lung function, severity of disease and
reduced exercise capacity in COPD (Green and Turner, 2017).
Together, these findings indicate that acquired loss of endothelial
CFTR function in response to cigarette smoking may be relevant
to the development of vascular disease and other co-morbidities
in COPD, and a further target for therapy.

Limitations
While our data identify CFTR expressed in human lung
microvascular endothelium as a controller of oxidative stress,
ROS-mediated cell signaling and inflammatory responses, it was
based on a limited number (n = 3–6) of independent experiments.
In addition, this study was performed in a model in which normal
endothelial CFTR function was inhibited pharmacologically. To
better understand the role of dysfunctional endothelial CFTR
in people with CF, studies could be conducted using primary
endothelial cells or cell lines from people with CF in cell

culture models under shear flow, for example, and eventually in
the in vivo situation, given the importance of various cellular
interactions in inflammatory responses.

CONCLUSION

In conclusion, our study points to restoring endothelial CFTR
and Nrf2 activity as therapeutic targets in people with CF, and
supports the use of systemic antioxidants to reduce vascular
inflammation and angiogenesis in CF.
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Background: Hypertension remains highly prevalent in postmenopausal women, along

with vascular dysfunction and increased oxidative stress. In such context, regular

exercises, yoga practice, and slow breathing have been recommended to treat

hypertension. However, the effects of the multiple components of yoga, including the

respiratory techniques involved in the practice, on hypertension and on vascular and

endothelial function have never been evaluated.

Objective: This study aimed to investigate the additional effects of respiratory technique

on vascular function and oxidative stress profile in hypertensive postmenopausal women

(HPMWs) following yoga or stretching video classes.

Study Design: Hypertensive postmenopausal women were recruited and randomized

for 12 weeks, twice a week, of supervised yoga or stretching video classes of 75min for

12 weeks associated or not with respiratory technique. Baseline and post-intervention

measurements included pulse wave velocity (PWV), flow-mediated dilation (FMD), and

oxidative stress parameters. Hypertensive postmenopausal women (59 ± 0.7 years)

who ended the protocol were distributed into three groups: (1) control group (yoga or

stretching, C, n = 14); (2) yoga + respiratory technique (Y+, n = 10); (3) stretching +

respiratory technique (S+, n = 9).

Results: Diastolic blood pressure and FMD [baseline: C: 6.94 ± 1.97%, Y+: 7.05 ±

1.65%, and S+: 3.54 ± 2.01% vs. post: C: 16.59 ± 3.46% (p = 0.006), Y+: 13.72 ±

2.81% (p = 0.005), and S+: 11.79 ± 0.99% (p = 0.0001)] have significantly increased

in all groups when baseline and post-practice values were compared. However, resting

heart rate and PWV [baseline: Y+: 10.44 ± 3.69 and S+: 9.50 ± 0.53 m/s vs. post:
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Y+: 9.45 ± 0.39 (p = 0.003) and S+: 8.02 ± 0.47 m/s (p = 0.003)] decreased

significantly only in the Y+ and S+ groups (baseline vs. post). Systemic antioxidant

enzyme activities (superoxide dismutase and catalase) increased in all groups, and

hydrogen peroxide and lipoperoxidation reduced in Y+ and S+ (baseline vs. post).

Conclusions: Twelve weeks of yoga or stretching video classes promoted positive

changes in several outcomes generally regarded as cardiovascular risk factors in

HPMWs, and these changes were even more pronounced by the association with

respiratory technique.

Keywords: hypertension, arterial stiffness, endothelial function, yoga, breathing, oxidative stress

INTRODUCTION

There is a remarkable increased prevalence of hypertension in
postmenopausal women (Yanes and Reckelhoff, 2011; Modena,
2014). Hypoestrogenism caused by menopause exerts deleterious
effects on several tissues and organs, including vessels (Somani
et al., 2019). This may lead to endothelial dysfunction (Sanchez-
Barajas et al., 2018) arterial stiffness (Muka et al., 2016; Costa-
Hong et al., 2018), and unfavorable oxidative stress profile
(Dinh et al., 2014).

The mechanisms by which menopause leads to changes in
vascular bed and impairment in endothelial function are complex
and diverse, including decreasing vasodilation capacity and
impairing the ability of signaling of blood flow, endothelium,
and smooth muscle cells of the media layer (Somani et al., 2019).
This process improperly generates reactive oxygen species (ROS),
causing losses for vascular homeostasis (Hsieh et al., 2014).
Along with this, increasing vascular resistance may represent
a burden for hypertension and an overload for central arteries
(Thijssen et al., 2016). Damage caused by mechanic stress of
blood flow on walls of central arteries leads to lower compliance
and arterial stiffness (Mitchell, 2009; Laurent, 2012). Arterial
stiffness, in turn, increases with age, but the deleterious effects of
menopause should not be seen as part of the natural aging process
(Costa-Hong et al., 2018).

Taken together, these conditions demand appropriate clinical

management, which should include non-pharmacological

strategies in order to prevent their progression to cardiovascular

diseases (Yanes and Reckelhoff, 2011). Among others, regular

physical exercises and slow breathing are highly recommended

to treat the effects of hypertension (Cornelissen and Smart,

2013), and in recent years, yoga also has been found to be an

effective intervention (Hagins et al., 2013). Despite controversial

results of yoga on arterial stiffness (Patil et al., 2015, 2017),
an association between poor trunk flexibility and arterial
stiffness has already been demonstrated (Yamamoto et al.,
2009). Regarding endothelial function, several studies have
demonstrated the effectiveness of yoga (Hunter et al., 2017,
2018). However, the impact of slow breathing on endothelial and
vascular function has not yet been demonstrated (Limberg et al.,
2013; DeLucia et al., 2018). Multiple components of yoga such
as physical poses (asanas), respiratory exercises (pranayamas),
meditation, and devotional and lifestyle aspects have never

been analyzed separately in order to assess specific benefits
(Hartley et al., 2014).

Pranayamas present different forms and speeds of inhalation,
exhalation, and retentions (Jerath et al., 2006). Ujjayi is a slow-
breathing pranayama, which narrows the glottis and extends
respiratory phases. It decreases respiratory rate, and it is usually
performed along with physical poses (Satin et al., 2014). Physical
poses take limbs and spine to great range of motion, demanding
mostly agonists’ isometric contractions and antagonists’ muscle
group stretching (Jorge et al., 2016). In recent years, stretching
has been regarded as an exercise able to promote changes on
vascular function (Kato et al., 2017). Positive effects of single
bouts of stretching have been reported, although mechanisms
involved in such responses are not fully elucidated, and no studies
have been carried out on chronic effects of this kind of exercise
(Kruse et al., 2016; Kruse and Scheuermann, 2017).

As an innovative investigation, we may well hypothesize that
in hypertensive postmenopausal women (HPMWs) additional
improvements resulting from yoga poses and respiratory
technique may be expected for blood pressure, vascular, and
endothelial function, and oxidative stress profile after 12 weeks
of video classes twice a week. Therefore, the aim of this study
was to investigate the additional effect of respiratory techniques
on vascular function and oxidative stress profile in HPMWs,
following 12 weeks of yoga or stretching video classes.

METHODS

Ethical Considerations
The Ethical Committee of Instituto de Cardiologia do RioGrande
do Sul/Fundação Universitária de Cardiologia approved this
study, which is in accordance with CONSORT statement. All
participants signed an informed written consent form. Data have
been collected between July 2018 and December 2019. The study
was registered in the Clinical Trials Registry (NCT03137849).
All data have been fed into the REDCap Platform (www.redcap.
cardiology.org.br).

Participants
Patients have been recruited from the institution patient data,
along with a social media network (i.e., Facebook). Inclusion
criteria were as follows: age 45 to 68 years old, minimum of
12 months of amenorrhea, follicle-stimulating hormone >35
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mUI/mL, blood pressure >140/90, or in continuous use of
medication [diuretics, Ca+ channel inhibitors, angiotensin-
converting enzyme (ACE) inhibitors, ARA2], not undergoing
hormone replacement therapy, leading a sedentary lifestyle,
and no previous yoga practice. Exclusion criteria were as
follows: use of β-blockers and/or psychiatric medication, recent
cardiovascular events or surgery, renal alterations, respiratory,
and/or neuromotor pathologies, smoking, and body mass
index >34.9 kg/m2.

Randomization and Outcome Measures
After signing the informed consent form, participants
were randomized and underwent baseline assessments at
Clinical Investigation Laboratory and Ergometry Room of
Institute of Cardiology of Rio Grande do Sul/Cardiology
University Foundation by trained personnel blinded to the
randomization. They were randomized into yoga, stretching,
yoga + respiratory technique, and stretching + respiratory
technique interventions. Given the dropout of subjects, and
the lack of differences between yoga and stretching in baseline
and post-interventions in the assessed parameters, participants
were assigned into three groups: (1) control (yoga or stretching
interventions alone, C, n = 14); (2) yoga + respiratory
technique (Y+, n = 10), and (3) stretching + respiratory
technique (S+, n= 9).

The participants were previously advised to fast overnight
(12 h) and to refrain from alcohol, caffeine, and intensive exercise
practice and were told to have proper night of sleep 24 h prior the
examination day.

On the day of the evaluation, anthropometric measures,
and body composition by bioimpedance were taken
(BIODYNAMICS 310TM). Systolic (SBP), diastolic blood
pressure (DBP), and heart rate were assessed according to the
American Health Association guideline recommendations.
Blood sample were collected for biochemical analysis and
systemic oxidative stress evaluations.

Arterial stiffness and endothelial function were assessed as
described in the following section. Exercise electrocardiogram
was performed to rule out any cardiac disease and to estimate
maximal oxygen uptake (VO2max). Flexibility was evaluated with
“Sit and Reach” test (Ayala et al., 2012).

After baseline assessments, participants attended 12
weeks (24 classes) of intervention and underwent final
evaluations in the same baseline order. All participants
have been told they were attending a yoga protocol.
Blind investigators have taken all outcomes assessments to
the interventions.

All evaluations have been repeated in the same order after
completion of protocol, as follows:

Biochemical Analyses
Fasting blood samples were collected to analyze fasting glucose
(automated enzymatic method). Total cholesterol, high-density
lipoprotein cholesterol, and triglycerides were assessed by the
enzymatic colorimetric method. Follicle-stimulating hormone
was assessed by the electrochemiluminescence method.

Arterial Stiffness
Arterial stiffness was assessed by pulse wave velocity (PWV),
which refers to the time a systolic wave travels in an arterial
segment (Costa-Hong et al., 2018). Augmentation Index (Aix)
refers to the sum of both anterograde systolic wave and the
previously reflected systolic wave, and it is considered a reliable
measure for vascular resistance along the arterial tree (Mitchell,
2009). Arterial stiffness was assessed by Complior AnalyzerTM

(ALAM Medical, France). Sensors were positioned upon the
right carotid and femoral arteries. Distance between carotid and
femoral pulse was provided by the investigator. Measures of
blood pressure, height, and weight were fed into the software.
Three consecutive measures were obtained from the equipment
at a quality signal >90%. The mean of these three measures was
considered for analysis of PWV, Aix, and central SBP and DBP
(cSBP and cDBP, respectively) (Townsend et al., 2015).

Endothelial Function (Flow-Mediated
Dilation)
A high-resolution ultrasonography equipment (Esaote My Lab
70X Vision) was used for the evaluation of endothelial function
through a high-frequency transducer to obtain longitudinal
images of the brachial artery. The transducer was positioned
upon the brachial artery in the 1/3 arm size of superior
antecubital fossa. Baseline images were recorded for 1min, and
this was immediately followed by a cuffing inflated up to 200
mmHg and kept for 5min in order to characterize reactive
hyperemia. Thirty seconds before the cuffing was released, new
images started to be recorded for 3min, considered endothelium-
dependent dilation, and were analyzed by the Cardiovascular
SuiteTM software (Quipu, Italy). The software demands to specify
the interest area of the arterial segment and flow using visual
selection. Baseline and post-hyperemia diameter and flow were
computed to obtain the percentage of dilation, volume, and shear
stress (Thijssen et al., 2019).

Oxidative Stress Evaluations
Blood Sample Collection and Preparation
Whole blood was sampled from the participants in EDTA tubes
and then centrifuged at 2,000 rotations per minute (rpm) during
10min at 4◦C. Plasma was removed and kept aside for further
analysis. Mononuclear cell fraction was removed, and the red
blood cells were washed with phosphate-buffered saline and
centrifuged three times, for 5min each, at 2,000 rpm. Further,
in 100 µL of washed red blood cells, 1mL of acetic acid (1mM)
and MgSO4 (4mM) was centrifuged at 3,000 rpm for 30min
at 4◦C. The supernatant was stored at −80◦C for subsequent
assessments. Proteins were quantified by the method described
by Lowry et al. (1951).

Antioxidant Enzymes: Catalase and Superoxide

Dismutase
Catalase (CAT) activity was evaluated by spectrophotometry
(240 nm), through the consumption of hydrogen peroxide
(H2O2; Sigma–Aldrich Corporation, H3410) by measuring
decreasing absorbance, whose rate of decomposition is straightly
proportional to its activity. Superoxide dismutase (SOD) activity
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was determined throughmeasures of oxidative pirogalol (Sigma–
Aldrich Corporation, P0381). A colorful by-product based
on oxidation of pirogalol was detected by spectrophotometry
(420 nm, SP22, Bioespectro) (Fridovich, 1986).

Nicotinamide Adenine Dinucleotide Phosphate

Oxidase
Nicotinamide adenine dinucleotide phosphate oxidase (NADPH)
oxidase was determined by the rate of NADPH consumption
assessed by measuring the decline in absorbance (340 nm) every
10min, using a plate reader spectrophotometer (Espectra Max
2, Molecular Devices) (Wei et al., 2006). For the assay, we used
a 50mM phosphate buffer containing EDTA (2mM, Nuclear,
311737), sucrose (150mM, Sigma–Aldrich Corporation, S7903),
NADPH (1.3mM, Sigma–Aldrich Corporation, N1630) and 10
µL of sample.

Hydrogen Peroxide (H2O2)
H2O2 was analyzed through measuring of oxidation of phenol
red (Sigma–Aldrich Corporation, H3410) mediated by radish
peroxidase (Sigma–Aldrich Corporation, P8250), using a plate
reader spectrophotometer (610 nm, Espectra Max 2, Molecular
Devices) (Pick and Keisari, 1980).

Lipoperoxidation
Plasma lipid peroxide levels were determined by measuring
thiobarbituric acid reactive substances (TBARSs), a common
method for measuring the concentration of malondialdehyde,
the main breakdown product of oxidized lipids. For the TBARS
assay, using 250 µL of sample, trichloroacetic acid (10%, wt/vol,
Dinamica, 1072-1) was added to the homogenate to precipitate
proteins and to acidify the samples. This mixture was then
centrifuged (4,000 rpm, 10min), the protein free sample was
extracted, and thiobarbituric acid (0.67%, wt/vol, Sigma–Aldrich
Corporation, T-550-0) was added to the reaction medium. The
tubes were placed in a water bath (100◦C) for 30min. The
absorbences weremeasured at 535 nmusing a spectrophotometer
(SP22, Bioespectro) (Buege and Aust, 1978).

Protein Oxidation
Carbonyls represent a marker of the oxidative damage to proteins
and were assessed by the reaction of oxidative proteins in
plasma with 2,4-dinitrophenylhydrazine (DNPH, Sigma–Aldrich
Corporation, D199303) in acid mean. This was followed by
successive washings with acid and organic solvents in the final
incubation with guanidine hydrochloride solution (6M, Sigma–
Aldrich Corporation, G4505). Absorbance of carbonyls was
measured by spectrophotometry (360 nm, SP22, Bioespectro)
(Reznick and Packer, 1994).

Intervention
The 12 week supervised video classes occurred twice a week
between 2:00 and 6:00 P.M and have taken place in a room
equipped with a 32-inch-screen television and yoga mats.

Four video classes have been created as intervention: yoga,
stretching, yoga + respiratory technique, and stretching +

respiratory technique. The respiratory technique employed as
intervention was ujjayi pranayama (victorious breath), a nasal
respiration that narrows the glottis in order to extend both

inspiratory and expiratory phases, and was performed along
with yoga or stretching poses. Yoga and stretching, as control
intervention, took only “inhale/exhale” commands. After the
60min of yoga or stretching, all groups underwent the same
yoga-based relaxation technique in supine position (15min).
The protocols were developed by same experienced yoga and
stretching licensed instructor.

Yoga included three full sequences of sun salutations, followed
by traditional standing poses, balance poses, stabilizations (core
positions) and retroversion poses, sit poses, and final poses in
supine position.

Stretching was based on dynamic (warm-up) and static
exercises excluding those similar to yoga poses, attaining great
range of motion of the main body joints and muscle groups,
and did not include any body weight bearing, thus avoiding
isometric contractions.

Full video classes of yoga and stretching were compiled as yoga
(Videos 1–6) and stretching (Videos 7–12) for electronic version
(in Portuguese audio, associated with respiratory technique).

A comparative plot of interventions is displayed in
Supplemental Table 1.

Data Analysis
The study was not analyzed as “intention to treat.” A secondary
analysis of those participants who ended the protocol was
provided. Because of losses in the follow-up, yoga and stretching
not associated with respiratory technique were considered as
one active control group, so statistical analyses were performed
for three intervention groups: (1) control group (yoga or
stretching), (2) yoga+ respiratory technique (Y+), (3) stretching
+ respiratory technique (S+). Power of study was calculated
a posteriori considering PWV variance among groups for
post-intervention values, which was determined as β = 0.83.
Medication classes used by participants were divided into five
categories: (1) none, (2), diuretics, (3) angiotensin-converting
enzyme inhibitor, (4) angiotensin II receptor blockers (ARBs),
(5) combination of any class. This classification was taken to
determine any differences among groups concerning the use of
drug classes.

Collected data were processed by SPSS Statistics for Windows,
version 25.0. Differences between post-intervention and baseline
measures and among groups were calculated to determine
changes in the outcomemeasures by GEE (generalized estimating
equation), in order to obtain population-averaged effects.
Bonferroni post-hoc test was performed. Two factors have been
considered for analysis: intervention group, named “group,”
and moment of evaluation (baseline and post-intervention),
named “moment,” as well as interaction between them, called
“interaction.” Data are shown asmean (M)± standard error (SE).
Correlations of Pearson for parametric data and Spearman (non-
parametric) have been taken. Significance considered a p ≤ 0.05.

RESULTS

Study Population
The eligible study population consisted of 50 women, of which
33 completed the 12 week protocol (Figure 1). Participants’
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FIGURE 1 | Flowchart of recruitment.

age and time of menopause were similar among groups
(Table 1).

Five participants were not taking any medication, three
participants used only diuretics, 4 participants used ACE
inhibitors, nine participants used ARBs, and 12 used a

combination of drugs, including three who used of calcium-
channel blockers. There were no differences between treated and
untreated participants and the type of drugs used in all groups.

Body mass index was not changed significantly in any
group from baseline to post-intervention moments. However,
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TABLE 1 | Characterization of participants after randomization, at baseline, and post-intervention for 12 weeks of video classes two times a week.

C (n = 14) Y + (n = 10) S + (n = 9) GEE

Baseline Post Baseline Post Baseline Post P group P moment p interaction

Age (years) 59 ± 1,1 _ 58.00 ± 1.2 _ 60.44 ± 1.1 _

Time of menopause

(years)

9.5 ± 1.6 _ 9.40 ± 1.54 _ 10.22 ± 1.65 _

Anthropometric measures

BMI (kg/cm2 ) 27.68 ± 0.7 27.36 ± 0.7 25.93 ± 1.33 26.09 ± 1.33 29.43 ± 0.47 29.08 ± 0.50* 0.019 0.105 0.047

Fat Percentage (%) 35.66 ± 1.1 35.79 ± 1.16 34.34 ± 1.30 34.80 ± 1.44 38.94 ± 0.72 39.32 ± 0.63 0.001 0.233 0.984

Abdom circunference

(cm)

85.25 ± 2.08 82.57 ± 2.38* 84.06 ± 3.15 82.39 ± 2.95 92.67 ± 1.55 88.83 ± 2.29* 0.019 0.001 0.601

Biochemychal analyses

Glucose (mg/dL) 107.9 ± 5.3 103.6 ± 4.9 92.9 ± 2.6 96.4 ± 3.9 100.9 ± 6.8 100.7 ± 3.8 0.145 0.835 0.100

Total cholesterol

(mg/dL)

217.3 ± 7.5 199.8 ± 7.9* 237.3 ± 11.0 227.6 ± 11.1* 192.8 ± 13.0 189.5 ± 12.1 0.037 <0.001 0.132

Cholesterol HDL

(mg/dL)

53.6 ± 2.0 55.1 ± 3.0 63.5 ± 6.5 62.2 ± 5.9 64.1 ± 6.8 65.4 ± 6.5 0.176 0.658 0.655

Cholesterol LDL

(mg/dL)

130.2 ± 7.5 114.6 ± 7.9* 148.1 ± 12.9 134.1 ± 11.5* 105.1 ± 14.3 97.8 ± 11.9 0.077 <0.001 0.552

Triglycerides (mg/dL) 167.5 ± 20.1 145.5 ± 15.5 124.2 ± 11.8 117.2 ± 12.9 117.8 ± 12.3 120.8 ± 16.6 0.110 0.302 0.474

FSH (mUI/mL) 71.5 ± 5.4 67.7 ± 5.9 82.5 ± 11.3 85.1 ± 9.9 66.3 ± 9.2 64.6 ± 9.0 0.374 0.585 0.429

Functional measures

VO2max (ml/kg/min) 30.1 ± 1.7 31.4 ± 1.6 31.85 ± 2.2 33.89 ± 2.3 27.6 ± 1.4 29.5 ± 1.9 0.167 0.110 0.927

Flexibility test (cm) 23.9 ± 2.0 29.1 ± 2.5* 21.6 ± 3.2 30.6 ± 3.1* 19.6 ± 3.0 24.9 ± 2.4* 0.388 <0.001 0.410

Hemodynamic measures

SBP (mmHg) 142.9 ± 5.8 134.5 ± 4.1* 137.4 ± 3.8 136.9 ± 4.0 141.2 ± 4.7 125.6 ± 5.0* 0.70 <0.001 <0.001

DBP (mmHg) 82.66 ± 2.7 78.66 ± 2.5* 86.23 ± 2.18 83.10 ± 2.35* 87.15 ± 2.98 76.37 ± 3.01* 0.418 <0.001 0.015

Heart rate (bpm) 67.7 ± 1.9 66.9 ± 2.1 68.7 ± 2.6 63.7 ± 2.7* 66.4 ± 2.2 63.4 ± 2.0* 0.683 0.005 0.269

Respiratory rate (cpm) 15.5 ± 0.9 14.7 ± 0.9 14.2 ± 0.9 13.9 ± 0.9 16.5 ± 1.8 15.9 ± 0.9 0.145 0.090 0.807

Data shown as mean (M) ± standard error (SE). C, control group (yoga poses or stretching); Y+, yoga poses plus respiratory technique group; S+, stretching plus respiratory technique

group; BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; FSH, follicle-stimulating hormone; VO2max, maximal oxygen uptake; SBP, systolic blood

pressure; DPB, diastolic blood pressure. *Intragroup analyses, p ≤ 0.05 baseline vs. post by GEE.

abdominal circumference was significantly decreased when
baseline and post-intervention were compared. This is displayed
in Table 1, which shows a significant decrease in the C (p
= 0.031) and in S+ groups (p = 0.009), but not in the
Y+ group (p= 0.294).

Biochemical Analysis
Total cholesterol levels and low-density lipoprotein (LDL)
cholesterol decreased significantly in the C and Y+ groups when
baseline and post-intervention were compared (p = 0.009, and
p = 0.039). S+ did not present significant changes in these
parameters. Other biochemical assessments were similar among
groups and time of evaluation (Table 1).

Functional Measures
Estimated maximal oxygen consumption was not changed in any
group after intervention. Significantly increased flexibility was
noticed in all groups through flexibility test (C: p = 0.034, Y+:
p= 0.0001, and S+: p= 0.001; Table 1).

Hemodynamic Measures
This study has demonstrated a significant improvement from
baseline to post-intervention values concerning hemodynamic
measures, as demonstrated in Table 1 (moment baseline vs. post
by GEE). Systolic blood pressure was decreased significantly
in both the C and S+ groups (Figure 2A), whereas DBP
decreased significantly in all groups (Figure 2B). Heart rates at
rest decreased significantly in the Y+ and S+ groups, whereas the
C group has not changed significantly when baseline and post-
intervention were compared (Figure 2C). Respiratory rate was
not changed significantly in any group (Figure 2D).

Arterial Stiffness
Pulse wave velocity and years of menopause showed a moderate
significant correlation at baseline (r = 0.613, p < 0.001), which
was non-significant in the post-intervention assessment (r =

0.243, p = 0.187; Figure 3). Most outcomes of arterial stiffness
demonstrated a significant improvement when baseline and post-
intervention measurements were compared, as demonstrated in
Table 2 (moment baseline vs. post by GEE). Augmentation Index
was significantly decreased in the C group, and central DBP

Frontiers in Physiology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 898119

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Fetter et al. Yoga Benefits on Vascular Function

decreased in all groups when baseline and post-intervention
were compared. The PWV decreased significantly only in both
groups with respiratory technique post-intervention, but not in
the control group (Figure 4).

Endothelial Function
Rest value diameters were no changed significantly, but flow-
mediated dilation (FMD) (%) had a significant increase in all
groups after interventions (Figure 5). Time to peak (TP), mean
flow of FMD, and mean shear stress of FMD did not present
any significant change. However, rest mean flow and mean shear
stress were increased significantly only in the Y+ group. The data
are shown in Table 2.

Oxidative Stress
All systemic oxidative stress parameters demonstrated
significant improvement when baseline and post-intervention
measurements were compared (moment baseline vs. post by
GEE), as demonstrated in Table 3. Regarding antioxidants,
SOD, and CAT activities showed significant increases in all
intervention groups when baseline and post-intervention values
were compared. Although NADPH oxidase was not different,

H2O2 concentration and lipoperoxidation (TBARS) decreased
significantly in the Y+ and S+ groups after interventions.
Protein oxidation (carbonyls) showed significant decrease in C
and Y+ groups.

FIGURE 3 | Correlations of PWV (pulse wave velocity) and time of menopause

at baseline and post-intervention (N = 31).

FIGURE 2 | Hemodynamic and respiratory measures. (A) Systolic blood pressure expressed in mmHg. (B) Diastolic blood pressure expressed in mmHg. (C) Heart

rate at rest expressed in beats per minute (bpm). (D) Respiratory rate expressed in cycles per minute (cpm). Baseline and post-intervention variations by generalized

estimation equation (GEE) determined as Mean ± standard error. C, control group (yoga poses or stretching); Y+, yoga poses plus stretching technique group; S+,

stretching plus control technique group.
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TABLE 2 | Vascular function-arterial stiffness and endothelial function [flow-mediated dilation (FMD)].

C (n = 14) Y + (n = 9) S + (n = 8) GEE

Baseline Post Baseline Post Baseline Post P group P moment p interaction

Arterial stiffness

Pulse wave

velocity (m/s)

9.5 ± 0.4 9.3 ± 0.4 10.4 ± 0.4 9.5 ± 0.4* 9.5 ± 0.5 8.1 ± 0.5* 0.132 <0.001 0.076

Augmentation

Index (%)

32.9 ± 4.2 22.7 ± 4.3* 29.2 ± 4.8 29.6 ± 3.4 39.9 ± 7.7 28.7 ± 2.9 0.525 0.032 0.221

cSBP (mmHg) 124.0 ± 4.3 119.8 ± 5.2 125.3 ± 3.9 123.0 ± 3.2 125.5 ± 5.9 119.2 ± 5.7 0.893 0.058 0.681

cDBP (mmHg) 79.8 ± 2.7 76.5 ± 2.7* 87.9 ± 2.8 83.2 ± 2.1* 87.3 ± 2.8 79.5 ± 3.2* 0.085 <0.001 0.293

Endothelial function

Rest diameter

(mm)

4.05 ± 0.17 3.89 ± 0.16 3.95 ± 0.26 3.87 ± 0.20 4.00 ± 0.24 3.83 ± 0.23 0.963 0.331 0.973

FMD diameter

(mm)

4.30 ± 0.15 4.50 ± 017 4..22 ± 0.28 4.42 ± 0.30 4.13 ± 0.24 4.29 ± 0.28 0.767 0.291 0.988

FMD (%) 6.94 ± 1.97 16.59 ± 3.46* 7.05 ± 1.65 13.72 ± 2.81* 3.54 ± 2.01 11.79 ± 0.99* 0.187 <0.001 0.764

TP (s) 64 ± 14 63 ± 12 42 ± 11 83.0 ± 16. 83 ± 21 75 ± 15 0.388 0.450 0.250

Rest mean flow

(ml)

129 ± 23 103 ± 17 83 ± 15 133 ± 16* 64 ± 22 104 ± 18 0.332 0.106 0.022

Mean flow FMD

(ml)

316 ± 32 304 ± 45 393 ± 47 455 ± 61 250 ± 53 341 ± 75 0.036 0.268 0.501

Rest mean shear

stress (dynes/cm2)

170 ± 34 164 ± 29 126 ± 26 216 ± 38* 137 ± 61 206 ± 57 0.994 0.022 0.116

Mean shear stress

FMD (dynes/cm2)

381 ± 44 324 ± 36 555 ± 79 571 ± 63 436 ± 119 498 ± 64 0.001 0.907 0.641

Arterial stiffness assessed by CompliorTM and flow-mediated dilation (FMD) at baseline and post-intervention for 12 weeks of video classes two times a week. Data shown as mean

(M) ± standard error (SE). C, control group (yoga poses or stretching); Y+, yoga poses plus respiratory technique group; S+, stretching plus respiratory technique group. Pulse wave

velocity (m/s), Augmentation Index (%), cSBP, central systolic blood pressure (mmHg); cDBP, central diastolic blood pressure (mmHg); FMD, flow-mediated dilation; TP, time to peak.

FIGURE 4 | Arterial Stiffness assessed by pulse wave velocity (PWV) by

Complior. Baseline and post-intervention variations determined by generalized

estimation equation (GEE) determined as mean ± standard error. C, control

group (yoga poses or stretching); Y+, yoga poses plus respiratory technique

group; S+, stretching plus respiratory technique group.

DISCUSSION

This innovative investigative study was able to demonstrate
multiple significant improvements in HPMWs after 12 weeks
of yoga or stretching video classes, with additional effects
of respiratory technique. General decreases in blood pressure
concur to beneficial effects of these practices and are in

FIGURE 5 | Endothelial function by flow-mediated dilation (FMD) at baseline

and post-intervention variations determined by generalized estimation

equation (GEE) determined as mean ± standard error. C, control group (Yoga

poses or stretching); Y+, yoga poses plus respiratory technique group; S+,

stretching plus respiratory technique group.

accordance with previous findings for yoga (Hagins et al., 2014)
and respiratory techniques (Pinheiro et al., 2007).

Along with decreased heart rate at rest, both groups with
respiratory technique were able to significantly decrease PWV.
Previous findings for yoga have demonstrated decreased PWV
(Patil et al., 2015), but to our knowledge, this is the first study to
demonstrate that protocols including respiratory technique may
influence PWV in HPMWs.
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TABLE 3 | Oxidative stress.

C (n = 12) Y+ (n = 9) S + (n = 8) GEE

Baseline Post Baseline Post Baseline Post P group P moment p interaction

SOD (USOD/mg

protein)

5.15 ± 0.097 6.15 ± 0.13* 5.36 ± 0.12 6.11 ± 0.16* 5.01 ± 0.19 6.11 ± 0.18* 0.566 <0.001 0.533

CAT (nmol/mg

protein)

2.17 ± 0.07 2.34 ± 0.06* 2.28 ± 0.11 2.59 ± 0.12* 2.00 ± 0.11 2.47 ± 0.13* 0.290 <0.001 0.229

NADPH (nmol/mg

protein)

0.031 ± 0.003 0.026 ± 0.002 0.029 ± 0.003 0.026 ± 0.002 0.030 ± 0.004 0.027 ± 0.002 0.575 0.056 0.082

H2O2 (µM H2O2 ) 23.6 ± 2.38 21.7 ± 2.94 26.5 ± 3.41 18.6 ± 3.54* 32.9 ± 3.42 22.3 ± 3.83* 0.272 0.005 0.078

TBARS (µmol/mg

protein)

0.41 ± 0.03 0.36 ± 0.03 0.38 ± 0.04 0.26 ± 0.03* 0.39 ± 0.04 0.27 ± 0.03* 0.281 0.001 0.885

Carbonyls

(nmol/mg protein)

1.85 ± 0.13 1.43 ± 0.09* 1.86 ± 0.16 1.49 ± 0.12* 1.69 ± 0.05 1.51 ± 0.09 0.685 0.003 0.476

Oxidative stress variables at baseline and post-intervention for 12 weeks of video classes two times a week. Data shown as mean (M) ± standard error (SE). C, control group (yoga

poses or stretching); Y+, yoga poses plus respiratory technique group; S+, stretching plus respiratory technique group; SOD, superoxide dismutase; CAT, catalase; H2O2, hydrogen

peroxide; NADPH, nicotinamide adenine dinucleotide phosphate oxidase; TBARS, thiobarbituric acid reactive substances. *Intragroup analyses, p ≤ 0.05 baseline vs. post by GEE.

Respiration and heart rhythms respond to their interrelated
changes (Dick et al., 2014) and heart rate may modulate vascular
endothelium, acting on mechanical pulsatile stress (Laosiripisan
et al., 2017). Changes in intrathoracic and transmural pressure
during inspiration influences cardiac filling and stroke volume,
generating stroke volume variability (Shibata et al., 2006). Thus,
changes in pattern of respiration such as expansibility of rib cage
may influence hemodynamics. Responses of venous return and
atrial filling to respiration may be associated to the pattern of
respiration, instead of rate (Byeon et al., 2012). Increasing venous
return due to diaphragmatic breathing has been demonstrated in
healthy individuals (Miller et al., 2005; Balzan et al., 2014). We
may speculate that the decreased PWV and rest heart rate in both
groups with respiratory technique in the present study are, at least
in part, mediated by these mechanisms.

A moderate significant correlation between PWV and years of
menopause at baseline was noticed, as expected (Thijssen et al.,
2016). At the end of interventions, this correlation disappeared,
showing an attenuation of the effects of menopause on PWV,
possibly caused by these non-pharmacological interventions.

Moreover, the prevention of losses in nitric oxide

bioavailability should be a goal in HPMWs because estrogen

deprivation reduces it and increases ROS (Green et al., 2014) thus
increasing risk for atherosclerosis (Witkowski and Serviente,
2018). The increase in FMD in all intervention groups found in
this study corroborates previous findings of increased FMD after
Bikram yoga (hot yoga) (Hunter et al., 2018) and strengthens
the potential role of this practice to prevent deleterious effects
of menopause. Increased FMD has also been found after some
types of exercise training (Early et al., 2017) including isometric
exercises (Badrov et al., 2016) which are present in many yoga
poses of this study protocol.

Accordingly, increased systemic antioxidant defenses were
noticed in this study, once SOD and CAT, as a frontline
expression of it, were increased in all groups. As a unique
complex producing only ROS, the tendency to decrease (p =

0.056, moment baseline vs. post by GEE) in NADPH oxidase
(an important source of superoxide anion) and the reduction in

systemic hydrogen peroxide (H2O2) concentration in the Y+ and
S+ groups indicate an overall decrease of pro oxidants. Regarding
oxidative stress damage, lipoperoxidation (TBARS) was reduced
when baseline and post-intervention values were compared
in the Y+ and S+ groups. Moreover, carbonyls, as markers
of oxidative damage to proteins were significantly decreased
in groups undergoing yoga intervention (C and Y+, baseline
vs. post). Taken together, our findings demonstrate markedly
improvements in antioxidant, pro-oxidants, and biomolecule
damage after interventions, suggesting additional effects in yoga
groups and in the groups undergoing respiratory technique.
In fact, beneficial effects of yoga on oxidative stress in elderly
hypertensive subjects have been previously demonstrated (Patil
et al., 2014) along with the beneficial effects of stretching on
oxidative stress profile of heart failure patients (Sankaralingam
et al., 2011; Kato et al., 2017).

Perhaps increasing fascicle length and local shear stress by
ischemia during stretching, present in both yoga poses and
stretching, may provide an overall reduction in peripheral
resistance through reducing smooth muscle cells tone, besides
other adaptations that may induce changes in endothelial
function and oxidative stress profile (Wong and Figueroa, 2014;
Kruse and Scheuermann, 2017).

Increased flexibility might be considered a functional
achievement, once losses in flexibility are expected in
postmenopausal women. Although there were no significant
increases in estimated VO2max, decreases in total cholesterol and
LDL in C and S+ point to a possible metabolic improvement.

The main limitation of this study lies in the relatively
high number of dropouts−17 out of 50 recruited HPMWs—
higher than other yoga studies (most carried out in developed
countries), which reduced the number of subjects in each
group. However, despite that, the power of study calculated a
posteriori—considering PWV variance among groups for post-
intervention—was β = 0.83.

In summary, our findings demonstrated that yoga poses
and stretching supervised video classes for 12 weeks improved
blood pressure, arterial stiffness, endothelial function, and
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oxidative stress profile in HPMWs. Effects of respiratory
technique along with yoga poses or stretching point to
possible improvement in arterial stiffness. Therefore, yoga or
stretching, even when administered through video classes seems
to have a positive impact on several outcomes regarded as
cardiovascular risk factors, and these benefits are extended by
the association of respiratory technique. Nevertheless, more
research based on more robust yoga and stretching interventions
and a larger sample are needed to lend further support to
our findings.
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Pulmonary inflammation is a hallmark of several pulmonary disorders including acute
lung injury and acute respiratory distress syndrome. Moreover, it has been shown that
patients with hyperinflammatory phenotype have a significantly higher mortality rate.
Despite this, current therapeutic approaches focus on managing the injury rather than
subsiding the inflammatory burden of the lung. This is because of the lack of appropriate
non-invasive biomarkers that can be used clinically to assess pulmonary inflammation. In
this review, we discuss two metabolic imaging tools that can be used to non-invasively
assess lung inflammation. The first method, Positron Emission Tomography (PET), is
widely used in clinical oncology and quantifies flux in metabolic pathways by measuring
uptake of a radiolabeled molecule into the cells. The second method, hyperpolarized
13C MRI, is an emerging tool that interrogates the branching points of the metabolic
pathways to quantify the fate of metabolites. We discuss the differences and similarities
between these techniques and discuss their clinical applications.

Keywords: lung inflammation, lung injury, ARDS, FDG-PET, HP-MRI

INTRODUCTION

Acute respiratory distress syndrome (ARDS) and acute lung injury (ALI) are an acute conditions
characterized by pulmonary infiltrates (visible in a chest radiograph) arising from pulmonary
inflammation, decreased lung compliance, increased vascular permeability and edema (Ards
Definition Task Force Ranieri et al., 2012; Pham and Rubenfeld, 2017). Approximately 200,000
patients each year in the US are diagnosed with ALI/ARDS, of which ˜10% of patients admitted
to the intensive care unit (ICU) (Johnson and Matthay, 2010; Ards Definition Task Force Ranieri
et al., 2012). Despite being defined over fifty years ago (Ashbaugh et al., 2005), ARDS remains a
significant source of mortality in critically ill patients (Steinberg et al., 1994; Miller et al., 1996).

Respiratory failure from ARDS secondary to coronavirus disease 2019 (COVID-19)
is a significant clinical challenge. What is more is that the number of patients and
mortalities are anticipated to significantly rise in immediate future (Gattinoni et al.,
2020; Ramanathan et al., 2020). As such, it is timely to focus our attention toward
acute lung injury and tools that can provide additional insight into the biological
mechanisms of ARDS and lung inflammation. Such techniques may not only enable
earlier detection of lung injury but also can facilitate more effective strategies to monitor
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patient’s response to maneuvers and pharmacological
interventions. The latter is crucial especially as identifying
optimal interventions may alleviate the numerous difficulties of
ARDS survivors including physical and psychological sequelae,
exercise limitation, and increased use of health care services
(Herridge, 2017; Thompson et al., 2017).

Pulmonary inflammation has been implicated in the
pathogenesis and progression of ARDS and ALI. An important
feature of lung inflammation, is the pivotal role of the vascular
endothelium in the onset and amplification of inflammation.
The endothelial layer is, by virtue of its location, an interface
between flowing blood and the tissue and is thus a converging
site of inflammation whereby immune cells adhere to the vessel
wall, followed by their transmigration into tissue.

The severity of inflammation and cellular changes during
early stages of ARDS, is shown to be predictive of progression
of injury and eventual outcome (Miller et al., 1996; Shankar-
Hari and McAuley, 2017). Indeed ˜33% of ARDS patients have a
“hyper-inflammatory” sub-phenotype with a significantly higher
mortality rate (Shankar-Hari and McAuley, 2017). Currently
ARDS is managed in the ICU through careful optimization
of mechanical ventilation to protect the lungs from ventilator-
induced injury (Johnson and Matthay, 2010; Fanelli and Ranieri,
2015; Cereda et al., 2016; Tabuchi et al., 2016). However, these
protocols do not limit the spread of inflammation (Johnson and
Matthay, 2010; Fanelli and Ranieri, 2015).

Currently assessment of pulmonary dysfunction primarily
relies on global functional parameters, such as pulmonary
function test (PFT) or anatomical imaging tools. These do
not provide cellular or molecular information. Histological and
biological assessment of the tissue or bronchoalveolar lavage can
provide information on inflammatory and injury biomarkers
in lung tissue but do not provide regional information and
cannot be used for longitudinal monitoring of the severity of
lung inflammation and disease. Therefore, tools that enable
early detection of pulmonary inflammation followed by its
longitudinal assessment can help physicians identify ARDS
patients with hyperinflammatory phenotype and monitor their
response to pharmacological interventions to select a therapeutic
strategy that works best for those patients to ultimately
improve outcome.

There are a number of imaging modalities used for diagnosis
and clinical management of ARDS (Mills, 2003; Mistry et al.,
2008; Cereda et al., 2016; Thompson et al., 2017). Chest X-ray
radiography and computed tomography (CT) are extensively
used imaging techniques to assess lung inflammation, injury and
progression, where edema and immune cell infiltrates appear
as opacities (Figure 1). However it is not trivial to distinguish
opacities caused by infiltration, edema, or atelectasis (Cereda
et al., 2019). Moreover, these approaches focus on examining the
secondary effects of inflammation rather than directly targeting
the metabolic processes that are the underlying drivers of
inflammation-induced change.

Molecular imaging tools enable non-invasive interrogation
of lung cellularity, and therefore can assess inflammatory
activity providing critical information about disease progression,
response to therapy and prognosis in real time. The purpose of

FIGURE 1 | Radiographic and Computed Tomographic (CT) Findings in the
Acute, or Exudative, Phase (Panels A,C) and the Fibrosing-Alveolitis Phase
(Panels B,D) of Acute Lung Injury and the Acute Respiratory Distress
Syndrome (ARDS). Panel (A) shows a chest radiograph from a patient with the
ARDS associated with gram-negative sepsis who was receiving mechanical
ventilation. There are diffuse bilateral alveolar opacities consistent with the
presence of pulmonary edema. Panel (B) shows an anteroposterior chest
radiograph from another patient with ARDS who had been receiving
mechanical ventilation for seven days. Reticular opacities are present
throughout both lung fields, a finding suggestive of the development of
fibrosing alveolitis. Panel (C) shows a CT scan of the chest obtained during
the acute phase. The bilateral alveolar opacities are denser in the dependent,
posterior lung zones, with sparing of the anterior lung fields. The arrows
indicate thickened interlobular septa, consistent with the presence of
pulmonary edema. Panel (D) shows a CT scan of the chest obtained during
the fibrosing-alveolitis phase. There are reticular opacities and diffuse
ground-glass opacities throughout both lung fields, and a large bulla is
present in the left anterior hemithorax. Reproduced with permission from Ware
and Matthay (2000).

this review article is to provide a brief overview of two state-of-
the-art molecular imaging techniques that are currently used pre-
clinically. Both methods exploit alterations in lung metabolism
as a result of inflammation to visualize regions with active
inflammation. These non-invasive molecular imaging techniques
can be used as novel platforms to evaluate pulmonary signaling
associated with ARDS/ALI and be integrated with functional and
physiological parameters obtained by from patients to improve
patient prognosis and outcome.

The two state of art molecular imaging discussed here are
Positron Emission Tomography (PET) and Hyperpolarized 13C
Magnetic Resonance Spectroscopic Imaging (HP 13C-MRSI), a
method recently developed that provides similar information to
PET imaging using MRI.

PATHOGENESIS OF ARDS AND
PULMONARY INFLAMMATION

Acute respiratory distress syndrome and acute lung injury
(ARDS/ALI) is characterized by sudden onset of respiratory
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failure, pulmonary edema, diffused alveolar damage and
widespread inflammation of the lung (Thompson et al.,
2017). There are two pathogenetic pathways leading to ARDS;
pulmonary and extra pulmonary ARDS (Pelosi et al., 2003).
In pulmonary ARDS, primary lungs injury occurs by a direct
insult (e.g., pneumonia, gastric aspiration, or toxin inhalation).
In extrapulmonary ARDS, widespread inflammation occurs as
a result of a systemic injury (e.g., sepsis, burn injury, or
cardiopulmonary bypass), which results in secondary lung injury.
In both scenarios, lung injury may progress to ARDS, as shown
in Figure 2. Such progression is followed by resolution of
ARDS/ALI in response to treatment or further progression into
severe respiratory and multi-organ failure.

In both types of ARDS, the endothelium plays a key role
in the onset of inflammation. In pulmonary ARDS, local
alveolar inflammatory response affects the alveolar endothelium.
On the other hand, in systemic ARDS, the inflammatory
mediators present in the bloodstream damage the microvascular
endothelium. Subsequently, the alveolar or the microvascular
endothelium layer is activated, which leads lead to production
of cellular adhesion molecule (CAM) and proinflammatory
cytokines. The elevation of inflammatory mediators leads to
recruitment and adherence of polymorphonuclear neutrophils.
In the acute, or exudative, phase of ARDS/ALI (Figure 3),
the alveoli become filled with protein-rich edema fluid and
resident macrophages (a type of white blood cell) secrete
pro-inflammatory proteins and cytokines [e.g., interleukin-
8 (IL-8)], which recruit the innate immune cells (primarily
neutrophils). Neutrophils adhere to the endothelial lining of
the vessels and roll on this lining until they migrate through
the alveolar-capillary membrane into the airspace, thereby
damaging it. Neutrophil adherence to the endothelial wall
can be measured via markers of endothelial injury such

as soluble intercellular adhesion molecule-1 (sICAM-1 and
ICAM-1) (Jochen Grommes, 2011). Neutrophils are activated
in the alveolar space, which release granula proteins and
reactive oxygen species (ROS) into this space. These proteases
and oxidants cause further epithelial and alveolar injury
and subsequent formation of hyaline membranes. Neutrophil
activity can be measured by the expression of enzymes and
proteins released by activated neutrophils, such as elastase
or myeloperoxidase (MPO) (Johnson and Matthay, 2010;
Fanelli and Ranieri, 2015).

Pulmonary Metabolism
Healthy lung tissue predominantly relies on glucose utilization
to sustain function, although its energy and metabolic needs
are relatively modest compared to other organs such as the
heart and liver (Fisher et al., 1974). Approximately 50% of
the glucose utilized by the lung tissue converts to lactate
(Fisher, 1984). The lungs typically maintain the glycolytic
intermediary balance (lactate-to-pyruvate ratio) in the blood by
utilizing the excess blood lactate, which results in a negligible
difference in transpulmonary lactate concentration (Johnson,
2011). However, this function of the lung is compromised
in many lung pathologies – especially in ARDS/ALI (Iscra
et al., 2002). Figure 4 demonstrates lung lactate production
measured by the difference in the lactate concentration
across the lungs (arteriovenous difference in lactate) in
122 patients with a variety of lung disorders (De Backer
et al., 1997). Lungs of patients with ALI (N = 43) produce
significantly more lactate than other pathologies. What is
more is that lactate production in ALI patients was strongly
correlated with lung injury score as shown in Figure 4B.
The injury score is representative of the severity of opacities
observed in chest radiographs and computed tomography

FIGURE 2 | Etiologies, manifestations and sequelae of ARDS/ALI. Upon diagnosis, patients undergo supportive therapy using protective ventilation. The patient’s
overall condition is assessed by chest radiography, computed tomography, ventilatory parameters and ABG. Treatment either results in resolution of ARDS/ALI or in
the syndrome’s progression into severe respiratory failure, pulmonary fibrosis and eventual multi-organ failure. Reproduced with permission from Pourfathi (2019).
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FIGURE 3 | The healthy lung (left), and the acute phase of ARDS/ALI (right). In ARDS/ALI, injury is initiated by either direct or indirect insults to the delicate alveolar
structure of the distal lung and associated micro-vasculature. In the acute phase of the injury, resident alveolar macrophages are activated, leading to the release of
potent pro-inflammatory mediators and chemokines that promote the accumulation of neutrophils and monocytes. Reproduced with permission from Ware and
Matthay (2000).

images, as well as the severity of overall respiratory failure
measured by PaO2/FiO2 ratio and loss of pulmonary compliance
(Murray et al., 1988).

Although increased glycolysis and lactate production
by the lung tissue may reflect the presence of hypoxia
due to elevated anaerobic metabolism, several studies
suggest that the elevated lactate production by the lungs

in ARDS/ALI is primarily associated with increased lung
inflammation and neutrophil activity, and can occur
even in the absence of tissue hypoxia. This suggests that
increased lactate concentration and lactate-to-pyruvate ratio
in the lung tissue may be a surrogate for lung injury and
inflammation (De Backer et al., 1997; Kellum et al., 1997;
Iscra et al., 2002).
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FIGURE 4 | (A) Lung lactate production measured by the difference in the lactate concentration across the lungs (arteriovenous difference in lactate) in various
groups of patients shows that lungs of ALI patients produce significant amounts of lactate. (B) Lung lactate production measured in 43 patients with acute injury
showed that it is proportional to injury severity as determined by Murray’s lung injury score (Murray et al., 1988). (ALI, acute lung injury; CPE, acute pulmonary
edema; BPN, bronchopneumonia; LTx, lung transplantation; Other, other types of respiratory failure, mEq/min.M2: mmoles per minute per square meter). Reprinted
with permission of the American Thoracic Society. Copyright © 2019 American Thoracic Society from De Backer et al. (1997). The American Journal of Respiratory
and Critical Care Medicine is an official journal of the American Thoracic Society. *p < 0.05 versus ALI, +p < 0.01 versus ALI.

POSITION EMISSION TOMOGRAPHY

Positron emission tomography (PET) is a molecular imaging
technique that enables visualization of metabolic and molecular
processes by using a radiolabeled analog of a substance to
interrogate specific pathways.

Principles
The radiolabeled analog is first synthesized at a cyclotron
facility by bombarding a radioligands with accelerated protons
to produce unstable radioactive isotopes e.g., 18F and 11C
that are then used in a biosynthesizer unit to produce radio
tracers. The tracer is then injected intravenously into the
patient. The nucleolus of the radiolabeled atom then undergoes
β radioactive decay, in which a positron is released and
travels for a short distance in the tissue (< 1 mm) before
colliding with an electron to produce two γ-ray photons that
travel in opposite directions (Pauwels et al., 2000), which
are detected using a ring-shaped array of sensor around the
patient. By resolving the time difference between the arrival of
photons at sensors in the opposite direction, using the time-
of-flight algorithm, 2D or 3D images can be tomographically
generated (Gambhir et al., 2001). Data acquisition is often
performed over a period of 30–60 min, providing temporal
information as well. The raw data obtained from the scanner
can be converted to markers of metabolic activity using timed-
blood sampling to measure overall radioactivity combined with
kinetic approaches that fit temporal changes of data to multi-
compartmental models to decompose relative contributions of
signal intensity from solid organs, blood and extracellular matrix
(Chen et al., 2017).

PET scanners do not obtain anatomical information and thus
are often combined with CT scanners (PET/CT scanners) to
overlay the functional information on the anatomical images.

Insights and Contributions
The most commonly used tracer for PET imaging is
[18F]-fluorodeoxyglucose (18F-FDG). 18F-FDG is glucose
analog and is similarly transported into the cell by glucose
transporter 1 (GLUT-1) and subsequently phosphorylated.
18F-FDG cannot progress through the Krebs cycle and thus
remains trapped in cells. Therefore, it can specifically be used to
assess glucose uptake as a surrogate for overall glycolytic activity.

While 18F-FDG-PET is routinely used in neuro-radiology
(Gambhir et al., 2001) and oncology (Pastorino, 2010; Heusch
et al., 2014; Miles et al., 2018), it is not clinically used for
the management of ARDS/ALI. However, several studies have
demonstrated its capability as a powerful molecular imaging
tool to delineate regions in the injured lungs with elevated
glycolysis. As activated neutrophils are largely responsible for
the uptake of glucose, elevated glycolysis can be used as a
surrogate for inflammation. This has been validated in other
studies that used autoradiography of the lung tissue in animals
after administration of 18F-FDG showing that radioactivity was
localized to neutrophils in the lung tissue.

Neutrophil recruitment and activation are heightened in
ARDS, leading to elevated glycolysis, which can be regionally
measured using 18F-FDG-PET. The ability of this molecular
imaging technique to regionally highlight alterations in metabolic
activity has made 18F-FDG-PET an invaluable research tool
to non-invasively and quantitatively assess the severity lung
inflammation. 18F-FDG-PET has been employed in both animal

Frontiers in Physiology | www.frontiersin.org 5 August 2020 | Volume 11 | Article 937129

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00937 August 28, 2020 Time: 15:52 # 6

Pourfathi et al. Lung Metabolic Imaging Techniques

FIGURE 5 | Representative axial computed tomography (CT) in the middle panel, and coronal (left) and axial (right) [18F] fluorodeoxyglucose (18F-FDG) positron
emission tomography (PET) at the obtained from 4 patients, 72 hours after diagnosis with acute lung injury. Moderate uptake of FDG was observed in non/poorly
aerated regions (black arrows). In contrast, uptake of FDG was low in normally aerated lung (white arrow). Reproduced with permission from Rodrigues et al. (2008).
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models of lung injury (de Prost et al., 2014) and in preclinical
studies (Chen et al., 2006b; Bellani et al., 2012), and has provided
valuable insight about the progression of lung injury (de Prost
et al., 2014) as well as the importance of inflammation in patient
outcome (Bellani et al., 2009, 2012).

In a preclinical study by de Prost et al. the authors assessed
the impact of ventilation strategy on distribution and progression
of lung inflammation using 18F FDG-PET (de Prost et al., 2013)
in an endotoxemia model of lung injury in sheep. They found
that primary inflammatory injury progressed rapidly in sheep
ventilated with a non-protective strategy, while the inflammation
was contained in animals ventilated with protective ventilation.
Furthermore, the study demonstrated that metabolic activity was
significantly higher in the dependent regions of the lungs.

In patients, 18F FDG-PET has been shown to be capable
of localizing areas with higher neutrophilic activity the lung
tissue as well. Chen et al. (2006b) showed that glucose
uptake was significantly elevated in lungs of human subjects
24 h after instillation of 1–4 ng/kg endotoxin in airways
using bronchoscopy. In a different study, Rodrigues et al.
demonstrated the use of 18F-FDG-PET at early stages of ARDS
(1–3 days after admission) to predict outcome (Figure 5);
patients with significantly higher glycolysis in the lung tissue
hard poorer outcome that others (Rodrigues et al., 2008).
Bellani et al. (2009, 2011) showed the use of 18F FDG-
PET to investigate the regional distribution of inflammatory
activity in lungs of mechanically ventilated ARDS patients. Their
work suggests that active inflammation is localized to non-
dependent regions of the lungs at early stages. However, the
inflammation spreads throughout the entire lung after days of
ventilation. This data is supported by older work using localized
biopsy that demonstrated similar destitution of inflammation
(Papazian et al., 1998).

18F-FDG-PET have been used to localize inflammatory
activity in other lung pathologies as well. Chen et al. (2006a)
showed elevated FDG uptake in lungs of patients suffering
from cystic fibrosis (CF) compared to healthy subjects (Chen
et al., 2006a). The uptake rate correlated strongly with the
number of neutrophils present in the bronchoalveolar lavage.
What was more interesting was that the glucose uptake rate was
especially higher in patients with rapidly declining pulmonary
function. In a different study, the authors assessed FDG uptake
in lungs of patients with chronic obstructive pulmonary disease
(COPD) patients with and without chronic bronchitis (Scherer
and Chen, 2016). They showed increased average uptake of
FDG in lungs with patients with chronic bronchitis. The CT
scans of the same patients also showed more heterogeneously
distributed emphysema.

Although these studies suggest a strong link between
neutrophilic inflammation and increased FDG uptake, other
inflammatory cells such as macrophages and eosinophils are
also capable of accumulating FDG (Scherer and Chen, 2016).
Nevertheless, FDG uptake can represent a measure of overall
inflammatory response in the lungs. Given that inflammation
and inflammatory burden is associated with decline in lung
function, disease severity and lung tissue destruction in many
lung pathologies, 18F FDG-PET be used to classify patients

with various disease severities to predict and assess response to
treatments in these patients (Scherer and Chen, 2016).

There are a number of other less commonly used PET
tracers that can provide more specific information about
the inflammatory process. For instance, 68Ga-citrate has
been shown to bind to the lactoferrin within the neutrophil,
therefore localizing specifically neutrophilic inflammation
(Scherer and Chen, 2016). 18F-nitric oxide synthase (18F-
NOS) can assess expression of nitric oxide synthase in lung
epithelium, which has been shown to be elevated in patients
with progressive asthma, COPD, ARDS, and emphysema
(Huang et al., 2015). Lastly, Summers et al. (2014) administered
a bolus of 111Indium-tropolonate-labeled neutrophils to
healthy subjects and ARDS patients and showed increased
retention of neutrophils in and their delayed clearance in
the ARDS patients.

Challenges and Limitations
The first principal limitations for clinical use of PET imaging
is the cost of preparing the radiolabeled compound, which is
done at a cyclotron facility followed by an on-site chemical
synthesis apparatus to produce the final compound. Such
facilities are expensive to maintain and thus are available only
at a few universities and hospitals. Therefore, radio tracers
that have a long-half life, such as 18F-FDG (109.8 min) are
often produced remotely at a cyclotron facility and transported
to near-by locations. Since samples are radioactive, they
need to be delivered via specially licensed road transport,
or, for longer distances, via dedicated small commercial jet
services, thereby making the scans costly. Another limitation
is the long scan time (10–50 min) (Cereda et al., 2019)
that is can be difficult for critically ill patients or patients
with lung injury. Additionally, PET tracers expose patients
to ionizing radiation, which limits use of this technique
to monitor patient’s response to interventions through
repeated measurements.

Another potential disadvantage of 18F-FDG-PET is that while
it enables examining abnormalities in the uptake of the glucose
analog fluorodeoxyglucose, it is unable to reveal changes in
downstream metabolism as it cannot progress through the Kerbs
cycle. Such information may be crucial to the evolution of
inflammation and injury (Fisher and Dodia, 1984; De Backer
et al., 1997). Lastly, given the long half-life of 18F-FDG-PET, the
radioactivity of the probe from a single injection can last for
hours, which limits the possibility of repeated scans as frequently
as needed. This is especially important in small animal research,
where lung injury progression occurs on a time scale that is
significantly shorter than in human patients.

HYPERPOLARIZED 13C MAGNETIC
RESONANCE SPECTROSCOPIC
IMAGING

Hyperpolarized 13C magnetic resonance spectroscopic imaging
(MRSI) is a non-invasive emerging modality that enables
delineation of different compounds via their distinct chemical
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shift, thereby making it suitable to assess flux critical branching
points in metabolic pathways.

Principles
13C MRSI enables study of metabolic flux in the tissue due
to its unique ability to distinguish metabolites through their
distinct resonance frequencies (chemical shifts). Due to low
natural abundance of 13C nuclei, the MRI scan is performed
after administration of an exogenous non-radioactive 13C-labeled
compound. Subsequently, spectroscopic imaging methods can be
used to highlight changes in cellularity and metabolic pathways.
Although this method has been shown to be insightful for tumor
and neuroimaging it is limited as it requires a long scan time
due to low intrinsic nuclear spin of the 13C nuclei (Kurhanewicz
et al., 2011, 2019). To overcome these challenges the signal can be
increase through nuclear hyperpolarization.

Hyperpolarization is a process to temporarily enhance
the sensitivity of the MRI signal by over 10,000-fold over
conventional MRI (Kurhanewicz et al., 2011). Hyperpolarization
of the 13C nuclei is typically achieved through a process
called dynamic nuclear polarization (DNP), which transfers spin
alignment from the sparse unpaired electrons of an electron
paramagnetic agent (EPA) to the adjacent 13C labeled nuclei using
resonant microwave irradiation at high magnetic fields (∼3.3T)
at ∼1 K temperature (Ardenkjaer-Larsen et al., 2003). Once the
sample reaches the desired polarization level (usually within 1–
3 h), it is dissolved rapidly using a hot isotonic buffer to yield a
highly polarized neutralized solution, which is then administered
intravenously to the subject.

Upon injection, spectroscopic imaging must be carried out
quickly and efficiently for two reasons; first, given the short
life-time (T1 relaxation time constant) of the probes (10–120 s
depending on the probe), the data must be acquired quickly.
Second, in conventional MRI 2D or 3D images are acquired,
whereas HP 13C MRSI requires data acquisition in the spectral
dimension as well, which adds further complexity to the criteria
for pulse sequence development. What is more is that any
RF excitation causes additional irreversible signal loss. Several
imaging and spectroscopic pulse sequences have been developed
to address these challenges by limiting the number of excitations
and exploiting the long T2, and T2

∗ relaxation times of 13C
species in many organs (Yen et al., 2009), as well as 13C species’
large range of the chemical shift (Kurhanewicz et al., 2011).

Insights and Contributions
The most widely used hyperpolarized DNP probe is [1-13C]
pyruvate, a small and highly soluble molecule with high
polarizability (up to 60% polarization reported) and a long
T1 relaxation time constant (40–60s). Because pyruvate is at a
central branching point in several key metabolic pathways in
cancer and inflammatory diseases, it be used to study a wide
variety of metabolic perturbations in tissues and presents unique
opportunities to characterize metabolic flux in various metabolic,
Therefore [1-13C] pyruvate is perhaps the most attractive HP 13C
imaging probe to date (Figure 6).

HP [1-13C] pyruvate has been used extensively to study
metabolic alterations in heart (Lau et al., 2010), liver (Lee

et al., 2013), kidneys (Laustsen et al., 2015), and tumors
(Day et al., 2007) in intact animals and has more recently been
used in a number of human studies (Nelson et al., 2013;
Cunningham et al., 2016; Park et al., 2018). Nevertheless,
given that the lungs receive the full blood supply during each
circulation, and therefore, play a major role in maintaining body’s
homeostasis and whole body’s metabolic status, HP 13C MRSI
can be used as valuable tool for evaluating lung metabolism and
pathology. In the context of lung injury, HP [1-13C] pyruvate
MRSI can be used to regionally measure lactate-to-pyruvate ratio
as a surrogate for lactate labeling, which is significantly elevated in
inflamed lungs (Figure 7; Pourfathi et al., 2018; Pourfathi, 2019).

In an ex-vivo perfused lung study with an experimental model
of bleomycin-induced lung inflammation in rats, Shaghaghi et al.
(2014) showed a significantly increased rate of hyperpolarized
lactate labeling after injection of hyperpolarized [1-13C] pyruvate
in inflamed lungs. The lactate-to-pyruvate ratio declined
but remained higher than healthy lungs even after fibrotic
remodeling of the tissue at later stages of the injury. The study
also showed a strong correlation between the lactate-to-pyruvate
ratio and neutrophil scores derived from histological assessment
of the lung samples. Interestingly there was no correlation
between the macrophage count and the lactate signal suggesting
that the primary source of the lactate is from neutrophils.

This technique has also been used for in-vivo imaging in
small animals; Thind et al. (2012) showed elevated HP lactate-
to-pyruvate ratio thus lactate labeling in irradiated lungs after
radiation induced lung injury (RILI) compared to healthy
animals. The authors showed a strong correlation between the
lactate-to-pyruvate ratio and inflammatory markers measured
from bronchoalveolar lavage. Pourfathi et al., showed that in
an experimental model of aspiration pneumonia, HP lactate-
to-pyruvate ratio was significantly elevated in mildly injured
rats that received (intratracheally) a low volume of hydrochloric
acid (HCl). Interestingly, the authors report a decline in the
lactate-to-pyruvate ratio in more severely injured rats that
received a larger volume of HCl. The authors showed that the
although the lactate signal appeared to increase in the posterior
regions of the injured lungs, the skewed measurement was in
fact caused by a dramatic increase in the blood volume in
the injured lungs.

Another study with HP [1-13C] pyruvate MRSI by Pourfathi
et al. showed that this technique can be used to mechanisms of
injury progression by secondary ventilator-induced lung injury;
the authors assessed the impact of recruiting atelectasis on the
trajectory of lung injury and inflammation in ventilated rats with
primary aspiration pneumonitis, and reported that positive end-
expiratory pressure (PEEP) and recruitment contains regional
pulmonary lactate production and inflammation. The study
supported a direct relationship between pulmonary inflammation
and increased HP lactate-to-pyruvate ratio, consistent with the
link between increased glycolysis caused by recruitment and
activation of neutrophils as part of an innate inflammatory
cascade, that was proposed by previous FDG-PET studies (Jones
et al., 1994), and showed a strong correlation between the lactate-
to-pyruvate and inflammatory markers of neutrophilic activity
(MPO) and adherence (ICAM-1).
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FIGURE 6 | (Top) Metabolites and their biochemical pathways that can be interrogated using [1-13C] pyruvate. MRI. The red circle indicates atoms with 13C labeled
nuclei. The fate of the pyruvate beyond Acetyl-CoA into the Tricarboxylic Acid (TCA) cycle cannot be probed using [1-13C] pyruvate as the 13C labeled nucleolus
remains on the 13CO2 molecule. Cofactors are not shown in this diagram for simplicity (LDH, lactate dehydrogenase; ALT, alanine transaminase; PDH, pyruvate
dehydrogenase; CA, carbonic anhydrase). (Bottom) (A) NMR spectrum obtained from a mouse after administration of hyperpolarized [1-13C] pyruvate via the
tail-vein. (B) Spectra obtained every second shows how different peaks vary over time. (C) Area under each peak depicted as a function of time to represent the
relative concentration of each peak. Reproduced with permission from Pourfathi (2019).
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Finally, Siddiqui et al. showed that HP [1-13C] pyruvate MRI
has the potential to be used as predictor for lung rejection.
In a direct comparison between this technique and microCT
in a lung allograft rejection rat model, the authors observed
elevated lactate-to-pyruvate ratio prior to observing features in
the microCT that are indicative of rejection. The authors also
showed a strong relationship between the presence of markers of
adaptive immunity CD4+ and CD8+, and the elevated lactate-
to-pyruvate ratio in the transplanted lung (Siddiqui et al., 2019).

The preliminary results of these studies demonstrates the
potential of HP [1-13C] pyruvate MRSI to detect elevated
pulmonary lactate-to-pyruvate ratio. This imaging marker can
serve as a surrogate to regionally assess increased glycolysis and
subsequent lactate production by injured lungs as a result of
inflammation (Pourfathi et al., 2017). While lactate mapping can
be a marker of neutrophilic infiltration, it may be used to assess
other biological changes in the lung related to lung injury that
promote lactate production as well, such as fibrosis (Kottmann
et al., 2012). The ability to interrogate alterations in critical
downstream metabolic pathways such as glycolysis, may enable
non-invasive and. frequent assessment of patients’ response to
therapies early after treatment. This opens up opportunities
to assess the response of various therapeutic apaches to select
optimal strategy to attenuate lung injury and its consequences in
the early stages (Shankar-Hari and McAuley, 2017).

Challenges and Limitations
The most critical limitation of HP 13C MRSI is the very
short lifetime of the hyperpolarization that limits the available

“window-of-opportunity” to acquire data. Another limitation is
the need for a clinical hyperpolarizer that is currently available
at around 30 sites across the world. Unlike PET tracers, HP
13C agents cannot be produced remotely and delivered to the
site-of-interest given that the lifetime of the hyperpolarization
is significantly shorter than that of the half-life of PET tracers.
Therefore, clinical dissemination of this HP 13C MRSI technology
requires a polarizer at every site.

Other technical limitations of this technology for lung imaging
in clinical studies are the field inhomogeneity in the lung tissue
causing rapid spin dephasing at air-tissue interfaces and lung’s
overall low tissue density. This difficulty is further exacerbated
in the case of metabolic imaging by lung’s modest overall energy
needs. These challenges limit both signal-to-noise ratio (SNR)
and the suitability of rapid pulse sequences that are useful for
imaging other organs. While many studies suggest that these
challenges can be addressed (Pourfathi et al., 2017, 2018) the
clinical utility of 13C HP MRSI in critically ill patients raises safety
concerns primarily because of the need to use MRI–compatible
monitoring and ventilation equipment.

Lastly, quantification of the absolute concentration of
metabolites using HP 13C MRSI is non-trivial, as the absolute
signal level is subject to variability due to polarization level and
physiological conditions (Pourfathi et al., 2017). Although the
use of hyperpolarized lactate-to-pyruvate ratio as a surrogate
for endogenous lactate concentration (De Backer et al., 1997)
and glycolysis (Siddiqui et al., 2016) can mitigate this variability,
it can still be subject to bias caused by excess fluid in the
extracellular space resulting from capillary bed leakage (Musch
et al., 2007); the presence of such excess fluid can increase

FIGURE 7 | (A) Pyruvate, lactate and lactate -to-pyruvate segmented maps overlaid on their corresponding proton image of a ZEEP rat 4 h after the acid instillation
shows injury to the posterior right lung marked by increased intensity in the proton image (white arrow). The metabolite maps show increased lactate signal intensity
and lactate-to-pyruvate ratio colocalized with the injured area. (B) Hematoxylin and Eosin (H&E) axial slide of the whole lung clearly shows damaged lung tissue in
the same area (black arrow). Magnified images taken from the injured area (black box) with (C) 10× and (D) 40× magnifications show severe damage and
inflammatory infiltrates in the tissue. The bar in (C) is 100 µm. Reproduced with permission from Pourfathi (2019).
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pyruvate concentration or limit its uptake, thereby reducing
the lactate-to-pyruvate ratio and the sensitivity of the method
(Pourfathi et al., 2017). PET imaging studies have addressed
similar challenges by using compartment models to pinpoint the
local source of signal (Chen et al., 2017). In the case of MRI, this
bias may be corrected for by using rapid MRI pulse sequences that
allow the acquisition of multiple images to characterize metabolic
flux in various tissues (Siddiqui et al., 2016).

FUTURE DEVELOPMENT

The pathophysiology of lung injury is complicated and entails
changes in lung anatomy that arise from alterations at the
cellular level and that compromise lung function. The molecular
imaging techniques discussed here focus on the cellular changes
which precede changes in the lung anatomy and function,
thereby providing tools to detect inflammatory injury early
and assess early response to treatment. Therefore, molecular
imaging techniques may provide additional context to currently
clinical tools to improve diagnostics and therapeutic approaches.
Nevertheless, there are opportunities for improvement and
further dissemination of either techniques to assess lung injury
in a clinical setting.

Current research on PET imaging entails development of
new hardware and analytical tools and algorithms, to improve
spatial and temporal resolution. PET is often coupled with CT to
capture an anatomical overlay of the metabolic maps. However,
recent advancements in PET and MRI hardware technology and
MRI pulse sequence development have created opportunities
to combine PET and MRI together, that can potentially limit
the ionizing radiation received by the patient. Additionally, in
the case of lung injury, given the heterogeneity of tissue types
with various disease, i.e., absence of solid tissue in healthy lungs
and presence of edema or alveolar thickening in injured lungs,
additional research is being performed to improve quantification
of substrate uptake and flux (Chen et al., 2017).

Another potential area for future development is the use of
deep learning methods to find spatial patterns that enables better
classification of disease categories. While several studies have
employed deep learning algorithms to classify CT images and to
predict outcome (Merkow et al., 2017), its use has been much
more limited with PET imaging (Singh et al., 2017). Nevertheless,
addition of PET data to CT and other clinical markers can
provide critical information about the severity of injury and its
subsequent progression. However, a major limitation at this time
is the absence of a large dataset of PET images obtained from the
lungs of ARDS patients.

Hyperpolarized 13C MRI technology is at its infancy, yet
it is showing tremendous potential to characterize branching
points of the metabolic pathways in the presence of diseases.
One major advantage of this technology is that it can potentially
be coupled with other informative MRI methods, such HP
129Xe MRI. The latter is a non-invasive MRI technique that is
capable of regionally quantifying lung function by measuring
ventilation, oxygen uptake and apparent diffusion of gas
in the alveolar airspace (Ruppert, 2014), thereby providing

additional insight. Combined together, HP 129Xe and 13C MRI
can obtain spatially correlated measurements of metabolism
and function to provide a comprehensive insight into the
pathology of the diseased lungs. Lastly, there has been significant
progress in constructing inexpensive commercial and portable
MRI machines. This can potentially make the use of MR-
based molecular imaging methods to assess inflammation more
accessible. This is particular important for imaging critically ill
patients in the ICUs, where patient transport to the scanner is a
major challenge. Despite the advantages, HP 13C MRI, generally
suffers from hyperpolarization lifetime and challenges associated
with lung MRI. While the use of T2-based pulse sequences may
address some of these challenges (Pourfathi, 2019), there are
several considerations that are required to address limitations
with data acquisition and quantification (Yen et al., 2009).

Lastly, both methods exploit elevated glycolysis in activated
inflammatory cells to localize pulmonary inflammation. As
previously stated, while this provides a measure of integrated
inflammatory activity in the lungs, it does not specify the
type of cells present in the tissue. Future development for
PET imaging can entail development of other substrates,
similar to what was discussed earlier, to more specifically
characterize the type of inflammation in the tissue. Moreover,
additional novel tracers that are functionalized ligands that
can bind to specific receptors may be synthesized to provide
additional insight into the immune-pathogenesis of the disease
(Kim et al., 2017).

Developing specific substrates for HP 13C MRI will be
significantly more challenging that PET. This is because the
life-time of hyperpolarization shortens significantly for larger
and more complex molecules that can provide more specific
information, thereby making imaging impossible. However, a
number of substrates may be potentially useful; [6-13C] arginine
has shown to be capable of reliably detecting the presence of
myeloid-derived suppressor cells in bone-marrow (Najac et al.,
2016). This substrate may be useful to study asthma as arginase,
the enzyme that produces arginine, has shown to have a higher
expression after allergen challenge in samples derived from
asthmatic patients than healthy subjects (Arginine metabolism:
enzymology, nutrition, and clinical significance. Proceedings of
a symposium dedicated to the memory of Vernon R. Young.
April 5-6, 2004; Bermuda, 2004). Another potentially useful
substrate that may be polarizable is [1-13C] proline, which may
be used to assess presence of fibrosis at later stages of lung injury
(Wallace et al., 2002).

SUMMARY

In this article, we briefly discussed the critical role of lung
inflammation in the outcome of patients with lung injury. We
then provided an overview of two novel molecular imaging tools
to regionally assess lung inflammation in the context of lung
injury. Both exploit the elevated glycolysis and energy demand
of activated immune cells that are present in the inflamed
lung tissue; 18FDG-PET characterizes the uptake of glucose into
the cell and its utilization, while HP 13C MRI quantifies the
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conversion of pyruvate to lactate thereby characterizing the fate
of the glucose. Both techniques are valuable and can and can
be used to assess lung inflammation or can combined together
to provide a complementary picture of lungs bioenergetics.
Such information could ultimately provide additional insight
for clinical diagnosis and management of lung injury and
ARDS and its trajectory. However, there are several technical
challenges associated with either technique that requires
to be addressed before their dissemination and ultimate
clinical utility.
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Endothelial dysfunction, referring to a disturbance in the vascular homeostasis, has
been implicated in many disease conditions including ischemic/reperfusion injury and
atherosclerosis. Endothelial mitochondria have been increasingly recognized as a
regulator of calcium homeostasis which has implications in the execution of diverse
cellular events and energy production. The mitochondrial calcium uniporter complex
through which calcium enters the mitochondria is composed of several proteins,
including the pore-forming subunit MCU and its regulators MCUR1, MICU1, and
MICU2. Mitochondrial calcium overload leads to opening of MPTP (mitochondrial
permeability transition pore) and results in apoptotic cell death. Whereas, blockage
of calcium entry into the mitochondria results in reduced ATP production thereby
activates AMPK-mediated pro-survival autophagy. Here, we investigated the expression
of mitochondrial calcium uniporter complex components (MCU, MCUR1, MICU1,
and MICU2), induction of autophagy and apoptotic cell death in endothelial cells in
response to oxygen-glucose deprivation. Human pulmonary microvascular endothelial
cells (HPMVECs) were subjected to oxygen-glucose deprivation (OGD) at 3-h timepoints
up to 12 h. Interestingly, except MCUR1 which was significantly downregulated, all
other components of the uniporter (MCU, MICU1, and MICU2) remained unchanged.
MCUR1 downregulation has been shown to activate AMPK mediated pro-survival
autophagy. Similarly, MCUR1 downregulation in response to OGD resulted in AMPK
phosphorylation and LC3 processing indicating the activation of pro-survival autophagy.
Despite the activation of autophagy, OGD induced Caspase-mediated apoptotic cell
death. Blockade of autophagy did not reduce OGD-induced apoptotic cell death
whereas serum starvation conferred enough cellular and functional protection. In
conclusion, the autophagic flux induced by MCUR1 downregulation in response to OGD
is insufficient in protecting endothelial cells from undergoing apoptotic cell death and
requires enhancement of autophagic flux by additional means such as serum starvation.
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INTRODUCTION

Endothelial cells are essential regulators of vascular function.
Endothelial dysfunction is widely implicated in the development
and progression of many vascular diseases (Deedwania, 2003;
Gutierrez et al., 2013). Endothelial mitochondria plays an
important role as a key regulator of endothelial function
(Groschner et al., 2012). Defects in mitochondrial function
could potentially contribute to development and progression
of endothelial dysfunction (Tang et al., 2014). Endothelial
mitochondria, beyond its role in providing support in energy
production, also aid in shaping cytosolic Ca2+ signals and
redox regulation (Dedkova and Blatter, 2005; Wilson et al.,
2019). Ca2+ is an important second messenger that determines
both cellular bioenergetics and the initiation of cell death
mechanisms (Groschner et al., 2012; Williams et al., 2013;
Natarajan et al., 2020). Mitochondrial matrix calcium regulates
important cofactors for enzymes involved in the Krebs
cycle – namely pyruvate dehydrogenase, isocitrate dehydrogenase
and α-ketoglutarate dehydrogenase (Mallilankaraman et al.,
2012a; Tarasov et al., 2012; Vatrinet et al., 2017). These
enzymes are essential players of Krebs cycle which provides
reducing equivalents to the electron transport chain (ETC),
thereby contributing to the majority of mitochondrial ATP
production (Quijano et al., 2016). Although the role of oxidative
phosphorylation as an energy source in endothelial cells remains
questionable (Quintero et al., 2006), it is still a major source of
ROS (Murphy, 2009) that contributes to the pathophysiology of
many cardiovascular diseases (Madamanchi and Runge, 2007).
Furthermore, mitochondrial Ca2+ signaling has been shown to
regulate NO production in endothelial cells (Williams et al., 2013;
Park and Park, 2015).

Ca2+ enters the mitochondria through a highly calcium
selective ion channel, the mitochondrial calcium uniporter
(Kirichok et al., 2004). Mitochondrial calcium uniporter is a
multiprotein complex comprising of, the pore forming subunit
MCU (Baughman et al., 2011; De Stefani et al., 2011; Chaudhuri
et al., 2013), regulatory subunits MCUR1 (Mallilankaraman
et al., 2012a; Vais et al., 2015), MICU1 (Perocchi et al., 2010;
Mallilankaraman et al., 2012b; Logan et al., 2014), MICU2
(Payne et al., 2017), MICU3 (Patron et al., 2019), MCUb
(Raffaello et al., 2013) and EMRE (Sancak et al., 2013; Vais
et al., 2016; Payne et al., 2020), of which MCU, MCUR1,
MICU1, and MICU2 are well characterized. Despite the discovery
of the components of mitochondrial calcium uniporter in
the last decade, the role of these components in endothelial
mitochondrial dysfunction during ischemic vascular injury
remains poorly understood.

Mitochondrial calcium overload has been implicated in
endothelial cells subjected to ischemic stress leading to
deregulated NO signaling and ROS production (Choy et al.,
2001). Mitochondrial Ca2+ overload and ROS overproduction
are known to trigger the opening of mitochondrial permeability
transition pore (mPTP), a large non-selective pore that spans
across the IMM and OMM, leading to cell death (Bernardi,
1999; Duchen, 2000). On the other hand, loss of calcium
transfer to mitochondria or defects in mitochondrial calcium

uptake leads to ATP depletion resulting in activation of
AMPK-mediated macro autophagy (Cardenas et al., 2010;
Mallilankaraman et al., 2012a).

Here, we employed human pulmonary endothelial cells
subjected to oxygen-glucose deprivation (OGD) to study
the status of mitochondrial calcium uniporter components.
Our results suggest that MCUR1 alone is downregulated
under OGD conditions, whereas the other uniporter
components tested namely MCU, MICU1 and MICU2
remains unchanged. Downregulation of MCUR1 activated
pro-survival autophagy, which was still insufficient to
rescue endothelial function. Blockade of autophagic flux
did not confer protection against OGD-induced cell death,
indicating a need for additional autophagy inducers to enhance
autophagic flux. In the current study, we show the modulation
of mitochondrial calcium uniporter and its downstream
autophagic induction is insufficient and requires additional
induction of autophagy to rescue endothelial function under
OGD conditions.

MATERIALS AND METHODS

Cell Line
Wild type Human Pulmonary Micro Vascular Endothelial Cells
(HPMVECs) were grown in low glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin
at 37◦C and 5% CO2.

Oxygen-Glucose-Deprivation (OGD)
Treatment
Wild type HPMVECs were seeded at a density of 3.0 × 106

cells/plate in 10 cm plates 1 day before the experiments.
Media in wild type HPMVECs were replaced with glucose-
free Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 2.3 mM
CaCl2, 1 mM NaHCO3 5 mM HEPES at pH 7.2, supplemented
with 5 mg/L gentamicin) and incubated in oxygen-deprivation
chamber (Billups-Rothenberg, San Diego, CA, United States).
For oxygen deprivation the chambers were flushed with a
gaseous mix of 95% Nitrogen (N2) and 5% CO2 for 10 min.
The oxygen-deprivation chamber was sealed and kept in an
incubator at 37◦C. Controls were incubated with low glucose
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and
100 µg/ml streptomycin at 37◦C and 5% CO2. The length
of incubation in oxygen-glucose deprived conditions were 3,
6, 9, and 12 h, and referred to as OGD3, OGD6, OGD9,
and OGD12, respectively. For chloroquine (CQ) or Metformin
(Met) treatment studies, CQ or Met was added into the
glucose-free Locke’s buffer prior to incubation of the cells
for 3, 6, 9, or 12 h of OGD. Controls were treated with
CQ or Met 3 h prior before collection. For serum starvation
studies, the cells were grown with 10% serum for 24 h.
The medium was removed, washed and incubated with low
glucose DMEM supplemented with 0.2% serum 24 h prior
to OGD. Controls were incubated with low glucose DMEM
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supplemented with 0.2% serum throughout the experiment until
cell lysate collection.

Cell Lysate Preparation
Following OGD treatments, cell culture dishes were kept on ice,
the cells scraped and collected into tubes. The cell pellets were
then washed with cold PBS and centrifuged at 1500 × g for
5 min at 4◦C. Cells were lysed by resuspending the pellet with
RIPA lysis buffer (Thermo Scientific, #89900) containing protease
inhibitor and phosphatase inhibitor cocktail (Thermo Scientific,
#1860932). After sonication, cell lysates were centrifuged at
13,000 × g for 15 min at 4◦C and the collected supernatant from
each sample was stored at −80◦C. Total protein concentration
present in the collected supernatant was quantified using the
Thermo Scientific PierceTM bicinchoninic acid (BCA) Protein
Assay Kit (Thermo Scientific, #23225). Each sample containing
30 µg of protein was denatured by boiling at 95◦C for 10 min
in 2 X Laemmli buffer (Bio-Rad Laboratories, #1610737) and
β-mercaptoethanol (Sigma Aldrich) at 1:1 ratio before being
subjected to Western blot analysis.

Western Blot
Protein samples were separated on a sodium dodecyl sulfate
(SDS) polyacrylamide gel. 10% SDS-polyacrylamide gels
(resolving gel: 8 ml of H2O, 4 ml of 40% acrylamide, 4 ml
of Tris buffer pH 8.5, 150 µl of APS and 13 µl of TEMED;
stacking gel: 5.75 ml of H2O, 0.75 ml of 40% acrylamide, 1 ml
of Tris buffer pH 6.5, 77 µl of APS and 7.7 µl of TEMED)
were used to separate MCU, MCUR1, MICU1, MICU2, AMPK,
and phospho-AMPK (pAMPK). 15% SDS-polyacrylamide gels
(resolving gel: 6 ml of H2O, 6 ml of 40% acrylamide, 4 ml
of Tris buffer pH 8.5, 150 µl of APS and 13 µl of TEMED;
stacking gel: 5.75 ml of H2O, 0.75 ml of 40% acrylamide,
1 ml of Tris buffer pH 6.5, 77 µl of APS and 7.7 µl of
TEMED) were used to separate full-length Caspase 3, cleaved
Caspase 3, and LC3B. Gel electrophoresis was run at 75 V
for the first 30 min, then increased to 100 V for 90 min in
1 X Tris/Glycine/SDS running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3; Bio-Rad Laboratories, #1610772).
The separated proteins on the gel were then transferred onto
nitrocellulose membranes (Bio-Rad Laboratories, #1620112)
using a wet transfer apparatus. The electroblotting was run
at 350 mA for 100 min in chilled 1 X Tris/Glycine transfer
buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol,
pH 8.3; Bio-Rad Laboratories, #161-0771). After transfer,
membranes were subjected to blocking in 5% non-fat dry
milk diluted in 1 X Tris–buffered saline containing 0.1%
Tween-20 (1xTBST) for 1 h at room temperature and incubated
with primary antibody overnight at 4◦C with gentle shaking.
Membranes were washed with 1xTBST three times, 10 min per
wash, to remove excess primary antibody before incubation
with horseradish peroxidase (HRP)-conjugated anti-rabbit or
anti-mouse secondary antibody for 1 h at room temperature.
Anti-rabbit secondary antibodies were used in the detection
of MCU, MCUR1, MICU1, MICU2, AMPK, pAMPK, Caspase
3, cleaved Caspase 3, and LC3B, while anti-mouse secondary
antibodies were used in the detection of β-actin. Membranes

were again washed with 1xTBST three times, 10 min per
wash, to remove excess secondary antibody. To visualize bands
representing protein-of-interest, the membranes were incubated
with chemiluminescent ECL reagent (BioRad, #1705061) for
3 min and specific bands were then detected on X-ray films
(Research Instruments). To ensure equal protein loading across
gels, membranes were stripped using Restore Western Blot
Stripping Buffer (ThermoFisher Scientific, #21059) and probed
with a loading control antibody. Antibodies for MCU (Sigma-
Aldrich, HPA016480; 1:250); MCUR1 (Proteintech, 24948-1-AP;
1:500); MICU1 (Sigma-Aldrich, HPA037479; 1:500); MICU2
(Abcam, ab101465; 1:1000); Caspase 3 (Cell Signalling, 9662S;
1:1000); AMPK (Merck, 07-350; 1:1000); pAMPK (Cell Signaling,
40H9; 1:1000); LC3B (Cell Signalling, 2775S; 1:1000); anti-actin
(Sigma-Aldrich, A2228; 1:5000); anti-mouse IgG-HRP (BBI
Life Sciences, D110085-0100; 1:10,000); and anti-rabbit IgG-
HRP (Amersham, NA934V; 1:2000) were used in the study.
Relative band intensities were measured using ImageJ Imaging
Software and expressed as a value normalized by the intensity of
β-actin signal.

Migration Assay
Wild type HPMVECs were seeded at a density of 0.5 × 106

cells/well in six-well plates and incubated overnight at 37◦C.
A uniform 1.8 mm scratch running the entire length of the
well was created using a sterile 200 µl tip. For the “Normal”
condition, the wells were washed thrice with PBS to remove
cell debris after making the scratch and then bathed in 2 ml
low glucose DMEM supplemented with 10% FBS, 100 U/ml
penicillin, and 100 µg/ml streptomycin. For endothelial cells
subjected to 8 h of OGD, the wells were washed thrice with
PBS to remove cell debris after making the scratch and then
bathed in 2 ml glucose-free Locke’s Buffer. For endothelial cells
subjected to 8 h of OGD with serum starvation, the cells were
pre-starved overnight prior to OGD treatment. Similar to the
8 h of OGD treatment, the wells were washed thrice with PBS
to remove cell debris after making the scratch and then bathed
in 2 ml of glucose-free Locke’s Buffer. the cells were incubated
at 37◦C and 5% CO2. The time-lapse of the cell migration
within each well was captured using EVOS live cell imaging
system equipped with on-stage incubation system by capturing
images every 15 min for 8 h. Similarly, for OGD conditions
the imaging was performed but gas mixture was set to 95% N2
and 5% O2.

Statistical Data Analysis
Data from multiple experiments were quantified and expressed
as mean ± SEM. In order to analyze the differences between
two groups, the two-tailed unpaired Student’s t-test was
used. All experiments were repeated n number of times
as indicated in figure legends. Data were computed with
GraphPad Prism software version 8.0.1, where p-values
measuring the level of significance in differences observed
between two groups were obtained. Any significant difference
between the two groups were then indicated by either an
asterisk ∗ or ns, where ns represents non-significant, ∗represents
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p < 0.05; ∗∗represents p < 0.01; ∗∗∗represents p < 0.001 and
∗∗∗∗represents p < 0.0001.

RESULTS

Modulation of Mitochondrial Calcium
Uniporter Complex in Human Pulmonary
Microvascular Endothelial Cells
(HPMVECs) in Response to
Oxygen-Glucose Deprivation (OGD)
To determine the expression pattern of the mitochondrial
calcium uniporter complex components in HPMVECs in normal
and OGD conditions, protein levels of MCU, MCUR1, MICU1,
and MICU2 were assessed by western blot analysis (Figure 1A).
Quantitative analyses showed no significant changes in MCU
(Figure 1B), MICU1 (Figure 1D), and MICU2 (Figure 1E)
expression across the OGD timepoints, but significant reduction
in MCUR1 (Figure 1C) levels at 12 h of OGD. These
findings suggest that OGD results in downregulation of
MCUR1, the positive regulator of the mitochondrial calcium
uniporter complex.

OGD Induces Endothelial Cell Death
Despite the Induction of Autophagic Flux
MCUR1 downregulation is known to activate pro-survival
autophagy (Mallilankaraman et al., 2012a). Since we observed
a decrease in MCUR1 levels following OGD (Figures 1A,C),
we sought to verify the status of autophagic flux. As expected,
significant increase in autophagic markers phospho-AMPK
(pAMPK)/AMPK ratio and LC3 processing was observed, which
correlates with the significant decrease in MCUR1 observed over
the same duration of OGD (Figures 2A–D). OGD has also
been known to cause cell death in many cell types including
endothelial cells (Xu et al., 2000; Plesnila et al., 2001). Therefore,
we wanted to determine the expression level of apoptotic
cell death markers during OGD. We observed significant
increase in cleaved caspase 3 during OGD (Figures 2E,F),
suggesting the activation of apoptotic cell death. Altogether,
this suggests that despite the induction of autophagy which
plays a protective role, HPMVECs still undergo apoptotic cell
death induced by OGD.

Blockade of Autophagic Flux Has no
Effect on OGD-Induced Cell Death
Autophagy is known to have a close connection with caspase-
mediated cell death, despite its well accepted pro-survival role. To
verify whether the observed OGD-induced cell death is triggered
by autophagy, we blocked the autophagic flux using a widely used
inhibitor Chloroquine (CQ) and assessed the cell death under
different OGD conditions. Chloroquine inhibits autophagosome-
lysosome fusion and there by enhances accumulation of LC3-II.
Cells treated with CQ showed an increased LC3-II accumulation
compared to untreated ones in both normoxic and OGD
conditions (Figures 3A,B). Interestingly, CQ treatment did not

alter OGD-induced caspase-mediated cell death (Figures 3C,D).
Chloroquine has been reported to have additional effects
on mitochondrial function and whether it affects MCUR1
expression remains unstudied. Like untreated cells, MCUR1 was
significantly reduced in CQ-treated HPMVECs over 12 h of
OGD (Figures 3E,F) suggesting CQ has no effect on MCUR1
expression. Taken together, these data suggest that autophagy
induction is not responsible for caspase-mediated cell death
in OGD conditions.

Serum Starvation Attenuates
OGD-Induced Cell Death
Autophagic flux in OGD conditions neither have any protective
effects nor causes cell death. Therefore, we speculated insufficient
autophagic flux as a cause for lack of protection wherein
enhancement of autophagic flux could rescue the cells from
OGD-induced cell death. For induction of higher autophagic
flux in endothelial cells under hypoxic conditions, we attempted
using a previously reported activator of autophagy Metformin.
However, good autophagic induction was not observed after
treatment of cells with Metformin (Supplementary Figure 1),
possibly due to the similar route these drugs take to activate
autophagy as OGD (Meng et al., 2015; Kim et al., 2016).
While Metformin failed to protect the cells from cell death
at 3 and 6-h post OGD, it significantly reduced cell death
at OGD 9 and 12 h (Supplementary Figure 1). This could
possibly due to delayed induction of autophagy. Therefore
we sought to attempt serum starvation, a widely used potent
physiological inducer of autophagy (Mizushima and Klionsky,
2007; Mizushima et al., 2010). A recent study has shown short
term serum starvation (12–48 h) induced autophagy via Akt-
mTOR-p70S6K inhibition offered protection against endothelial
blood brain barrier impairment (Yang et al., 2019). Therefore, we
attempted to test the protective effect of serum starvation induced
autophagy against OGD induced cell death.

Cells that were serum-starved for 24 h before OGD treatment
showed increased levels of pAMPK/AMPK ratio and LC3
processing under normoxic conditions indicating an increase in
autophagic flux. But the pAMPK/AMPK ratio in serum-starved
cells did not increase during OGD (Figures 4A,B). Interestingly,
LC3-II/I ratio decreased over different time points of OGD
(Figures 4C,D) indicating the degradation of autophagosomes as
seen in the final stages of autophagic process. To verify whether
the serum starvation-induced enhancement of autophagic flux
has any protective role during OGD, we assessed the Caspase 3
cleavage. The ratio of cleaved caspase 3 to full-length caspase 3
was significantly reduced in serum-starved group compared to
during OGD (Figures 4E,F). Interestingly, Serum starvation was
able to rescue the MCUR1 expression at OGD 12 (Figures 4G,H).
Overall, these data suggest that serum starvation mediated
enhanced induction of autophagy serves as a mechanism that
confers protection of HPMVECs against cell death under OGD
stress. To understand whether serum starvation-induced increase
in autophagic flux is due to further decrease in MCUR1 during
OGD, we verified the MCUR1 expression in serum-starved cells
undergoing OGD treatment. Surprisingly, except OGD12 time
point in which MCUR1 expression was increased, all other time
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FIGURE 1 | (A) Representative western blots and (B–E) quantification showing the expression levels of (B) MCU, (C) MCUR1, (D) MICU1, and (E) MICU2 in human
endothelial cells under in vitro OGD conditions at different time points as indicated. β-action was used as a loading control. mean ± SEM, n = 5, ns = non-significant;
*P < 0.05; **P < 0.01.

points did not have significant change in MCUR1 expression
levels indicating the increase in autophagic flux during serum
starvation was independent of MCUR1 pathway (Figures 4G,H).

Serum Starvation Rescues Endothelial
Migration Despite the OGD Treatment
To assess the functional status of endothelial cells under
OGD conditions, we employed a widely used in vitro

wound-healing scratch assay which implies the migratory
potential. Endothelial cells migrated to cover the scratch area
under normoxic conditions. However, this migration was
significantly reduced under OGD condition. Since serum
starvation had effectively reduced OGD-induced cell death, we
sought to understand whether this could rescue the endothelial
function. Interestingly, serum-starved endothelial cells under
OGD conditions migrated similar to cells under normoxic
conditions (Figures 5A,B). Overall, these data indicate that the
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FIGURE 2 | Representative western blots and quantification of (A,B) Phospho-AMPK and total AMPK, (C,D) LC3-I and LC3-II, in human endothelial cells,
(E,F) cleaved Caspase 3 and full-length Caspase 3 under in vitro OGD conditions at different time points as indicated. β-action was used as a loading control.
mean ± SEM, n = 4; *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 3 | Representative western blots and quantification showing the expression levels of (A,B) LC3-I and LC3-II (C,D) cleaved Caspase 3 and full-length
Caspase 3 (E,F) MCUR1 in human endothelial cells under in vitro OGD conditions with (+) or without (−) chloroquine (CQ) at different time points as indicated.
β-action was used as a loading control. mean ± SEM, n = 4; *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 4 | Representative western blots and quantification of (A,B) Phospho-AMPK and total AMPK, (C,D) LC3-I and LC3-II (E,F) cleaved Caspase 3 and
full-length Caspase 3, (G,H) MCUR1 in serum-starved in human endothelial cells under in vitro OGD conditions at different time points as indicated. β-action was
used as a loading control. mean ± SEM, n = 4; *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 5 | (A) Representative images and (B) quantification of endothelial cell migration and normal, or OGD conditions with (+) or without (–) serum-starvation 8 h
post-scratch using EVOS live cell imaging system. mean ± SEM, n = 4; ****P < 0.0001.
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serum starvation-induced autophagic flux rescues endothelial
function despite OGD treatment.

DISCUSSION

Ischemic injury causes endothelial dysfunction leading to
functional decline of the vasculature. Role of endothelial
mitochondria in response to ischemic insults have long
been known but the underlying mechanisms are poorly
understood. Here, we show MCUR1, a positive regulator of
mitochondrial calcium uniporter is downregulated in response
to in vitro ischemic conditions leading to activation of AMPK-
mediated pro survival autophagy. Despite this autophagic flux,
endothelial cells continue to activate apoptotic cell death
suggesting a distinct pathway that surpasses pro survival
autophagy. Nonetheless, activation of autophagic flux by serum
starvation confers protection against OGD-induced endothelial
cell death. Therefore, targeting mitochondrial calcium uniporter
components to activate autophagy is insufficient in protecting
from ischemic injury and requires a stronger inducer of
autophagy. Our study clarifies the level of autophagic flux
determining the protective function in ischemic injury.

Mitochondrial calcium overload has been implicated in
ischemic injury of many cell types. Nonetheless, the status
of the major ion channel through which calcium enters
the mitochondria remains mysterious. This study shows
the modulation of the positive regulator of mitochondrial
calcium uniporter, MCUR1 (Figure 1), suggesting a defect
in mitochondrial calcium uptake during OGD conditions.
Further, the activity of calcium-dependent enzymes in the
mitochondrial matrix that contributes the reducing equivalents
to ETC decreases, leading to an energy crisis. Previous studies
have shown that blockade of Ca2+ transfer from ER to
mitochondria or defects in mitochondrial calcium uptake leads
to activation of prosurvival autophagy (Cardenas et al., 2010).
Interestingly, loss of MCUR1 has been reported to trigger the
AMPK-mediated prosurvival autophagy (Mallilankaraman
et al., 2012a). AMPK is well-recognized as an energy sensor
that is typically activated allosterically by AMP (Langendorf
et al., 2016). Reversal of AMP to ATP ratio happens during
MCUR1 loss that leads to phosphorylation of AMPK
(Mallilankaraman et al., 2012a). This instigated us to propose
MCUR1 downregulation as a protective mechanism that sets
in during OGD conditions in activating AMPK-mediated
prosurvival autophagy. To further support the activation of
autophagic flux data, LC3 processing was also observed in
endothelial cells undergoing OGD. The increased processing of
LC3-I to LC3-II, promotes the formation of autophagosomes
that will eventually be degraded in the autophagic process
(Tamargo-Gomez and Marino, 2018). Thus, the increase in the
ratio of pAMPK to total AMPK together with the increase in
LC3 processing suggests the induction of prosurvival autophagy
(Figure 2). Nonetheless, our data supplements the few studies
reporting OGD-induced apoptotic cell death in cells such
as neurons and cerebral endothelial cells (Xu et al., 2000;
Plesnila et al., 2001).

Surprisingly, caspase-mediated apoptotic cell death was
increased despite the activation of prosurvival autophagy
(Figure 2). Previous studies have shown AMPK-mediated
autophagy as a pro-survival mechanism (Borger et al., 2008;
Cardenas et al., 2010; Mallilankaraman et al., 2012a), implying
that cell death should be reduced upon activation of AMPK-
mediated autophagy. Whereas we observed both apoptosis and
autophagic induction occurring simultaneously in endothelial
cells subjected to OGD. This raised a concern whether AMPK-
mediated autophagy induced in these cells under OGD stress,
is serving as a protective mechanism or one that is promoting
cell death. It must be noted that the paradoxical role of
AMPK in autophagy and apoptotic cell death has been
reported (Paz et al., 2016). While the accumulation of LC3-II
demonstrates the induction of autophagy, it could also indicate
the inhibition of autophagic flux, whereby autophagic flux
measures the degradation activity of autophagic cargo. Therefore,
we determined the autophagic flux induced in endothelial cells
subjected to OGD by using a widely used inhibitor of autophagy,
Chloroquine (CQ). CQ impairs the fusion of autophagosomes
with lysosomes (Mauthe et al., 2018), thereby reduces the
degradation of autophagic cargo, and inhibits autophagic flux
(Mauthe et al., 2018). Our study showed a significant increase
in LC3-II levels in the CQ-treated group compared to the
corresponding untreated group, suggesting that the accumulation
of LC3-II over time of OGD in untreated cells is not due to
inhibition of autophagic flux, but rather a flux that is occurring
at low and inefficient levels. Furthermore, since LC3-II is a
marker of autophagosomes, significantly higher level of LC3-
II in CQ-treated cells under normoxic conditions also indicates
the accumulation of autophagosomes and thus the successful
blockade of autophagic flux by CQ (Figure 3).

While the autophagic flux is inhibited by CQ treatment, OGD-
induced cell death in CQ-treated group remained similar to
untreated group (Figure 3). This suggests that the induction
of AMPK-mediated autophagy in endothelial cells under OGD
stress is playing a protective role as inhibition of pro-death
autophagy should have reduced cell death. Moreover, the
MCUR1 levels in both the untreated and CQ-treated groups
remain unchanged suggesting that the downregulation of
MCUR1 is upstream of autophagic flux. These data suggest that
the endogenous induction of autophagic flux is insufficient in
conferring protection against OGD-induced apoptotic cell death.
The extent of autophagic flux seems to be the factor deciding
whether cells survive or undergo apoptotic cell death. Therefore,
we attempted to increase the autophagic flux in endothelial cells
by other means and assess the degree of protection against OGD-
induced cell death. Attempts with chemical activators such as
Metformin induced autophagy like untreated group. However,
Metformin reduced cell death only at 9 and 12 h of OGD
compared untreated group (Supplementary Figure 1). This delay
in protection could be due to the similarity in pathways that
OGD and the chemical activators use to activate autophagy
(Meng et al., 2015; Kim et al., 2016). Therefore, we decided to
attempt serum starvation, which is a widely used and potent
physiological inducer of autophagy (Mizushima and Klionsky,
2007; Mizushima et al., 2010). Further, Serum starvation was
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FIGURE 6 | A schematic diagram illustrating an overview of how downregulation of MCUR1 reduces mitochondrial calcium uptake in human endothelial cells
subjected to OGD. While pro-survival AMPK-mediated autophagy was induced under OGD stress, cell death was observed to be occurring simultaneously thus
questioning the relationship between autophagy and cell death in contributing to the development of endothelial dysfunction.

recently shown to induce autophagy in endothelial cells via Akt-
mTOR-p70S6K pathway.

Serum-starved cells showed significantly reduced pAMPK
levels indicating the cell’s attempt to prevent excessive and
constitutive AMPK activation, which could induce a “metabolic
failure-like” state (Ramamurthy and Ronnett, 2006). While
this finding suggests an increase in autophagic flux in serum-
starved endothelial cells under OGD stress, the decrease in
LC3-II levels further supports the enhancement of autophagic
flux. LC3-II, a marker of autophagosomes, is expected to
decrease as autophagosomes get degraded in the final stages of
the autophagic process (Tamargo-Gomez and Marino, 2018).
Interestingly, serum starvation-induced increase in autophagic
flux correlated with significant decrease in caspase-mediated cell

death, suggesting that the increase in autophagic flux could
offer protection against OGD-induced cell death. An increase
in autophagic flux by serum starvation in OGD conditions
increases the amino acid availability through efficient degradation
of autophagic cargo, thereby increasing protein synthesis (Herzig
and Shaw, 2018). These amino-acids as well as the fatty acids
liberated from bulk autophagic degradation can be recycled in a
cell autonomous fashion and utilized by TCA cycle to maintain
ATP production (Kuma et al., 2004; Lum et al., 2005; Mizushima,
2007; Mizushima and Klionsky, 2007). To further support
the serum starvation-induced enhancement of autophagic flux,
MCUR1 levels were rescued despite the OGD conditions in
serum-starved endothelial cells presumably from the amino acids
generated by autophagic degradation.
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Endothelial cells migrate during angiogenesis, but they
do migrate under pathophysiological conditions to restore
vascular integrity (Michaelis, 2014). The ability of endothelial
cells to migrate requires an enhancement in glycolysis, a
process which is greatly reduced in cells subjected to OGD
(Diebold et al., 2019). Besides requiring energy to drive the
migration of endothelial cells, the role of mitochondrial Ca2+

homeostasis has been recently implicated in actin cytoskeleton
dynamics and cell migration in mammals (Prudent et al.,
2016). Specifically, endothelial cell migration is regulated by
intracellular Ca2+ signaling, whereby Ca2+ acts on cytoskeleton
architecture, migration direction, and focal adhesion dynamics
(Prudent et al., 2016). We also observed defective migration
in cells undergoing OGD. This is most likely attributed to the
compromised energy production as the glycolytic process is less
efficient in producing ATP in the absence of exogenous glucose
supply. In addition, the reduced mitochondrial Ca2+ uptake
resulting from MCUR1 downregulation is unable to sufficiently
fuel oxidative phosphorylation to generate ATP. Interestingly,
serum starvation rescued the defects in migration caused by
OGD suggesting that serum starvation-induced autophagic
flux rescued the migratory ability of the endothelial cells
under OGD. Serum starvation induced autophagic degradation
liberates amino acids and fatty acids that fuels the TCA
cycle for energy production. The energy required for the
endothelial migration is derived from the autophagic degradation
and thereby rescues OGD induced impairment of endothelial
migration. Further, restoration of MCUR1 expression by serum
starvation could have rescued the mitochondrial Ca2+ uptake
which inturn is essential for ATP production (Glitsch et al., 2002;
Prudent et al., 2016).

Overall, our study identified perturbation in expression
of MCUR1, the positive regulator of mitochondrial calcium
uniporter in OGD conditions, resulting in the activation of pro-
survival autophagy. While the autophagic flux that normally
occurs during OGD conditions are insufficient to confer
protection against apoptotic cell death, serum starvation induces
autophagy and multiple pathways to offer protection and restore
endothelial function.

CONCLUSION

In conclusion, our study has demonstrated the downregulation
of mitochondrial calcium uniporter component MCUR1, leading
to activation of both autophagic flux and OGD induced
endothelial cell death. Careful analysis showed that the induced
autophagic flux due to MCUR1 loss was insufficient to offer
protection and required additional activators of autophagy

to protect from cell death and rescue endothelial function
(Figure 6). Serum starvation, a potent physiological activator
of autophagy enhanced the autophagic flux, reversed the loss
of MCUR1, and rescued endothelial function despite the
presence of OGD stress. Our study suggests that targeting
the mitochondrial calcium uniporter components in ischemic
vascular diseases does not confer sufficient protection against
endothelial dysfunction.
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Molecular imaging has emerged in the past few decades as a novel means to
investigate atherosclerosis. From a pathophysiological perspective, atherosclerosis is
characterized by microscopic inflammation and microcalcification that precede the
characteristic plaque buildup in arterial walls detected by traditional assessment
methods, including anatomic imaging modalities. These processes of inflammation and
microcalcification are, therefore, prime targets for molecular detection of atherosclerotic
disease burden. Imaging with positron emission tomography/computed tomography
(PET/CT) using 18F-fluorodeoxyglucose (FDG) and 18F-sodium fluoride (NaF) can non-
invasively assess arterial inflammation and microcalcification, respectively. FDG uptake
reflects glucose metabolism, which is particularly increased in atherosclerotic plaques
retaining macrophages and undergoing hypoxic stress. By contrast, NaF uptake reflects
the exchange of hydroxyl groups of hydroxyapatite crystals for fluoride producing
fluorapatite, a key biochemical step in calcification of atherosclerotic plaque. Here we
review the existing literature on FDG and NaF imaging and their respective values in
investigating the progression of atherosclerotic disease. Based on the large volume
of data that have been introduced to the literature and discussed in this review, it is
clear that PET imaging will have a major role to play in assessing atherosclerosis in
the major and coronary arteries. However, it is difficult to draw definitive conclusions
on the potential role of FDG in investigating atherosclerosis given the vast number of
studies with different designs, image acquisition methods, analyses, and interpretations.
Our experience in this domain of research has suggested that NaF may be the tool of
choice over FDG in assessing atherosclerosis, especially in the setting of coronary artery
disease (CAD). Specifically, global NaF assessment appears to be superior in detecting
plaques in tissues with high background FDG activity, such as the coronary arteries.
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INTRODUCTION

Atherosclerosis is a vascular disease characterized by the
formation of plaques and their eventual rupture. The endothelial
layer plays a crucial role in the atherosclerotic process. Indeed,
endothelial cell dysfunction (ECD) is pivotal in the onset and
progression of the events that cause atherosclerosis (Gimbrone
and Garcia-Cardena, 2016). ECD occurs via a sequence of
signaling events that are part of a complex inflammatory cascade
and involves the recruitment of circulating monocytes from the
blood into the vessel wall (intima), where they differentiate into
macrophages and internalize oxidized low-density lipoproteins
to become foam cells. Foam cells are key components of
atherosclerotic plaque. Structural remodeling of dead foam cells
occurs by their encapsulation by a thin fibrous cap, the rupture of
which results in thrombosis and vessel occlusion.

Currently, atherosclerosis and the increasing burden of
resulting cardiovascular events constitute a global epidemic
(Hansson, 2005; Lozano et al., 2012). Atherosclerosis represents
the number one cause of death and disability in the developed
world. The characteristic build-up and rupture of arterial plaque
is a direct precursor of most cardiovascular and cerebrovascular
events, which result in 7.0 and 2.8 million deaths every
year, respectively. The economic burden of atherosclerosis is
enormous, with annual aggregate inpatient hospital costs of over
10 billion dollars.

The initiation, progression, and complications of
atherosclerotic plaque follow slow and gradual sequential
events that occur over a lifetime (Mallika et al., 2007; Weber
and Noels, 2011). Currently, early identification of at-risk
patients poses a challenge for the medical community given the
limitations of traditionally utilized assessment tools, such as
risk-stratification surveys and mainstay imaging. For example,
the Framingham Risk Score quantifies the 10-year risk of
developing atherosclerotic disease as a function of risk factors
such as dyslipidemia, hypertension, and diabetes, but it offers no
means to visualize or predict plaque development. Conventional
imaging modalities such as CT and MRI angiography allow
physicians to visualize changes that occur in the later stages of
atherosclerosis, such as plaque morphology and stenosis, but
provide no insight into early detection of plaque formation.
Locating and preventing the rupture of “vulnerable” plaques is
challenging, as the plaques that are most prone to acute rupture
often do not cause clinical symptoms before they rupture (Falk,
1992; Shah, 2003).

Molecular imaging has emerged as an entirely novel
means to image and study atherosclerosis very early in
the course of disease progression. From a pathophysiological
perspective, atherosclerosis is characterized by microscopic
processes of inflammation and microcalcification that precede
the characteristic plaque buildup in arterial walls detected
by traditional assessment methods discussed above. Moreover,
the fibrous cap that lies on a lipid-rich necrotic core of
oxidized lipoproteins, cholesterol crystals, and cellular debris also
comprises calcified deposits. These processes of inflammation
and microcalcification are, therefore, prime targets for molecular
detection of cardiovascular disease risk.

The two most widely used and studied tracers to detect
and characterize atherosclerosis are 18F-sodium fluoride (NaF)
and 18F-fluorodeoxyglucose (FDG), which can non-invasively
assess microcalcification and arterial inflammation, respectively
(Table 1). NaF uptake reflects the exchange of hydroxyl groups
of hydroxyapatite crystals for fluoride producing fluorapatite,
a key biochemical step in the calcification of atherosclerotic
plaque. FDG, an analog of glucose, is used as a surrogate
marker for glucose metabolism at the target tissues. FDG is
taken up by the cells via transporters and phosphorylated by
the hexokinase enzyme inside the cell as FDG-phosphate which
cannot be metabolized further. FDG is of particular interest
in detecting atherosclerosis due to high metabolic activity of
macrophages that reside in plaques and are undergoing hypoxic
stress. Furthermore, smooth muscle cells, which have recently
been implicated as playing a role in atherogenesis, are highly
glycolytic and contribute to visualizing plaques by FDG-PET/CT
(Feil et al., 2014; Basatemur et al., 2019; Liu and Gomez, 2019).

There have been many reviews regarding the importance
of FDG-PET/CT and NaF-PET/CT in the diagnosis of
atherosclerosis in various settings. In this review, we discuss
the role of these two radiotracers in identifying atherosclerotic
plaques at the molecular level and before they lead to clinically
detectable symptoms. In addition, we examine current published
literature and compare the strengths and weaknesses of the
existing techniques.

MOLECULAR IMAGING IN
ATHEROSCLEROSIS

Early Attempts to Employ Molecular
Imaging Techniques as Correlates to
Risk Factors and Prognosis
A study by Yun et al. (2001) represented the first investigation
of the association of FDG uptake with atherosclerotic disease.
Of 132 patients undergoing whole-body scans, approximately
half demonstrated increased FDG uptake in at least one major
artery (the abdominal aorta, iliac artery, proximal femoral arteries
in whole-body scans and the femoral and popliteal arteries on
lower extremity scans), with an increased uptake prevalence
in older populations (34% of patients aged 20–40 years, 50%
of patients aged 41–60 years, and 61% of patients aged 61–
80 years). This result has been replicated in numerous studies
in expanded age ranges and in the assessment of additional
vasculature. A study by Bural et al. (2008) evaluated FDG
uptake in 149 subjects ranging in age from 5 to 83 years.
FDG uptake was noted in the major arteries in 145 of the
patients, and both prevalence and intensity of FDG uptake in
the thoracic aorta, abdominal aorta, iliac arteries, and femoral
arteries increased with age. A more recent study by Bural et al.
(2016) confirmed this finding. They determined that, in the
femoral arteries of 38 patients of varying ages, the uptake ratio
of FDG to the adjacent background was significantly increased
with age, which suggests that the inflammation associated with
atherosclerotic plaques becomes more severe as patients age
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TABLE 1 | Comparison of the utility and limitations between FDG and NaF-PET/CT.

Clinical utility Limitations

FDG NaF FDG NaF

Inflammatory processes and
infections

Osseous processes due to high
bone-to-background ratio

Inaccurate target-to-background measurements in
highly metabolic tissues (i.e., heart)

Partial volume effects in small volume
bones or intimal plaques

Brain metabolism and MCI/AD Atherosclerosis, especially in the
coronary arteries

Delayed-timepoint imaging may be logistically
difficult to achieve

Fewer clinical studies regarding its utility
in atherosclerosis

Cancer and neoplasms

(Bural et al., 2016). Additionally, Emamzadehfard and colleagues
observed an increase FDG uptake in the descending aorta in
older (aged 60–75) subjects, when compared to younger (aged
20–30) individuals, in both healthy adults and in those exhibiting
cardiovascular risk factors (Emamzadehfard et al., 2017).

While age has been consistently correlated with FDG uptake,
association with other conventional risk factors has been less
consistent. A further study by Yun et al. (2002) evaluated
the frequency of FDG uptake in three major arteries (the
abdominal aorta, iliac arteries, and proximal femoral arteries)
in 156 patients and its relation to atherogenic risk factors (age,
cigarette smoking, hypertension, diabetes, elevated cholesterol,
and obesity) and known CAD. Only age and high cholesterol
consistently demonstrated a significant correlation with FDG
uptake in all three arteries. Additionally, patients with known
CAD showed increased FDG uptake in the proximal femoral
arteries compared to healthy patients. A study by Strobl et al.
(2013) investigated the correlation between FDG uptake in the
thoracic aorta, abdominal aorta, common carotid arteries, and
iliac arteries with conventional cardiovascular disease risk factors.
Different vascular regions demonstrated different correlations. In
the thoracic and abdominal aorta, FDG uptake was associated
with age greater than 65 and male sex. In the carotid arteries, FDG
uptake was associated with age greater than 65, male subjects,
and BMI greater than 30. In the iliac arteries, FDG uptake
was associated with age greater than 65. Pasha et al. (2015)
investigated the correlation between FDG uptake in 76 patients
in the aorta and in the peripheral arteries with conventional
cardiovascular risk factors. As expected, increased FDG uptake
was observed in the peripheral arteries and aorta with increasing
age. Cardiovascular risk factors were associated with FDG uptake
in the aorta, but not the peripheral arteries. The study by
Emamzadehfard et al. (2017) also determined that, in addition
to the descending aorta, increased mean FDG uptake was also
observed in the aortic arch and ascending aorta in patients with
cardiovascular risk factors.

Soon after the early reports appeared in the literature,
investigators began exploring the potential role of FDG in
detection and characterization of atherosclerosis in various
settings. A study by Rudd et al. (2002) investigated FDG
uptake in 8 patients who had recently experienced a carotid-
territory transient ischemic attack and had severe internal
carotid artery stenosis of at least 70 percent. FDG uptake was
quantified in plaques in the affected carotid artery and in plaques
in the contralateral asymptomatic side. This analysis showed
that FDG accumulation was 27% higher in the symptomatic

lesions in comparison to the contralateral asymptomatic plaques.
Following imaging studies, plaque histology was determined
on carotid endarterectomy samples from all 8 patients. Plaque
autoradiography demonstrated FDG uptake in macrophage-rich
areas of the plaques, notably at the lipid core and fibrous
cap border of the lesions, suggesting a potential role for
FDG-PET in the assessment of intimal inflammatory response
in atherosclerosis.

A study by Paulmier et al. (2008) determined the rate of
cardiovascular events in two groups of stable patients with
either increased FDG uptake or unremarkable FDG uptake on
PET/CT which was performed for cancer staging and follow-
up. A calcium index score was calculated for each patient, and
subjects from both groups were matched for age, conventional
risk factors, and type of cancer. The rates of both remote
cardiovascular events (defined as 6 months prior to PET/CT
study) and recent cardiovascular events (defined as less than
6 months before or after the PET study) were tracked. In brief,
the study revealed that calcium index was the single factor
related to remote cardiovascular events, and the extent of FDG
uptake was the single factor significantly related to the occurrence
of a recent event.

A study by Rominger et al. (2009) evaluated the association of
FDG uptake in large arteries of 932 asymptomatic cancer patients
with the subsequent occurrence of a vascular event, defined as
an ischemic stroke, myocardial infarction, or revascularization.
In the 15 of 932 patients (1.6%) who experienced a vascular
event, increased FDG uptake was the strongest predictor of
said event, more so than conventional risk factors. A study
by Marnane et al. (2012) investigated the relationship between
FDG uptake and stroke recurrence in 60 patients with a recent
stroke, transient ischemic attack, or retinal embolism with
ipsilateral carotid plaque stenosis greater than 50%. In 13 of
the 60 patients (22%) who suffered from another stroke within
90 days, the FDG uptake in the ipsilateral carotid artery was
greater in than those who remained stable. Further analysis in
a Cox regression model revealed plaque FDG uptake as one
independent predictor of stroke recurrence over conventional
risk factors such as age or degree of stenosis. A study by
Figueroa et al. (2013) retrospectively identified 513 patients over
the age of 30 without a prior history of cardiovascular disease
or cancer who had undergone PET/CT. During a follow-up
period (median 4.2 years), 44 patients developed cardiovascular
disease. Three main findings were observed from the study.
First, the degree of FDG uptake and cardiovascular disease
incidence were significantly correlated. Second, the inclusion of
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FDG uptake along with the Framingham Risk Score models
of cardiovascular risk improved risk discrimination. Finally,
increasing FDG uptake was inversely correlated with the timing
of cardiovascular disease defining events.

More recent studies have continued to support the importance
of FDG as a molecular indicator of adverse cardiovascular events.
Kim et al. (2016) used a cohort of cancer patients to show that
arterial FDG uptake, metabolically active malignancy, and the
visceral adipose tissue seen on CT scans might have the capacity
to predict future ischemic strokes. A study conducted by Iwatsuka
et al. (2018) reviewed the medical records of 309 patients age
65 and older who did not have coronary artery disease but had
previously undergone FDG-PET/CT imaging to determine the
presence of cancer (all patients’ scans were cancer-free). After
a median follow-up period of 3.9 years, the authors noted that
a high target to background ratio in the arteries was associated
with a high likelihood of a coronary heart disease event. Similarly,
Tuominen et al. (2019) examined the relationship between
pathological FDG uptake and future cardiovascular events in
patients who exhibited symptoms of cardiac sarcoidosis. They
determined that both total cardiac metabolic activity, as well as
right ventricular FDG uptake, were significantly associated with
the occurrence of cardiovascular events during a mean follow-up
period of 54.7 months following initial FDG-PET scans. Taken
together, these recent data demonstrate that FDG-PET has the
potential to identify patients who are at risk for cardiovascular
events. The data published in the literature indicate that FDG-
PET may change the landscape for early identification of patients
at-risk for cardiovascular events and may contribute to the
development of preventative measures to avoid vascular damage
and improve patient outcomes.

Whereas FDG-PET imaging has been shown to be of
value in detecting inflammatory processes in the arteries in
several studies, NaF has emerged as a superior radiotracer for
assessing and quantifying atherosclerosis in the aorta, carotids,
and coronary arteries. Derlin et al. (2010) demonstrated in
2010 the feasibility of NaF-PET/CT for detecting vascular
microcalcification. The authors performed visual and semi-
quantitative methods to quantify NaF uptake. They observed
vascular NaF uptake at 254 sites in 57 of the 75 subjects (76%)
compared to vascular CT-based calcification at 1,930 sites in
63 patients (84%). Moreover, only 12% of subjects with arterial
wall NaF uptake demonstrated corresponding CT calcification,
suggesting the high sensitivity of this imaging modality. The same
group (Derlin et al., 2011) was able to reproduce their original
observation and also demonstrated that common carotid artery
NaF uptake is significantly associated with age, male gender,
hypertension, and hypercholesterolemia. Morbelli et al. (2014)
reached similar conclusions by observing that large vessel NaF
uptake in 80 patients with either breast or prostate malignancies
(age 65.3 ± 8.2, 20 males) was correlated with Framingham
Risk Score and several cardiovascular risk factors including
gender, hypertension, smoking, diabetes, and age. Additionally,
visible structural changes due to calcified atherosclerosis were
not correlated with increased NaF uptake, suggesting that NaF
as a molecular calcification marker provides certain specific
inflammation about the process.

Blomberg et al. (2017a) demonstrated that thoracic aorta
microcalcifications as quantified by NaF-PET/CT revealed a
significantly increased risk for cardiovascular disease. This
prospective project known as CAMONA determined the
role of FDG and NaF imaging in detecting atherosclerosis
in 139 subjects, which included healthy controls and
individuals at increased risk for fatal cardiovascular disease
estimated by the Systematic Coronary Risk Evaluation tool
(using gender, age, smoking, systolic blood pressure, and
total cholesterol). There was no correlation between FDG
uptake and cardiovascular disease risk. The same group
also demonstrated that NaF uptake within the coronary
arteries is similarly associated with cardiovascular disease risk
(Blomberg et al., 2017b). Further analysis of the CAMONA
dataset by Arani et al. (2018) and Castro et al. (2017)
found a correlation between NaF uptake in the abdominal
aorta and common carotid arteries and cardiovascular risk
and age. A similar correlation was not found for FDG.
Because the carotid arteries are the primary source of blood
flow to the brain, NaF-PET/CT may play a major role in
detecting atherosclerosis in the vasculature and therefore
in the management of patients with cognitive impairment
(Borja et al., 2020).

Several recently published studies have demonstrated
convincing results by employing NaF as a tracer for detecting
molecular calcification, which is indicative of its expanding
clinical applications. For example, NaF showed utility in
measuring both plaque size and calcification in the arterial beds of
transgenic Yucutan minipigs (Nogales et al., 2019). Nogales et al.
noted that NaF-PET/CT can reliably detect microcalcifications
in the vessels, particularly those in the abdominal aorta, in these
animals, suggesting that this methodology can be used to assess
plaque burden in entire body. Similarly, Hayrapetian et al. (2019)
investigated the utility of NaF-PET in monitoring coronary
artery calcifications that are potentially at risk for rupture. They
found that NaF uptake can be used as a predictive indicator of
the progression of coronary artery atherosclerosis, as well as the
degree of coronary stenosis.

Molecular and Conventional Diagnostic
Imaging Modalities
Calcification is a highly specific feature of coronary
atherosclerosis. As such, the coronary artery calcium
(CAC) score has been widely used as a diagnostic tool for
assessing cardiovascular disease risk. However, despite the
established association between FDG uptake and conventional
cardiovascular risk factors, the relationship between FDG and
arterial calcification detected on CT has consistently failed to
show any significant correlation. A study by Tatsumi et al. (2003)
investigated the relationship between FDG uptake as detected on
PET/CT with aortic wall calcification. In a cohort of 85 cancer
patients who underwent FDG PET/CT, sites of FDG uptake in
the thoracic aortic wall were almost entirely distinct from sites
of thoracic aortic wall calcification. FDG uptake was higher in
patients older than 65, in those with hyperlipidemia, and in
subjects with a prior history of cardiovascular disease.

Frontiers in Physiology | www.frontiersin.org 4 October 2020 | Volume 11 | Article 511391156

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-511391 October 16, 2020 Time: 18:58 # 5

Mayer et al. Imaging Atherosclerosis by PET

A study by Ben-Haim et al. (2004) assessed the distribution of
both vascular FDG uptake and CT calcifications using PET/CT
in 122 patients. A total of 349 vascular sites were identified as
abnormal by demonstrating increased FDG uptake, calcification,
or both. CT calcification and increased FDG uptake both
demonstrated a positive correlation with cardiovascular risk
factors and age. CT calcifications were found in 92% of sites
and increased FDG uptake was found in 15% of sites, although
concomitantly increased FDG uptake and CT calcification was
noted in only 7% of sites. Comparable results were described
in similarly designed studies by Dunphy et al. (2005), who
observed the colocalization between increased FDG uptake and
calcification in less than 2% of cases, and by Derlin et al. (2010),
who found colocalization in only 12% of cases. A study by
Meirelles et al. (2011) examined FDG-PET/CT scans of 100
cancer patients who had undergone at least two PET/CT studies
and in whom sites of aortic FDG uptake and calcification were
identified. These two image sets (baseline and repeat scans)
demonstrated FDG uptake in 70% of the initial scans, which
changed in 55% on the second scan. Furthermore, calcification
and FDG uptake only overlapped in two cases.

An important study was initiated by Abdelbaky et al. (2013)
to demonstrate the relationship between FDG uptake and
arterial calcium deposition. They retrospectively identified 137
patients from a single hospital database who had undergone
serial PET/CT scans 1–5 years apart. Based on this research,
focal FDG uptake was found to be the strongest predictor
of future arterial calcification within the same locations after
adjusting for risk factors. In other words, localized FDG uptake
preceded subsequent calcification over the years. A similar
study by Cho et al. (2017) followed 96 patients over 1 year
and demonstrated that FDG uptake in the aorta predicted
the progression of coronary artery calcification. Enhanced
FDG uptake was associated with coronary artery calcification
progression in patients without any baseline coronary artery
calcification but was not seen in patients with baseline coronary
artery calcification.

Based on the data that have been published in the literature,
it is clear that sites of CT calcification consistently demonstrate
no or very minimal uptake of FDG. This indicates that by the
time CT calcification is noted, inflammation is no longer an
active component of atherosclerotic plaques (McKenney-Drake
et al., 2018; Moghbel et al., 2018). The degree of uptake of NaF
in the calcified lesions on CT varies considerably (Blomberg
et al., 2014b; Figure 1). While some lesions show no uptake,
others reveal varying degrees of active molecular calcification
(Blomberg et al., 2015b, 2017a,b). These observations indicate
that atherosclerotic plaques may be classified as active or inactive
based on NaF-PET findings, suggesting the potential clinical
utility of NaF uptake in the assessment of atherosclerotic disease
burden. Additionally, NaF-PET imaging may be used for the early
detection and characterization of patients with atherosclerosis
(George, 2012; McKenney-Drake et al., 2018). Animal research
studies from our group have validated the reliability of global
NaF assessment techniques for early evidence of coronary artery
calcification (McKenney-Drake et al., 2018). We have also applied
this approach in human studies and have shown significant

correlation between NaF uptake and cardiovascular risk factors
(Blomberg et al., 2017b; Figure 2). Therefore, we believe NaF-
PET will continue to play a major role in assessing atherosclerosis
in the major and coronary arteries in the future.

Investigations Into Plaque Morphology,
Histology, and Pharmacotherapy
The early stages of atherosclerosis are characterized by
increased endothelial permeability resulting in the buildup
of LDL in the arterial intima (van der Wal and Becker,
1999). The exact mechanisms are not completely understood,
but subsequent activation of endothelial cells and smooth
muscle cells release chemo-attractants, mobilizing monocytes.
Monocytes differentiate into macrophages that engulf LDL,
transforming into cholesterol-laden apoptotic foam cells, which
induce a self-sustaining inflammatory response.

The hallmark of atherosclerosis is plaque formation. “Stable”
plaques are unlikely to rupture and are characterized by a thick
fibrous cap, a small lipid pool, few inflammatory cells, and
a dense extracellular matrix. The continuous cycle of arterial
damage and repair in atherosclerosis results in the formation of
“vulnerable” plaques (Spacek et al., 2018). In contrast to stable
plaques, they are characterized by a thin fibrous cap, a large
lipid pool, many inflammatory cells, and few smooth muscle
cells. Vulnerable plaques are at an increased risk of rupture. In
response, calcification is thought to stabilize vulnerable plaque
and reduce the risk of rupture. Initially, apoptotic foam cells are
phagocytized by adjacent arterial smooth muscle cells. However,
at a certain threshold, apoptotic cells are too numerous to be
cleared, giving rise to a necrotic core (Gonzalez and Trigatti,
2017). Vesicles in the necrotic core serve as nucleation sites for
microcalcification, which accumulate to form calcifications large
enough to be visualized by CT.

The identification of which plaques are “vulnerable” remains
a highly desirable goal since the subsequent formation of
a thrombus predisposes patients to cardiovascular and
cerebrovascular events such as myocardial infarction and
stroke. As a marker of inflammation, FDG represents a
key component of the atherosclerotic disease process. It is
relatively well established that FDG uptake in the setting of
atherosclerosis is related to the inflammatory process of the
activated macrophages within plaques.

A study by Tawakol et al. (2006) examined 17 patients with
severe carotid artery stenosis who underwent PET/CT prior to
endarterectomy. Following surgery, immunohistochemistry was
performed on the excised plaque extracts. The study specifically
examined the association of FDG uptake with CD68 level, serving
as a measure of macrophage content, and demonstrated a strong
correlation between these two variables. A similar study by
Myers et al. (2012) resulted in significantly different results. The
study investigated the correlation between FDG uptake in the
aorta, carotid arteries, and femoral arteries in 30 patients who
underwent an atherectomy procedure for symptomatic common
or superficial femoral arterial disease. After the procedure,
immunohistochemistry was performed on the excised plaque
extracts to quantify CD68 uptake, once again serving as a measure
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FIGURE 1 | Active and indolent molecular vascular calcification. (A) Patient without structural vascular calcification. A positive NaF PET signal, representing
molecular vascular calcification, was observed in the ascending aorta (interrupted arrow). (B) Patient with active (arrow) and indolent vascular calcification in the
descending aorta. Note the intense uptake of NaF in the sternum, vertebra, and ribs (Reproduced from Blomberg et al. (Castro et al., 2017) with permission).

of macrophage content. In 34 plaque specimens obtained, no
correlation was noted between FDG uptake and CD68 level.
Finally, a study by Figueroa et al. (2012) designed a similar
study but used investigators blinded to the clinical, PET, and
histological data to characterize plaque morphology as a risk
factor in 34 patients scheduled for endarterectomy, 10 of whom
had plaque histologically assessed for CD68 staining. Both FDG
uptake and CD68 staining were higher in vascular segments
that contained plaque and in plaques characterized as possessing
high-risk morphology.

A more recent study by van der Valk et al. (2016) investigated
the relationship between FDG uptake and atherogenic
lipoprotein(a), a proinflammatory oxidized phospholipid
transporter associated with accelerated arterial inflammation.
In 30 subjects with elevated lipoprotein(a) levels, FDG uptake
was significantly elevated compared to 30 control subjects with
normal lipoprotein(a) levels.

Other studies have taken advantage of animal models
to investigate the biological characteristics of atherosclerotic
plaques. Ogawa et al. (2004) studied FDG uptake in an animal
model of atherosclerosis, Watanabe heritable hyperlipidemic

(WHHL) rabbits. Eleven WHHL and 3 control rabbits were
injected with FDG and imaged with PET/CT, followed by
the removal of both the thoracic and abdominal aortas 4 h
later. Histologic analysis was performed to quantify macrophage
content. In the control rabbits, the aortas were devoid of plaque
and no macrophages were seen on histological examination. In
the WHHL rabbits, a thick intima representing plaque content
as well as significant macrophage content were observed. FDG
uptake in the WHHL rabbits was strongly correlated with
atherosclerotic lesions and macrophage content. Of note, FDG
may have the potential to be used in drug development studies.
As indicated by Plana et al. (2018), FDG-PET imaging can
identify patients at risk for doxorubicin-mediated cardiotoxicity
following chemotherapy treatments, though this has only been
determined in mice models and has not yet been widely
clinically tested.

Joshi et al. (2014) compared coronary NaF uptake in
areas of culprit and non-culprit plaques in 40 patients with
myocardial infarction and compared NaF uptake to intravascular
ultrasound examination in 40 patients with stable angina. In
patients with myocardial infarction, culprit plaques and sites
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FIGURE 2 | NaF uptake in relation to cardiovascular risk factors. Bar graph
showing coronary artery NaF uptake (kBq/ml), adjusted for blood NaF activity,
injected NaF dose, and PET/CT technology, in relation to the number of
cardiovascular risk factors (i.e., BMI, systolic blood pressure, serum
triglyceride concentration, and serum low-density lipoprotein-cholesterol
concentration) present. Coronary NaF uptake increased linearly according to
the number of risk factors present (P < 0.001 for a linear trend). Coronary NaF
uptake was significantly lower in the absence of risk factors compared with
the presence of one or more risk factors (3.47 vs. 3.97, 4.08, and
4.41 kBq/ml, respectively; P < 0.001). Error bars represent the 95%
confidence interval of the mean (Reproduced from Blomberg et al. (Figueroa
et al., 2013) with permission).

of atherosclerotic plaque ruptures demonstrated high focal NaF
uptake. Moreover, histological examinations of focal regions of
uptake showed active calcification and necrotic changes. On
the other hand, patients with stable angina who demonstrated
high NaF uptake also demonstrated high-risk characteristics
on ultrasound, including vascular remodeling and calcification.
A more recent study by Kim et al. (2019) performed FDG-
and NaF-PET/CT imaging in 20 stroke patients with culprit and
non-culprit carotid plaques. High radiotracer uptake was present
in both groups, and the target-to-blood ratio demonstrated a
significant increase in uptake in culprit atheromas. Vesey et al.
(2017) used both FDG and NaF-PET/CT to determine the
superior modality in identifying carotid plaques in 26 patients
with recent ischemic strokes. They determined that, while both
NaF and FDG uptake were significantly associated with predicted
cardiovascular risk, only NaF was significantly correlated with
plaque burden and associated plaque characteristics. Vesey
et al. also used histologic and micro PET/CT to confirm the
potential for NaF to be used as a tracer in the identification of
microcalcifications. Similarly, Irkle et al. (2015) used sequential
staining of carotid artery plaques to identify the specificity of
binding of NaF to regions of carotid artery plaques. Using

Alizarin Red, a calcification marker, along with macrophage and
endothelial cell neovascularization markers, they determined that
the NaF radioactivity signal was only significantly associated with
the Alizarin Red stain, which is reflective of the ability of NaF to
identify calcifications in the carotid artery and not the presence
of infection or other related cellular processes. Taken together,
these recent data suggest that NaF is a powerful indicator of the
presence of microcalcifications, which may potentiate its role in
the surveillance of plaque development in the vasculature.

A study by Beheshti et al. (2011) examined NaF-PET/CT
images in 51 to determine cardiac and aortic uptake. The authors
correlated NaF uptake to age, suggesting the potential for NaF
in the assessment of atherosclerosis. Additionally, this study
was the first to utilize global disease assessment with NaF-PET.
Global disease assessment was first described by Alavi et al.
(1993) by measuring FDG uptake in the brains of patients with
mild cognitive impairment or Alzheimer’s Disease. Recently,
Sorci et al. (2019) adopted this approach in their 2019 study
which compared NaF-PET/CT and Framingham Risk Score to
CAD risk factors, including age and BMI, in 86 controls and
50 CAD patients. The authors observed that both NaF-PET/CT
and Framingham Risk Score were increased in CAD patients.
Moreover, NaF-PET/CT but not Framingham Risk Score could
differentiate between patients and controls, and global NaF
uptake was significantly correlated with both age and BMI. Taken
together, these studies all suggest a major role for global NaF
assessment in individuals at risk for atherosclerosis and CAD.

McKenney-Drake et al. (2018) demonstrate that early
identification of vascular microcalcification by NaF-PET/CT
has significant prognostic value. Coronary NaF uptake and
histopathological and sonographic assessment were compared
between 13 lean (control) Ossabaw swine and 11 animals with
metabolic syndrome and early CAD. The researchers found that
the animals with metabolic syndrome demonstrated both 2.5-
times higher coronary vascular uptake and 100-times higher
plaque burden as the control animals. Furthermore, a recent
publication by Kwiecinski et al. (2011) investigated 293 patients
with CAD to determine if NaF-PET/CT could be used as a
predictor of future myocardial infarction. They found that only
patients who experienced a myocardial infarction during the 42-
month follow-up period demonstrated increased NaF uptake in
the coronary arteries in the initial scans. Importantly, the authors
concluded that NaF uptake in the coronary arteries could be used
as an independent prognostic factor for myocardial infarction
occurrence. These data suggest the prognostic potential of NaF
PET/CT, in correlation with histological and pathological changes
of atherosclerotic calcification in CAD.

FDG-PET/CT have been used with varying success to
investigate the efficacy of potential atherosclerosis therapeutics.
Kim et al. (2018) found that FDG-PET could not be used to
evaluate statin efficacy. In their prospective study of 13 acute
coronary symptom patients imaged before and after 1 month
of 20 mg/day atorvastatin, they found no difference in FDG
uptake within the carotid arteries. On the other hand, Choo et al.
(2018) demonstrated in 2018 that atorvastatin and pioglitazone
co-therapy is associated with decreased vessel inflammation as
assessed by FDG-PET/CT relative to atorvastatin alone in 41
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patients with coronary artery disease. This data suggest that
FDG-PET should be applied toward therapies that alter vascular
inflammation, such as tumor necrosis factor-alpha modulators or
interleukin-6 blockers, rather than plaque development. Based
on the limited utility of FDG-PET/CT in this domain, further
studies should utilize NaF-PET over FDG to assess atherosclerotic
disease and consequent response to treatment. For example, Moss
et al. (2019) used NaF-PET to examine the effects of ticagrelor,
a platelet adenosine diphosphate P2Y12 receptor antagonist, on
troponin I levels in patients with multivessel coronary artery
disease. Using NaF uptake in the coronary arteries to monitor
the presence of plaques, the authors confirmed that ticagrelor
did not significantly influence troponin I levels in patients with
multivessel coronary artery disease, which suggests that this
factor is not a reliable marker for monitoring antagonism to the
P2Y12 receptor on platelets. This study demonstrates a potential
role for NaF in pharmaceutical development, which may be of use
to physicians in future clinical trials.

Limitations of Molecular Imaging in
Assessing Atherosclerosis
A major limitation of FDG as a means to investigate
atherosclerosis has been its non-specific uptake by myocardial

tissue as well as the arterial wall. This is particularly of
major concern in the coronary arteries, since spillover from
the physiologic activity of the heart obscures detection of
atherosclerotic inflammation (McKenney-Drake et al., 2018).
A study by Williams and Kolodny (2008) proposed a method
of circumventing this limitation in certain settings. In brief,
myocardial glucose metabolism and undesired FDG uptake is
suppressed by requiring subjects to consume a very high-fat, low-
carbohydrate, protein-permitted diet (VHFLCPP) 3–6 h prior to
image acquisition. In comparison to a fasting control group, the
average FDG uptake in the VHFLCPP group was suppressed.
The utility of the VHFLCPP diet protocol was replicated by
Wykrzykowska et al. (2009), who demonstrated “good” or
“adequate” myocardial suppression in 20 out of 32 patients. The
cases of inadequate suppression were due to self-reported dietary
non-adherence. Other than myocardial spillover, FDG uptake is
also limited by its spatial resolution, as visualization of uptake in
the millimeter range is past the physical limits of PET imaging
(Bural et al., 2006).

Based on recent publications in the literature, it is apparent
that FDG-PET possesses low sensitivity and specificity as a
molecular probe for detecting inflammation in atherosclerotic
plaques (McKenney-Drake et al., 2018; Moghbel et al., 2018;
Arani et al., 2019; Figure 3). This is primarily because FDG is not

FIGURE 3 | Correlations between global tracer uptake values (GTUV) of NaF, FDG and age. Significant correlations were present for NaF uptake in both the healthy
volunteers and patients (upper panels) but not for F-FDG in these subject groups (lower panels) (Reproduced from Arani et al. (Blomberg et al., 2015b) with
permission).
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only taken up by inflammatory cells, but also by other cellular
structures in the vessel wall. In other words, smooth muscle cells
in the arterial wall, which are known to be highly glycolytic, may
have high levels of FDG uptake and this decreases the specificity
of FDG-PET imaging for detection of atherosclerotic plaques.
Furthermore, the suboptimal spatial resolution of PET (in the
range of 5–8 mm) results in substantial underestimation of the
degree of uptake in the plaques. Efforts have been made to correct
for partial volume effects to accurately quantify the degree of
inflammation in plaques (Blomberg et al., 2015a). This would
require administering contrast agents along with PET, which
is not routinely employed for the assessment of cardiovascular
imaging with PET/CT (Blomberg et al., 2015a). Furthermore,
the majority of reports in the literature regarding the detection
of inflammation in atherosclerotic plaque is based on FDG-PET
imaging only 60 min following administration of the tracer. The
degree of clearance of FDG is relatively slow, and substantially
high levels of the tracer that remain in the circulation affect
the accuracy of measurements made with this approach (Cheng
et al., 2013). In other words, spillover from the high levels
of intravascular tracer activity results in an overestimation of
inflammatory reaction in plaques. Efforts have been made to
minimize this undesirable effect on optimal quantification of
atherosclerosis by imaging at delayed time points of up to 3 h
(Blomberg et al., 2013, 2014a, 2015a; Moghbel et al., 2018;
Figure 4). Therefore, the results from existing literature that are
based on 60-min imaging are somewhat inaccurate and need to be
verified by optimally delayed imaging protocols. We should also

FIGURE 4 | Changes in aortic wall and luminal blood FDG activity at different
imaging time-points as seen on sagittal FDG PET images of the thoracic
aorta. With time, luminal blood activity decreases while the aortic wall activity
increases, which improves the arterial wall-to-blood contrast (superior
target-to-background ratio) (Reproduced from Moghbel et al. (Gonzalez and
Trigatti, 2017)with permission).

emphasize that target-to-background ratio, which is commonly
used for assessing atherosclerosis, is of questionable value for
overcoming blood pool activity effect on accurate quantification
of atherosclerosis (Figure 5). Based on studies that have been
performed at 1, 2, and 3 h post-injection and TBR quantification,
it is clear that target-to-background ratio provides unreliable
numbers for the presence and degree of inflammation in plaques
(Blomberg et al., 2013, 2015a). Finally, a number of FDG-PET/CT
studies have been performed in patients with numerous co-
morbidities, such as cancer, subsequent chemotherapy/radiation
therapy, and other inflammatory conditions. Upregulation of
proinflammatory cytokines due to these abnormalities may
therefore, influence FDG uptake in other structures, similarly
suggesting that NaF-PET/CT may be the tool of choice for the
clinical assessment for atherogenic microcalcifications.

The clinical utility of NaF in the assessment of atherosclerosis
is still being evaluated. While microcalcifications may be detected
by NaF-PET/CT and are believed to precede macroscopic
plaque buildup in arterial walls, the mechanistic relationship
of microcalcifications toward the overall pathobiology of
atherosclerosis has yet to be elucidated. Additionally, the small
size of atherosclerotic plaques is comparable to the typical
spatial resolution of PET, leading to potential inaccuracies in
NaF quantification due to partial volume effects. Recently, Cal-
Gonzalez et al. (2018) developed partial volume correction
techniques to improve NaF-PET quantification of atherosclerotic
plaques to help mitigate this issue. Also, global assessment of NaF
uptake in the coronaries and major arteries may overcome this
limitation. Uptake of NaF in the bony structures may adversely
affect the results in the arteries adjacent to the skeleton. We
believe that further translational and clinical research using
NaF-PET/CT will answer these questions and provide a more
definitive review for the role of this imaging modality.

PET-based imaging modalities may further aid in the
assessment of atherosclerosis and cardiac disease. Specifically,
radiolabeled nanoparticles may be used to assess macrophage
activity (de Barros et al., 2012). de Barros et al. (2014)
utilized dextran-coated iron oxide nanoparticles to assess the
macrophage burden in the coronary arteries of apolipoprotein-
E-deficient mice. They found the ApoE knockout mice
demonstrated high cardiac uptake of radiotracer than controls.
Additionally, among ApoE knockout mice, radiotracer was
specifically localized to diseased hearts but not healthy hearts.
This approach may allow detection of inflammation in the
coronary arteries which is unachievable with FDG. Additionally,
many studies have been performed using tracers other than
NaF and FDG which have shown success in the study
of cardiovascular pathology. For example, Thackeray et al.
(2018) examined the effects of myocardial infarction on
inflammation in the heart and brain in mice models using
mitochondrial translocator protein (TSPO) as their PET ligand.
They determined that TPSO uptake was significantly increased
in the infarct region 1 week following infarction, as well
as in remote cardiomyocytes 8 weeks later, correlating with
left ventricular remodeling and heart failure. In the brain,
TSPO uptake was increased in the microglia, which reflects
the presence of neuroinflammation occurring alongside the
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FIGURE 5 | Graph plotting the FDG activity (SUV) in the carotid arteries (A), aorta (B) and the right atrial blood pool at 65, 124, and 183 min after FDG
administration. The ratio between the arterial and blood pool activity increased with time. The interrupted lines represent the 95% confidence interval of TBR values.
We would like to emphasize the TBR measurements differ at 1, 2, and 3 h. This indicates the lack of reliability of TBR for accurate quantification of uptake in the
atherosclerotic plaques (Reproduced from Blomberg et al. (van der Wal and Becker, 1999) with permission).

infarction. This suggests that using TSPO as a PET ligand
may be of interest in future large-scale studies, as it has the
potential to identify multiple areas of cellular and tissue damage.
Additionally, Tarkin et al. (2019) used 68Ga-DOTATATE,
a somatostatin receptor subtype-2 PET ligand, alongside
FDG to examine residual myocardial inflammation following
myocardial infarction. They determined that, not only was 68Ga-
DOTATATE uptake significantly correlated with post-infarction
myocardial inflammation, but it also had less background signal
than the FDG scans, which may point to its superiority over FDG
as a PET tracer.

Both NaF and FDG have been used as proxies for the
detection of early stage CVD. We may see refinement in the
specific processes captured by each radiotracer, and how exactly
they relate to large-scale pathology. Given that NaF is an
effective tool for the detection of microcalcification, and that
FDG is only proven as an inflammatory marker, more research
with standardized protocols and methods is needed to assess
FDG’s utility as a diagnostic tool for cardiovascular illness.
A literature search by Huet et al. (2015) identified 46 different
quantification methods for the quantification of FDG uptake in
atherosclerotic plaques used in 49 studies. Since inflammation
is a critical risk factor for plaque rupture, likely, there is still
potential for this radiotracer in the area of cardiovascular health,
which will be better understood as its relationship with CVD
and acute cardiac events is increasingly quantified. A recent
example of the potential benefits of using NaF and FDG
concurrently is demonstrated by recent data from Chowdhury
et al. (2019), which sought to predict the development of
restenosis following percutaneous transluminal angioplasty in
individuals with peripheral artery disease. The authors identified
significantly increased femoral artery inflammation using FDG,
as well as a significant increase in the degree of microcalcification
present using NaF, in patients with restenosis as compared
to individuals without restenosis. This study demonstrates
one of many possibilities in the future of using NaF and
FDG together, which will help clinicians evaluate diseases

with complex presentations involving both microcalcification
and inflammation.

Future Directions in PET Imaging
Based on the large volume of data that have been introduced to
the literature and discussed in this review, it is clear that PET
imaging will have a major role to play in assessing atherosclerosis
in the major and coronary arteries. Recent evidence demonstrates
the feasibility of NaF in assessing atherosclerosis in the aorta,
carotid arteries, and coronary arteries. This agent is rapidly
cleared from the circulation and therefore the degree of
background activity, which is a major source of error for such
measurements, no longer interferes with accurate quantification
of atherosclerotic plaques. In other words, significant clearance
of NaF by the bony skeleton and the kidneys over a short period
of time results in very minimal activity remaining in the blood
even after 1 h. Therefore, the need for target-to-background ratio
measurements is obviated by using NaF-PET. Furthermore, the
specificity of microcalcification to the atherosclerotic plaques
allows measurements of CAD which is almost impossible to
achieve by FDG. Since coronary artery atherosclerosis is a serious
and potentially fatal predisposing risk factor in patients with
CAD, NaF imaging has great promise for becoming the study
of choice for early detection and accurate quantification of the
disease process. We believe NaF-PET imaging will obviate the
need for CT calcification assessment which reveals irreversible
disease process in the coronary arteries and therefore is of limited
value in the management of these patients. Large multi-center
trials are necessary to further confirm the role of PET in this
disease (McKenney-Drake et al., 2018; Moghbel et al., 2018;
Hoilund-Carlsen et al., 2019).
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Lung ischemia reperfusion (IR) injury inevitably occurs during lung transplantation. The
pulmonary endothelium is the primary target of IR injury that potentially results in
severe pulmonary dysfunction. Over the last decades, various molecules, receptors,
and signaling pathways were identified in order to develop treatment strategies for
the preservation of the pulmonary endothelium against IR injury. We here review the
latest and most promising therapeutic strategies for the protection of the endothelium
against IR injury. These include the stabilization of the endothelial glycocalyx, inhibition
of endothelial autophagy, inhibition of adhesion molecules, targeting of angiotensin-
converting enzyme, and traditional viral and novel non-viral gene transfer approaches.
Though some of these strategies proved to be promising in experimental studies, very
few of these treatment concepts made the transfer into clinical application. This dilemma
underscores the need for more experimental evidence for the translation into clinical
studies to invent therapeutic concepts against IR injury-mediated endothelial damage.

Keywords: lung, transplantation, ischemia-reperfusion injury, endothelium, strategies

INTRODUCTION
Ischemia reperfusion (IR) injury in lung transplantation (Tx) is associated with an increased rate
of delayed graft function, but also acute and chronic graft rejection. As IR injury is unavoidably
correlated with Tx, treatment strategies for the attenuation of IR injury should aim at protecting
target compartments that are primarily affected by IR injury.

The pulmonary endothelium is the first site of IR injury. Already during organ ischemia,
multiple donor-associated changes can alter the status of the pulmonary vasculature, that is e.g.,
the loss of surfactant, hypovolemia resulting in platelet occlusion of the vascular bed, an increase of
pro-inflammatory mediators due to brain death, and an increase of adhesion molecules (Porteous
and Lee, 2017). Upon reperfusion, the endothelial layer of the pulmonary vasculature produces
reactive oxygen species (ROS) and other damaging agents (Preissler et al., 2011) which in turn
results in endothelium swelling and detachment from the basement membrane (Pickford et al.,
1990). This process results in a damage of the vascular permeability thereby facilitating leukocyte
adherence and transmigration, the key step in mediating IR injury (Soroush et al., 2018). The
interaction between leukocytes and endothelium depends on and involves a complex network of
various proteins.
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Over the last decades, a wide range of those proteins have
been identified that mediate the differential steps necessary for
the interaction between white blood cells and endothelium.
Among them, selectins are responsible for a first contact and
weak adhesion of leukocytes (Kawut et al., 2009), different
adhesion molecules create a firmer contact of leukocytes on the
endothelium and leukocyte extravasation across the endothelial
wall (Muller, 2016), and finally the migration of leukocytes
into the tissue is mediated by IL-8 and other mediators (Allen
and Kurdowska, 2014). A number of other mediators such
as TNFα, IL-1, IL-6, leukotriene B4, proteases, and elastases
that are in part released from activated neutrophils, indirectly
or directly, contribute to endothelial dysfunction and injury
(Porteous and Lee, 2017).

Another target of IR that contributes to endothelial damage
and tissue dysfunction after IR is the endothelial glycocalyx. This
layer consists of proteoglycans and glycoproteins at the surface
of the endothelium and harbors various chemokines, receptors,
growth factors, and enzymes that play a central role in endothelial
function. The endothelial glycocalyx has a pivotal importance in
lung injury which has been shown during edema formation after
lung IR injury when the integrity of the glycocalyx was damaged
(Brettner et al., 2017).

During the last decades of research, many of these proteins,
receptors, mediators, and inflammatory cascades participating in
endothelial injury upon IR injury have been targeted by treatment
strategies, either by antibodies, inhibitors, or modulators of the
inflammatory milieu. Among these, older agents include the
phosphodiesterase inhibitor cyclic AMP analog or nitride oxide.

We here will present and discuss the most recent and
promising developments on strategies how to efficiently preserve
the endothelium from lung IR injury.

An Ambiguous Role for Autophagy
Inhibition on Pulmonary Endothelium
During IR Injury
Autophagy allows for the regular degradation and recycling of
cellular components and thus promotes cell survival. However,
upon injury, an imbalance in endosomal and autophagic
pathways can enhance macromolecular or organelle degradation
thereby causing cell death. Inhibition of autophagy was shown
to result in reduced apoptosis indicating that the process of
autophagy as a cell survival mechanism is rather endangering the
lung during IR injury (Zhang et al., 2013). On the other hand,
recent analyses on pulmonary microvascular endothelial cells
exposed to hypoxia-reoxygenation revealed that the suppression
of mitochondrial autophagy by 3-Methyladenine (3-MA), a
selective PI3K inhibitor, inhibited the apoptosis of endothelial
cells and enhanced its proliferation via the mechanistic Target
of Rapamycin-pathway (Liu et al., 2019). Another study in
human and mouse pulmonary microvascular endothelial cells
convincingly showed that promoting autophagy with rapamycin
ameliorated IR-induced lung edema and tissue inflammation due
to injured endothelium (Zhang et al., 2015).

Taken together, research on targeting autophagy has so far
been scarce and results presented seem to be ambiguous, so there

is a clear need for more studies that proves an either endothelial-
preserving or endothelial-damaging effect of autophagy.

Stabilization of the Endothelial
Glycocalyx From Degradation by Lung
I/R Injury
The luminal surface of vascular endothelial cells is lined with
a glycocalyx, comprising of membrane-bound proteoglycans,
glycosaminoglycans, and sialic acid–containing glycoproteins.
This layer is pivotal for the integrity and functionality of the
endothelium, as it modulates the interaction of the endothelium
with the components of the circulating blood. The glycocalyx
harbors a variety of chemokines, receptors, growth factors, and
enzymes that play a central role in endothelial function. This
layer protects the endothelium from shear stress which is caused
by blood flow and serves as a vascular permeability barrier.
Glycocalyx damage during IR can be detected by elevated plasma
levels of e.g., heparan sulfate and syndecan-1, which suggests
their use as biomarkers of endothelial integrity (Abassi et al.,
2020) (Figure 1).

The glycocalyx of the pulmonary vasculature is thicker than
that of other organs (Yang and Schmidt, 2013) which might be
owed to the complex lung defense against internal and external
antigens. During and after lung IR, the glycocalyx is degraded
and leads to leukocyte activation and adhesion with subsequent
pulmonary edema and lung injury. Experimental studies showed
that the integrity of the glyocalyx layer could be preserved: e.g., in
an auto-transplantation model, Rancan et al. (2018) could show
that IR itself causes glycocalyx alterations with an increase in
pulmonary edema and expression of adhesion molecules, and
that by the administration of lidocaine, the described alterations
of glycocalyx degradation could be abolished (Figure 1). The
same research group proved in an in vivo auto-transplantation
model of pulmonary IR that by preconditioning with sevoflurane,
the pulmonary glycocalyx could be protected and the expression
of leukocyte chemokines could be reduced (Casanova et al.,
2016). In this study, authors compared the effects of sevoflurane
with propofol on IR-injured endothelium and found that
propofol, but not sevoflurane, induced glycocalyx destruction
and a higher chemokine and adhesion molecule expression
with also an increase of the glycocalyx components heparan
sulfate and serum syndecan levels (Casanova et al., 2016). Work
from Chappell et al. also revealed less shedding and a reduced
leukocyte adhesion after sevoflurane pre-treatment in an isolated
organ model (Chappell et al., 2010). In contrast, another group
analyzed those endothelial glycocalyx-injuring markers heparan
sulfate and human syndecan-1 in patients undergoing pulmonary
resection with one lung ventilation, however, they could not find
any difference in outcome between sevoflurane and propofol
(Kim et al., 2018).

As reflected by increased research activity in recent years,
the glycocalyx has gained more attention taking a pivotal
role in the regulation of endothelial function and vascular
permeability. Though the number of studies is limited,
glycocalyx components such as syndecan-1 and heparan
sulfate have the potential to serve as circulatory biomarkers
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FIGURE 1 | Endothelial glycocalyx degradation induced by ischemia-reperfusion injury and its restoration by Lidocaine and Sevoflurane. Upon IR injury, free radicals,
among others, contribute to glycocalyx erosion. IR injury also leads to activation of leukocytes that in turn increase the secretion of chemokines and adhesion
molecules, all damaging the endothelial layer. Heparan sulfate and syndecan-1 are shed into the blood when the glycocalyx is damaged by IR and could function as
biomarkers of endothelial integrity. Both Lidocaine and Sevoflurane can restore and preserve damaged glycocalyx. IR, ischemia-reperfusion.

FIGURE 2 | Mediators and strategies to protect the vascular endothelium from lung IR injury. Endothelial immunotargeting by a catalase-binding antibody to the
angiotensin-converting-receptor on endothelium can reduce IR-reactive oxygen species. Erythropoietin exerts protective functions on endothelial cells by preventing
apoptosis via endothelium-bound EPO receptors. Diannexin V mainly acts via preventing endothelial cell adhesion, and Kalium ATP-sensitive (ATP-sensitive
potassium channels, KATP) channel agonists have the potential to prevent membrane depolarization thereby protecting the endothelium. Gene transfer of siRNA to
the endothelium can reduced apoptosis, less production of adhesion molecules, and a reduced attraction of neutrophils. Finally, antibody-conjugated
endothelial-targeted liposomes can inhibit the cytokine-induced inflammatory activation of the endothelium. IR, ischemia-reperfusion; ACE, angiotensin-converting
enzyme; EPO, Erythropoetin; KATP, Kalium ATP-sensitive; siRNA, small interfering ribonucleic acid.

for monitoring the severity of vascular endothelial damage
during lung IR injury. Moreover, future research on glycocalyx
protection and restoration has so far received a solid base,
and pharmacologic and non-pharmacologic maneuvers

on this topic should be promoted. Figure 1 provides an
overview of the current understanding of the glycocalyx in
the context of IR injury and its preservation by Lidocaine
and Sevoflurane.

Frontiers in Physiology | www.frontiersin.org 3 December 2020 | Volume 11 | Article 581420168

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-581420 December 13, 2020 Time: 11:15 # 4

Jungraithmayr Endothelial Protection From IR Injury

FIGURE 3 | Viral and non-viral approaches to preserve IR-injured lung endothelium. One of the most commonly employed viral vectors is the adeno-associated
virus. By such a virus, silicon microparticles can be delivered into inflammation-associated endothelium where it is internalized with the subsequent release of
therapeutic nanoparticles. The virus becomes free within the cytoplasm, undergoes genetic cargo, and transfers into the nucleus for the transcription of
endothelium-protective mediators. In contrast, non-viral approaches have advantages over the commonly used viral systems such as lower immunogenicity,
reduced inflammation, and an overall better safety. A human Indoleamine-2,3-dioxygenase (IDO)–expressing plasmid can be delivered by a specific promoter into the
endothelium and reduces cell apoptosis, vascular permeability, and leukocyte extravasation. Moreover, the mitochondrial function and ultrastructure of the
endothelium is protected from oxidative stress. IDO, Indoleamine-2,3-dioxygenase.

Targeting P-selectin on I/R-Injured
Pulmonary Endothelium
Selectins are molecules involved in the initial process of adhesion
of activated neutrophils on the pulmonary endothelium. Early
work has shown that when selectively blocking selectins with
a monoclonal antibody, reperfusion-induced hyperpermeability
was ameliorated (Demertzis et al., 1999; Levine et al., 2002). More
recently, a particular role has been assigned to P-selectin in IR
injury (Moore et al., 1985; Scalia et al., 1999). As a key endothelial
cell rolling factor, P-selectin mediates the adhesion of leukocytes
on the endothelium and binds to glycoprotein ligand-1 (PSGL-1)
on leukocytes. Moore et al. (1985) showed that when inhibiting
P-selectin by a monoclonal antibody, the increase of IR-induced
permeability, lung sequestration of neutrophils, mononuclear
leukocytes, and eosinophils could be significantly attenuated.
But also the rolling and adhesion of platelets along arteriolar
walls depends on P-selectin, suggesting that platelets are also
responsible for contributing to the development of pulmonary
IR injury (Roberts et al., 2004). In line with these data, recent
work from Lam et al. (2018) confirmed the role of P-Selectin
in interaction with PSGL-1 in the attenuation of pulmonary
IR injury: when using recombinant human vimentin, leukocyte
adhesion to endothelial and platelet monolayers where blocked
on P-selectin-coated surfaces in vitro. In vivo, histologic findings
of acute lung injury decreased.

These data underscore the relevant role of the adhesion
molecule P-Selectin and its inhibition on pulmonary
endothelium for the attenuation of IR injury.

Immunotargeting of
Angiotensin-Converting Enzyme and
Antioxidant Enzymes Against Oxidative
Injury
Angiotensin-converting enzyme (ACE) was previously identified
as a cell-specific marker of endothelial injury (Atochina et al.,
1997). Atochina et al. (1997) showed that IR induces significant
elevation of ACE activity in the perfusate of isolated rat
lungs. In this context, ACE serves as a surface endothelial
antigen that drives leukocyte-mediated oxidative injury to
endothelial cells. Muzykantov (2000) have shown that applying
a monoclonal antibody against ACE serves as an affinity carrier
for targeting of catalase to the pulmonary endothelial cells
for specific augmentation of their anti-oxidative defense. The
antioxidative effect of the conjugation of this ACE antibody
to catalase has also been investigated and confirmed in vivo
by Nowak and co-workers in a rat lung ischemia model
(Nowak et al., 2007). They used the ACE monoclonal antibody
(MAb) 9B9 and showed a better function of the affected
lung but also decreased serum levels of endothelin-1 and
less levels of inducible nitric oxide synthase. The same group
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evaluated the treatment of IR-injured lung allografts with
conjugates of anti-ACE antibody with catalase (9B9-CAT) in
an experimental set up of hypothermic preservation. Lungs
that were conditioned with this antibody showed a significantly
higher catalase activity and an anti-oxidative status after cold
storage compared to the catalase treatment alone (Nowak
et al., 2010). Finally, these authors extended their research on
an anti-ACE catalase-binding antibody in a human model of
isolated perfused and ventilated lung resection (Nowak et al.,
2013) and thus provided a possibility of immunotargeting of
human pulmonary endothelium toward a therapeutic approach
in patients. Of note, in the research of antioxidant therapeutics
against endothelial injury by reactive oxygen species, catalase was
also conjugated to platelet/endothelial cell adhesion molecule-1
and was demonstrated in vitro as well as in vivo to have good
protective effects against endothelial oxidative stress, injury, and
lethality (Christofidou-Solomidou et al., 2003) (Figure 2). This
approach could be confirmed by Kozower et al. (2003). The
entire concept of vascular immunotargeting by a specific delivery
of therapeutic agents to endothelial cells and by modulating
enzymes conjugated with antibodies to endothelial surface
molecules has been nicely summarized in a review by Shuvaev
and Muzykantov (2011).

Taken together, these studies show that vascular
immunotargeting of anti-oxidative enzymes, specifically
conjugates to ACE, can effectively limit reactive oxygen
species–mediated IR injury of the lung.

Other Strategies to Protect the Vascular
Endothelium From Lung IR Injury
This subsection will consider more therapeutic strategies on
how to preserve and protect the vascular endothelium from
IR injury that do not fall into the scope of the above
described approaches (Figure 2). Erythropoietin (EPO) has
been shown to positively influence acute lung injury caused by
renal IR injury (Janmaat et al., 2010). EPO acts as the major
regulator of erythropoiesis by stimulating growth, preventing
apoptosis, and inducing differentiation of blood precursor cells.
An explanation for a beneficial effect on lung injury could
lie in the fact that endothelial cells express EPO receptors
and thereby respond to EPO. Zhu et al. (2019) found in a
model of remote lung injury induced by mouse renal injury
that EPO exerts protective functions by promoting endothelial
cell proliferation via the Janus Kinase-Signal Transducer and
Activator of Transcription 3 pathway, rather than exerting
antiapoptotic or anti-inflammatory mechanisms.

Sharma et al. (2018) analyzed the role of pannexin-1 (Panx1), a
channel-forming glycoprotein that mediates signaling in vascular
endothelium and plays a major role in the initiation of endothelial
permeability, edema, leukocyte trafficking, and inflammation
during lung IR injury. In an in vivo mouse lung hilar ligation
model, authors found that endothelial pannexin 1 contributes
to IR of the lung. Moreover, their results demonstrate a novel
role of endothelial Panx1 channels in the regulation of vascular
inflammation after lung IR: when blocking Panx1-mediated ATP
release by Panx1 inhibitors, lung IR injury could be attenuated.

The inhibition of the adhesion of leukocytes and platelets
to the endothelium was targeted in a study by Hashimoto and

the thoracic research group at Toronto General Hospital. Their
report in a rat lung transplant model says that Diannexin V, which
is a homodimer of annexin V, ameliorates IR injury. Authors
administered Diannexin V to the donor before procuring the
lung and also to the recipient shortly after reperfusion and could
prove a significantly enhanced graft function and an improved
oxygenation. A mechanistic explanation for the observed benefits
was that Diannexin is designed to shield phosphatidylserine, to
prevent cell adhesion, to improve blood flow and to diminish
subsequent tissue injury (Hashimoto et al., 2016). Practically,
authors concluded to employ this compound at an early phase
after transplantation to the recipient.

The group around Chatterjee, Christy and Fisher, all
renowned scientists in shear stress-related mechanosignaling
research in lung ischemia provided an excellent review
article showing that the mechanosignaling cascade during
lung IR injury is initiated by a mechanosensing complex,
transmitted by endothelial cell membrane depolarization
due to closure of KATP (ATP-sensitive potassium channels)
channels, resulting in activation of NADPH oxidase, NOX2
with generation of ROS and increased intracellular Ca2+

(Chatterjee et al., 2014). Authors point to an approach to
prevent the mechanosignaling cascade by using a KATP
channel agonist to prevent endothelial cell membrane
depolarization. Although these agents are available for
this purpose, they have not yet been trialed clinically
(Chatterjee et al., 2014).

Viruses are used since long as gene delivery vectors to
treat diseases by therapeutic gene expression (Waehler et al.,
2007) (Figure 3). One of the most commonly investigated viral
vectors is the adeno-associated virus. As an immunotherapeutic
approach, McConnell et al. (2014) took advantage of such a
virus as a “trojan horse” that delivers silicon microparticles into
inflammation-associated endothelium where it is internalized
and subsequently releases therapeutic nanoparticles. The virus
than becomes free within the cytoplasm undergoing genetic
cargo to successfully transfer into the nucleus for transcription.
This kind of uptake is independent from cell receptors,
enabling access to not only endothelial cells. Authors, thus,
showed that whole organs can be genetically modified using
this particle platform as a technique for improving organ or
vessel transplant.

But also a non-viral gene transfer approach for the
preservation of IR-injured endothelium is possible and, beyond
that, provides several advantages over the commonly used viral
systems, such as lower immunogenicity, reduced inflammation,
and an overall better safety. Using this approach, Liu and
colleagues analyzed the role of Indoleamine-2,3-dioxygenase
(IDO) as a cytosolic enzyme possessing both immune modulating
and antioxidant properties against lung transplant IR injury
(Figure 3). They delivered a human IDO (hIDO)-expressing
plasmid driven by an endothelial cell-specific endothelin-1
promoter into rat donor lungs and found that hIDO expression
specifically enhanced in endothelial cells within lung grafts
and prevented endothelial cell apoptosis, reduced vascular
permeability and leukocyte extravasation in vivo (Liu et al., 2019).
In vitro, they showed that increased IDO activity in endothelial
cells protected its mitochondrial function and ultrastructure from
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oxidative stress through stabilization of the intracellular redox
status (Liu et al., 2019) (Figure 3). Authors, thus, presented a
strategy of non-viral gene transfer for the protection of lung
endothelium, at the same time avoiding the toxic effects of a
traditional viral therapy.

Another promising treatment tool is siRNA (Figure 2). By
using this highly specific technology, an organ-specific gene
transfer can be achieved even without the need of viral vectors
or other transfection agents. Zhang et al. (2004) showed that by
intranasal delivery of siRNA into mouse IR-injured endothelial
cells, apoptosis can be attenuated via an overexpression of Heme
oxygenase-1 (HO-1), an important cytoprotective enzyme in IR
injury. This concept contributes to the identification of genes
that modulate IR-induced apoptosis with potential therapeutic
relevance. siRNA was also used to target adhesion molecules in
an in vitro work by Walker et al. (2011). They transfected human
lung microvascular endothelial cells with specific siRNA and
found that not only adhesion molecules on the endothelium were
decreased but also the adhering neutrophils were diminished
(Walker et al., 2011) (Figure 2).

Another drug delivery system to target IR-injury–mediated
reactive oxygen species in the vascular endothelium are
liposomes. Howard et al. (2014) designed endothelial-
targeted liposomes carrying a potent superoxide dismutase
(SOD)/catalase mimetic, EUK-134, antibody-targeted against
PECAM. The Ab/EUK/liposome conjugates bound to endothelial
cells and inhibited cytokine-induced inflammatory activation
in vitro (Figure 2); in vivo, they accumulated in lungs after
intravascular injection and protected against pulmonary edema
in endotoxin-challenged mice (Howard et al., 2014). The
advantage of this compound is that it is already in clinical use.

Oxidized phospholipids are known to enhance the endothelial
barrier by maintaining the endothelial cell-cell junctions.
Such a compound, OxPAPC, was shown to directly bind to
different cytoskeletal proteins thereby stabilizing the cytoskeletal
reorganization and endothelial cell barrier enhancement and,
thus, the vascular integrity (Birukova et al., 2014).

SUMMARY AND CONCLUSION

Maintenance of the integrity of the pulmonary vascular
endothelium is pivotal in order to protect from IR injury in lung

transplantation. A number of therapeutic strategies with strong
impact have been developed, among them are mediators against
ROS and inhibition of endothelial-related adhesion molecules to
mainly attenuate neutrophil transmigration into the pulmonary
tissue. But also very promising recent approaches, e.g., the
stabilization of the endothelial glycocalyx seems to be important
as this layer is the prominent interface between the blood
stream, its constituents, and the vascular endothelium. On the
other hand, novel developments such as the concept of the
inhibition of endothelial autophagy are promising, but need more
experimental work in order to gain solid scientific evidence.
Finally, viral as well as non-viral strategies and siRNA treatment
approaches are emerging and seem fascinating. At the same
time, they have fewer side effects in contrast to immunotargeting
approaches. While the concept of liposome release is already
in clinical use, the majority of the other approaches did not
translate into clinics up to now. We can only speculate why
these approaches did not reach clinical application. One reason is
certainly that there is a clear need for more translational research
to clarify a definite role for these therapeutic tools in endothelial
preservation. Another reason could lie in the fact that there is
more support needed from respective pharmacological industrial
partners to apply these measures broadly into the clinic. The
future, in my eyes, lies in making major efforts in the prevention
of the initiating damaging effects of IR injury such as preserving
the glycocalyx, rather than the treatment of the endothelium that
is already IR-injured. The impact of lung endothelium IR-injury
on the development and incidence of transplant rejection and
overall transplant outcome is undoubted, therefore, major efforts
need to be taken to strengthen those promising experimental
therapeutic approaches and translate them into clinical trials.
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Bone remodeling is the continual process to renew the adult skeleton through the
sequential action of osteoblasts and osteoclasts. Nuclear factor RANK, an osteoclast
receptor, and its ligand RANKL, expressed on the surface of osteoblasts, result in
coordinated control of bone remodeling. Inflammation, a feature of illness and injury,
plays a distinct role in skewing this process toward resorption. It does so via the
interaction of inflammatory mediators and their related peptides with osteoblasts and
osteoclasts, as well as other immune cells, to alter the expression of RANK and RANKL.
Such chemical mediators include TNFα, glucocorticoids, histamine, bradykinin, PGE2,
systemic RANKL from immune cells, and interleukins 1 and 6. Conditions, such as
periodontal disease and alveolar bone erosion, aseptic prosthetic loosening, rheumatoid
arthritis, and some sports related injuries are characterized by the result of this process.
A thorough understanding of bone response to injury and disease, and ability to
detect such biomarkers, as well as imaging to identify early structural and mechanical
property changes in bone architecture, is important in improving management and
outcomes of bone related pathology. While gut health and vitamin and mineral availability
appear vitally important, nutraceuticals also have an impact on bone health. To date
most pharmaceutical intervention targets inflammatory cytokines, although strategies
to favorably alter inflammation induced bone pathology are currently limited. Further
research is required in this field to advance early detection and treatments.
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INTRODUCTION

Inflammation is generally understood to promote resorption in
bone (Boyce et al., 2005; Tanaka et al., 2005; Hardy and Cooper,
2009). A number of local and systemic mechanisms, particularly
those involving inflammatory cytokines, have been elucidated
(Adamopoulos, 2018). Inflammatory signaling pathways and
chemical messengers that participate in bone remodeling will be
discussed in depth, as well as a review of the OPG/RANKL system
that regulates bone remodeling.

Much has been learned from studying the effects of
periodontitis on alveolar bone loss in contributing to our
understanding of immune and inflammatory mediated pathways
in bone remodeling (Hienz et al., 2015), as has research
into bone erosion secondary to rheumatoid arthritis (Wong
et al., 2006). However, there is a paucity of information on
the effects of local inflammation in the appendicular skeleton.
A theoretical framework for the link between local inflammation
and bone changes, termed here as the Outside-In and Inside-
Out models, will be presented using an exertional leg pain
model and drawing on what is already known about rheumatoid
induced bone erosion.

Gastrointestinal mechanisms in inflammatory auto-immune
disease that impact nutritional state and nutrient absorption have
also been implicated. We will touch on the effects of calcium
and vitamin D on bone health, as well as introduce the Gut-
Bone Axis concept that has gained significant attention in recent
years. Various nutraceuticals with evidence for impacting bone
turnover will be explored.

Despite this knowledge, identification and targeted
interventions for inflammatory induced bone resorption
remain limited. The role of radiologic testing and blood
chemistry markers in monitoring bone in inflammatory states
will be reviewed in the context that an improved understanding
of these mechanisms and early detection may lead to earlier
intervention and improved patient outcomes. This paper seeks
to raise clinician awareness and the need for further research to
advance this area.

BONE AND ITS REMODELING

Bone remodeling is a continuous process that renews the adult
skeleton. It is distinct from bone modeling which is responsible
for skeletal development, growth, and the shaping of bones, by
the coordinated sequential action of osteoblasts and osteoclasts
(Langdahl et al., 2016). The process is regulated both locally
and systemically and is characterized by a resorption period
lasting 30–40 days, and a formation period as long as 150 days
(Eriksen, 2010). This cellular coordination is carried out by basic
multicellular units (BMUs) (Khosla, 2001; Jilka, 2003) and forms
resorption pits or lacunae (Everts et al., 2002; Eriksen, 2010).
Bone lining cells then remove remaining collagen prior to new
collagen matrix deposition and filling of the lacunae with new
bone (Everts et al., 2002).

Bone remodeling is mediated by osteoclasts, osteoblasts,
bone lining cells and osteocytes. Osteoclasts are large multiple
nucleated cells that are responsible for breaking down bone
tissue. They digest bone mineral by creating an acid compartment
by acting as a proton pump and then release proteases,
such as Tartrate-resistant Acid Phosphatase (TRAP) to degrade
both inorganic and bone components, respectively (Boyle
et al., 2003; Halleen et al., 1999; Owen and Reilly, 2018).
Osteoclasts arise from hematopoeitc progenitors as osteoclast
pre-cursors (Jilka, 2003) and are chemotactically attracted
to resorption sites, where they fuse into mature osteoclasts
(Pfeilschifter et al., 1989). Bone lining cells then remove
any remaining debris via matrix metalloproteinases (MMP’s)
(Everts et al., 2002). Various chemotactic agents including
Parathyroid Hormone (PTH), TNFα, and Prostaglandin E2
(PGE2) upregulate RANKL expression which binds to its
receptor RANK on osteoclast pre-cursors, leading to fusion and
mature osteoclast formation (Roux and Orcel, 2000). RANKL
is a Tumor Necrosis Factor (TNF) related ligand expressed
on the surface membrane of osteoblasts that regulate their
function (Roux and Orcel, 2000; Khosla, 2001). Osteoblasts
are cells that work to synthesis bone. During bone formation,
osteoblasts work as a group of connected cells within a functional
unit called the osteon. Osteoblasts originate as mesenchymal
stem cells (Jilka, 2003). Osteocytes are cells that originate from
osteoblasts and become lodged in mineralized bone matrix.
They participate in formation of bone, and the maintenance
of matrix. Osteocyte apoptosis has been associated with bone
fatigue, microcracks, and osteoclastic resorption indicative of
early bone remodeling (Verborgt et al., 2000).

The attraction of pre-osteoclasts to a remodeling site is also
chemotactically controlled by the osteoblast. Macrophage Colony
Stimulating Factor (M-CSF) and Monocyte Chemoattractant
Protein 1 (MCP 1) is secreted by osteoblasts in response to
cytokines, such as TNFα and IL-1 and attracts osteoclast
pre-cursors to the area (Graves et al., 1999). Various other
important bone proteins include Osteoprotegerin (OPG)
which binds to the RANK ligand (RANKL), blocking its
interaction with RANK on the osteoclast pre-cursor cell,
thereby inhibiting mature osteoclast formation (Roux and Orcel,
2000; Khosla, 2001; Boyce and Xing, 2008). Proteases released
by resorbing osteoclasts activate transforming growth factor
beta-1. (TGF-β1). TGF-β1 attracts osteoblasts and enhances
proliferation and differentiation, proteoglycan synthesis, and
type II collagen production. Thus, the process of resorption
and formation is closely coupled to maintain bone homeostasis
(Janssens et al., 2005).

INFLAMMATORY FACTORS THAT
PARTICIPATE IN BONE REMODELING

Inflammatory cytokines, including interleukins (IL), IL-1, IL-
6, and TNFα, have been found to have a significant effect
on the bone remodeling process, mostly driving the system in
the direction of resorption. Various neuropeptides have also
been implicated.
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Described below are some of the participants of inflammation
signaling that also facilitate the bone remodeling processes:

Cytokines
As well as stimulating M-CSF and MCP-1 to attract osteoclasts,
TNFα and IL-1 stimulate the activity of mature osteoclasts, and
attract other monocytes (Pfeilschifter et al., 1989). Macrophages
between bone lining cells of the endosteum and periosteum
have been shown to release TNFα (Chang et al., 2008).
Furthermore, TNFα promotes systemic RANKL production by
lymphocytes and endothelial cells (Boyce et al., 2005), while
IL-1 acts on osteoblasts to induce Prostaglandin E2 (PGE2)
synthesis, both indirectly inducing osteoclast formation. IL-
1 also has an effect on RANKL expression that appears
dependent on PGE2 (Miyaura et al., 2003; Tanaka et al.,
2005). TNFα and prostaglandins play a pivotal role in
osteoclast maturation. Osteoclast precursors require TNFα

in the presence of small amounts of RANKL in order
to differentiate into mature osteoclasts (Lam et al., 2000).
Furthermore, when prostaglandin production is inhibited in
cyclooxygenase-II (COX2) knockout mice, upregulation of
Granulocyte Macrophage-Colony Stimulating Factor (GM-SF)
occurs which inhibits osteoclast formation from pre-cursors
(Tanaka et al., 2005). The use of a TNFα inhibitor (Etanercept),
when combined with Methotrexate, were shown to reduce
radiographic disease progression in those with rheumatoid
arthritis despite high circulating inflammatory markers. This
would imply that TNFα, independent of other systemic factors,
has a significant effect on bone resorption, and that it may be
possible to interrupt this process (Landewe et al., 2006).

IL-6 concentrations have been found to correlate with levels
of joint erosion in rheumatoid arthritis sufferers, indicating a
role in bone resorption (Kotake et al., 1996). Much like other
inflammatory cytokines, it acts on osteoblasts and T-lymphocytes
to increase RANKL production. In experimentally induced
arthritis, IL-6 deficient mice show significantly less bone erosion
(Wong et al., 2006). Much like IL-1, IL-6 also induces PGE2
production (Liu et al., 2005).

Mast Cells
Mast cells may also contribute to the release of IL-6 and TNFα

(Konttinen et al., 1996). They have further been implicated in
studies investigating the effects of histamine 1 and histamine
2 receptor antagonists, in which they were shown to decrease
the size of the osteoclast population (Dobigny and Saffar, 1997).
This would suggest that mast cells are intricately linked with the
osteoclastic bone resorption cascade.

Neuropeptides
Neuropeptides have been implicated in bone resorption.
Bradykinin, a vasoactive peptide with effects on vessel
permeability and associated with inflammation, was found
to stimulate the release of calcium from mice bones 24 h
after administration. This process was inhibited by non-
steroidal anti-inflammatories. Combined with the delayed
response it is thought that bradykinin acts in bone resorption
by mediating prostaglandin synthesis (Lerner et al., 1987).
Other neuropeptides, such as Substance P and Vasoactive

Intestinal Peptide (VIP) may also contribute to bone resorption
(Konttinen et al., 1996).

SIGNALING PATHWAYS THAT LEAD TO
BONE LOSS

A relationship between inflammation and bone disease has been
observed in a variety of clinical and laboratory settings, but the
pathophysiology underlying this has yet to be fully appreciated.
Diseases, such as chronic joint diseases, inflammatory bowel
disease, lung inflammation, and renal diseases share many of the
same mechanisms that can lead to bone loss, driven by immune
signals that can tip the balance of bone homeostasis toward bone
resorption (Hardy and Cooper, 2009). The bone remodeling cycle
refers to this coordinated process, described earlier as osteoclasts
removing bone at the microscopic level and osteoblasts replacing
this matrix which ultimately re-mineralizes. The link between
inflammation and the signaling pathways involved in this process
will now be outlined.

OPG/RANKL System
One of the major breakthroughs in understanding bone
homeostasis at the molecular level was the discovery of the
OPG/RANKL system. Osteoblasts express RANKL on their cell
surface, the expression of which is upregulated in response to
proinflammatory cytokines, glucocorticoids, estrogen deficiency
and hyperparathyroidism (Hofbauer et al., 2000). RANKL then
binds to the RANK receptor on the surface of osteoclasts and their
precursors. Osteoprotegerin (OPG) is produced by osteoblasts
and B lymphocytes and inhibits osteoclastogenesis. It acts as
a decoy receptor, binding with RANKL to block its activation
with RANK (Chen et al., 2018). Osteoclast precursors are cells
that express a monocyte lineage marker (usually CD14, the
M-CSF receptor, or CD11b) as well as RANK. The binding
of RANKL to RANK induces a series of signal transduction
pathways mediated through TNF receptor-associated factor 6
(TRAF6), which includes Nuclear Factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and Nuclear factor of
activated T-cells (NFAT), that initiates the differentiation of
the early osteoclast progenitor into a preosteoclast. Continued
stimulation promotes the fusion of these preosteoclasts into the
mature, multinucleated bone resorbing osteoclasts which can be
recognized by any number of molecular markers (Weitzmann,
2013). Thus, balancing RANKL and OPG determines bone
homeostasis, and if there will be net bone formation or resorption
(Agrawal et al., 2011). Inflammatory cytokines like IL-1, TNF-α,
and M-CSF have previously been shown to have associations with
osteoclastic bone loss, by either promoting RANKL production
by bone marrow stromal cells (osteoblast precursors) or mature
osteoblasts (Hofbauer et al., 1999); by reducing OPG production
(Weitzmann et al., 2002); or by promoting RANK on osteoclast
precursors and thereby increasing their sensitivity to RANKL
(Arai et al., 1999).

TNF-a has a particularly potent osteoclastic effect, likely due
to the fact that RANKL is itself a TNF-superfamily member
and functions through many of the same signal transduction
pathways that TNF-a induces. TNF-a has been shown to act
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synergistically with IL-1 to upregulate RANKL expression on
stromal cells and cause osteoclastogenesis (Wei et al., 2005).
Against the background of inflammation, other cell types can
supply RANKL in addition to stromal cells and osteoblasts.
These include lymphocytes and fibroblasts, which constitute a
large portion of the cells present in an inflamed synovium.
The presence of this non-osteoblastic RANKL stimulates
osteoclastogenesis independent of osteoblastic negative feedback,
likely playing a role in the observed pathology. The recently
identified T-helper cell 17 (Th17) subset of T-cells, which secrete
the particularly osteoclastic cytokine IL-17, have been observed
in inflammatory arthritis, and may explain the bone destruction
that is commonly seen in that disease (Lundy et al., 2007).

Not all inflammatory cytokines demonstrate this effect. Some
cytokines, such as IL-4, IFN-gamma, and TFG-β, have an
inhibitory effect on osteoclastogenesis (Lorenzo et al., 2008). In
the setting of bone disease however, the effect of these inhibitory
cytokines is outweighed by those favoring osteoclastogenesis and
the balance skews in favor of resorption. Another hypothesis is
that osteoclastic cytokines can uncouple bone formation from
bone resorption. Some studies have found that TNF-a can
disrupt the differentiation of osteoblasts (Gilbert et al., 2000),
and the presence of inflammatory cells may directly interrupt
the signaling that couples these two processes, although the
details of how this happens remains to be elucidated completely.
A likely mechanism involves proteins synthesized by Wingless
(Wnt) genes that mediate osteoblastogenesis. TNFα has been
shown to upregulate production of Dickkopf-1 (DKK-1) which
bind to and block Wnt receptors LPR5/6, suppressing osteoblast
development. This system is integrated with the RANKL/OPG
system whereby increased circulating levels of DKK-1 decreased
levels of OPG, ultimately leading to bone resorption, and DKK-1
inhibition has been shown to increase OPG levels (Diarra et al.,
2007; Baker-LePain et al., 2011).

Glucocorticoid Signaling
It is also worth mentioning the role of glucocorticoids in bone
diseases. Glucocorticoid excess has a negative impact on bone
by uncoupling bone formation from resorption. Glucocorticoids
downregulate a number of important signaling pathways in
osteoblasts, especially the IGF-1 and WNT signaling pathways
(Wang et al., 2008), and also decrease osteoblast proliferation
and osteoblast specific protein production (Eijken et al., 2006).
Glucocorticoid excess can also lead to inappropriate bone
resorption due to decreases in OPG, although long term
glucocorticoid use may actually inhibit osteoclast differentiation
and thus decrease bone resorption (Weinstein et al., 2002),
the dominant effects are thought to be through decreased
bone deposition and bone quality (Chiodini et al., 2016).
Dexamethasone has been shown to interrupt NF-kB signaling,
inhibiting osteoclast maturation, leading to osteopetrosis (Unlap
and Jope, 1997).

The role of endogenous glucocorticoids in bone disease
is evident from patients with Cushing’s syndrome and other
pathologies characterized by increased cortisol release who
demonstrate a higher prevalence of vertebral fractures.
Trabecular bone appears to be more sensitive to the
effects of endogenous glucocorticoids than cortical bone

(Wetzsteon et al., 2009), with changes in cortical bone equivocal
(Chiodini et al., 2016).

While chronic exogenous glucocorticoid therapy is well-
known to have deleterious effects on bone health as evidenced
by 30–50% increased fracture risk (Canalis et al., 2007), chronic
inflammatory disease itself may detrimentally impact bone, with
Chronic Obstructive Pulmonary Disease associated with a higher
risk of osteoporosis independent of glucocorticoid use (Chen
et al., 2015). In fact, treatment of chronic inflammatory disease
with glucocorticoids may have a beneficial effect on bone in
some cases. Bone mineral density was not correlated to the
cumulative dose of corticosteroid therapy in a study of children
with Inflammatory Bowel Disease but was inversely related to the
cytokine IL-6. This would suggest more research is required to
understand the exact way in which glucocorticoids affect bone
modeling (Paganelli et al., 2007).

IMMUNOLOGICALLY DRIVEN BONE
LOSS PATHOLOGIES

Several pathological models have been utilized to better
understand the local tissue inflammatory mediated bone
response. Periodontitis, rheumatoid arthritis, and aseptic
prosthesis loosening will be discussed below:

Periodontitis
Periodontitis is a dysbiotic disease in which the oral microbiota
become dysregulated and lead to an increased risk of systemic
inflammatory diseases, such as Rheumatoid arthritis (RA)
(Hajishengallis, 2015). There has been increasing interest in
understanding the pathophysiology of periodontitis due to
its rising prevalence and its potential use as a model to
study bone resorption (Hienz et al., 2015). While it is
known that both the microbial infection and inflammatory
immune responses play a role in bone resorption due to
periodontitis, the specific mechanism underlying this has not
been clearly defined (Nanci and Bosshardt, 2006; Abusleme
et al., 2013). One obstacle in identifying the precise role
of the various factors involved is the overlapping nature
of their effects. For example, many cytokines have multiple
roles throughout the body. The field of osteoimmunology has
been helpful in defining the complex interactions between
bone, surrounding tissue, and the resulting inflammatory
response (Hienz et al., 2015). Bacterial infection of the tissue
surrounding and supporting the tooth is also known to trigger
an inflammatory response, and it is worth noting that this
response is dependent on the specific tissue type and its function
(Nanci and Bosshardt, 2006).

Helper T-cells have been implicated in the
immunopathogenesis of bone resorption. These cells are
generally classified into two subsets; Th1 cells (involved in
cell-mediated response to intracellular infection), and Th2
cells (involved in response to extracellular infection). RANKL
expression on the surface of Th1 cells has been associated with
bone loss in periodontitis (Taubman et al., 2005). Suppression
of Th1 cells in rat models have resulted in a decrease in bone
resorption and RANKL expression (Valverde et al., 2004).
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Interestingly, RANKL-expressing B lymphocytes have been
shown to increase bone resorption even in the absence of
RANKL-expressing helper T cells (Taubman et al., 2005).
Conversely, T cells promote OPG production by B lymphocytes,
and thus this interaction between lymphocytes is critical for bone
homeostasis (Li et al., 2007).

Rheumatoid Arthritis (RA)
Rheumatoid arthritis (RA) is another systemic inflammatory
disease primarily caused by an excess of pro-inflammatory
cytokines resulting in inappropriate immune response. The
disease is characterized by inflammation of the synovial
membrane, surrounding cartilage, and bone (McInnes and
Schett, 2007), and affects approximately 1% of people worldwide
(Gabriel, 2001).

An autoimmune inflammatory response can last for years
before bone and cartilage loss accelerates (Dekkers et al.,
2016; Weyand and Goronzy, 2017). Synovial macrophages in
RA produce inflammatory cytokines previously described to
induce bone resorption including TNF-a, IL-1, and IL-6 (Li
et al., 2012). Furthermore, RANKL is expressed in RA synovial
fibroblasts (Kim et al., 2007) promoting differentiation of
synovial macrophages into osteoclasts (Takayanagi et al., 1997).

The development of the disease has a genetic component, as
evidenced by concordance rates of around 15% for monozygotic
twins and 3% for dizygotic twins (Silman et al., 1993). It
has been proposed that genetic factors may account for as
much as 60% of the liability to the disease (MacGregor et al.,
2000). There are also significant associations with immunological
regulatory genes as demonstrated by genome-wide association
study (GWAS) analysis, providing further evidence for a genetic
predisposition to developing RA. It has been suggested that the
gastrointestinal microbiota plays a role in onset of RA as well
(Scher et al., 2010).

While the mechanism of immune response and eventually
bone loss are still to be well elucidated it is likely that
glucocorticoids play a significant role. As previously stated,
glucocorticoids stimulate the process of bone resorption, increase
the expression of RANK, and decrease the expression of OPG
(Canalis and Delany, 2002). Treatment with glucocorticoids have
played a role in the clinical management of patients with RA for
some time due to symptomatic relief, however, adverse effects
have led to their use in low dosages as a “bridge therapy” to anti-
rheumatic drugs (Van Gestel et al., 1995). Also of interest is the
relationship between stress and bone resorption for patients with
chronic inflammatory diseases. Continual stress is consistently
associated with increased inflammation and bone resorption for
patients with RA (Straub et al., 2005).

Aseptic Prosthesis Loosening
Several groups have found that it is possible for macrophages
themselves to induce a low-grade kind of bone resorption.
Aseptic loosening of the prosthetic is one of the major reasons
for joint replacement failure. Inflammatory cells, such as foreign-
body macrophage polykaryons are known to aggregate at the
border of the native bone and cemented prosthesis and can be
characterized histologically. The resorptive pits that these cells

create can be seen microscopically (Athanasou et al., 1991).
Macrophages found in pseudo-synovial tissue surrounding joint
replacements have been shown to be accompanied by T-cells
and demonstrated high levels of inflammatory cytokines (Perry
et al., 1995). RANKL has also been identified in this tissue
providing further impetus for osteoclastogenesis and resorption
(Horiki et al., 2004).

That macrophages can engage in bone resorptive behavior
challenged a previous paradigm that only osteoclasts could resorb
bone, although the character of macrophage resorption was
noticeably different. Bone resorption done by macrophages is
typically low-grade, with fewer pits and smaller diameter. The
major implication of this is that anywhere in the body that
may excite macrophages, such as areas with a lot of cellular
death products, or bacterial and foreign particulate matter,
may be prone to low-grade bone resorption. This has to be
considered clinically, especially with regard to joint replacements,
because this resorption could lead to loosening of the prosthesis
(Horowitz and Purdon, 1995).

OUTSIDE IN AND INSIDE OUT MODELS

While there is an established body of literature linking chronic
and systemic inflammatory responses to bone resorption, there is
paucity with respect to local inflammation. The pathophysiology
of conditions, such as medial tibial stress syndrome (MTSS) has
been theorized to comprise either a periostitis secondary to fascial
traction (Michael and Holder, 1985; Bouché and Johnson, 2007;
Stickley et al., 2009) or a distinctly bony etiology characterized
by decreased regional bone density and high resolution CT
abnormalities (Magnusson et al., 2001; Gaeta et al., 2006).

Histology from biopsies of the painful regions of MTSS
patients that failed conservative treatment demonstrated active
osteoblasts, inflammatory changes in the crural fascia, and in
one case inflammatory infiltrate into the lymphatics of the
periosteum (Johnell et al., 1982). Furthermore, inflammatory
cells were noted in the fascia of those suffering from chronic
exertional compartment syndrome (Barbour et al., 2004).
Periosteal osteoblasts have been shown to be sensitive to
physiological traction strains, responding with an increased
production of PGE2 (Forwood et al., 1998; Jones et al., 1991).
Given the established local inflammatory environment, increased
PGE2 production from fascial traction, and previously discussed
effects of both (Tanaka et al., 2005), it is not inconceivable
that a bony response could follow. This model, in which the
presence of an inflammatory infiltrate in the local environment
inhibits the formation of new bone, has been described as
the “outside-in” model. Although induced by an acute local
inflammatory response, this is analogous to bone resorption
secondary to autoimmune mediated synovial inflammation in RA
(Li et al., 2012).

In contradiction to this theory biopsies of 6 symptomatic
MTSS patients, only noted one associated bone remodeling
front from 3/6 tibiae that exhibited microcracks. However, that
signifies a remodeling response in one third of samples exhibiting
bone micro-trauma (Winters et al., 2019).
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FIGURE 1 | Fascial-bone stress model. A visual framework depicting a proposed pathway of an outside-in model for bone remodeling with a local inflammatory
response via fascial traction and resultant bony response with impact on periosteal osteoblasts and increased production of PGE2. Similar to the outside-in model
with cascade of inflammatory processes coming from fascial layers into periosteum and endocortex, a proposed inside-out mechanism is illustrated. This load
induced bone stress response along with increased vasculature and inflammatory cytokines originating from the endocortex drives periosteal change in addition to
crosstalk between the endocortical and periosteal layers. PGE2 Prostaglandin E2. The cell in cocentric multicolor lines represent an inflammatory cytokine
(not to scale). Adapted from https://openstax.org/books/anatomy-and-physiology/pages/6-3-bone-structure.

While an outside-in model for bone remodeling is proposed,
this could be extended to an “inside-out” model as well.
Transcortical vessels, capillaries in long bones linking the marrow
and traversing vertically and horizontally to connect to the
periosteum have recently been described. Proliferation of these
vessels has been observed within weeks in chronic arthritic bone
inflammation (Grüneboom et al., 2019). These vessels express
arterial or venous markers and transport neutrophils. Given that
periosteal osteoblasts make direct contact with the bone cortex
(Squier et al., 1990) and have cytoplasmic projections into the
osteoid (Ellender et al., 1988), and that there is now an established
vascular connection, this may be a pathway by which chemotactic
agents and even monocytes induce periosteal changes secondary
to an endocortical response. In keeping with this, mechanical
loading has been demonstrated to induce significant and rapid
PGE2 release in the metaphysis (Thorsen et al., 1996). This
type of response may be represented in non-invasive modalities,
such as MRI’s where both endocortical and periosteal signal
co-exist to represent a bone stress response (Batt et al., 1998).
Increased microvasculature density has been correlated with local
histological inflammatory changes in facets joints of Ankylosing
Spondylitis patients who also demonstrate bone marrow edema,
strengthening the argument for a link between endocortical and

superficial cortical bone (Appel et al., 2006a). Figure 1 illustrates
the fascial-bone stress model.

NUTRITION, MICROBIOTA, AND BONE
HEALTH

In addition to inflammatory processes, nutritional status is also
important for bone health. Inflammation and nutritional status
are not mutually exclusive. Chronic inflammatory conditions
of the gastrointestinal tract are frequently associated with poor
nutritional status, largely having to do with a reduction in caloric
intake and difficulty in absorbing nutrients important to bone
metabolism (Corazza et al., 2005). Moreover, the gut microbiota
plays a role in systemic inflammation via the immune system
(D’Amelio and Sassi, 2018), and meal ingestion can influence
bone remodeling (Villa et al., 2017).

Calcium
Coelic disease is a chronic inflammatory disease of the
gastrointestinal tract that can impact the absorption of calcium
and vitamin D (Corazza et al., 2005). These nutrients are
crucial in maintaining adequate mineralization of bone, and the
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body responds to deficiency by increasing parathyroid hormone
(PTH) secretion. PTH receptors expressed on osteoblasts provide
increased signaling that results in increased RANKL expression.
This elevated RANKL increases osteoclastogenesis and leads to
bone resorption in order to increase serum calcium levels to
compensate for the deficiency. However, if calcium absorption
is limited because of impaired gut absorption this cycle will
continue. Bone will continue to be resorbed and remineralization
will be impaired. As such a lack of calcium and vitamin D can
adversely affect bone mineralization independent of the bone
remodeling cycle.

Vitamin D
Vitamin D has an additional physiologic role in that it can
also modulate the immune system. Vitamin D has demonstrated
an anti-inflammatory role in diseases, such as kidney disease,
rheumatoid arthritis, and inflammatory bowel disease (Zehnder
et al., 2008). Low levels of vitamin D are correlated with a
greater degree of inflammation in these conditions. Immune cells
have the capacity to convert the precursor to active vitamin D,
25-hydroxyvitamin D, to the active form, 1,25-hydroxyvitamin
D (Adams and Hewison, 2008). This active form of vitamin
D functions as a steroid hormone and binds to the nuclear
vitamin D receptor (VDR), of which there are particularly
high levels in macrophages, dendritic cells, and lymphocytes
(Mousa et al., 2016). This VDR suppresses the proliferation of
lymphocytes and downregulates pro-inflammatory cytokines like
TNF-α, IL-1, IL-6, and IL-8, while upregulating IL-10 which is
an anti-inflammatory cytokine. VDR also seems to promote the
differentiation of monocytes into macrophages and inhibits their
ability to secrete inflammatory cytokines and express MHC-II
molecules at their surface, thereby reducing their inflammatory
profile (Guillot et al., 2010). VDR also appears to downregulate
NF-kB, an important proinflammatory transcription factor
(Harant et al., 1997). Despite this, supplementation with vitamin
D has not been shown to be effective in treating inflammatory
diseases in a clinical setting.

It is clear that poor nutrient intake as the result of an
inflammatory disease may affect the bone remodeling process as
we have just detailed. Other conditions characterized by poor
nutrient intake without an inflammatory environment, such as
anorexia nervosa display a similar uncoupling of bone formation
and resorption (Soyka et al., 1999). The reason for this is not well
understood, but at least part of this bone remodeling is governed
by central inputs (Karsenty, 2006).

Gut Bone Axis
The gut microbiota (GM) is defined as the whole system
of symbiotic and pathogenic microorganisms inhabiting our
intestines (Quach and Britton, 2017; Villa et al., 2017; D’Amelio
and Sassi, 2018). The GM has a complex relationship with its
host aiding in digestion, battling pathogens, and maturation
of the immune system in the first years of life. These
constant interactions between GM and the host contribute to
the variation of gut and systemic immunity throughout life
(D’Amelio and Sassi, 2018). However, disturbances in immune

homeostasis can serve as a contributing factor for chronic non-
communicable human diseases (NCDs) like allergies, asthma,
some autoimmune, cardiovascular and metabolic diseases,
and neurodegenerative disorders (D’Amelio and Sassi, 2018).
Alterations in GM and host interaction has been associated with a
possible cause of immune disruption and increased inflammation
associated with several NCDs (Peterson et al., 2015).

The GM-Bone axis is defined as the effect of the GM, or the
molecules they synthesize, on bone health (Villa et al., 2017).
A symbiotic interplay between immune and bone cells, leads
the GM to have a central role in maintaining bone health along
with influencing bone turnover and density (Mori et al., 2015).
GM can improve bone health by increasing calcium absorption
and modulating the production of gut serotonin, a molecule that
interacts with bone cells and has been suggested to act as a bone
mass regulator (D’Amelio and Sassi, 2018). Manipulation of GM
with changes in dietary habits, consumption of antibiotics, and
probiotic use may positively influence bone health.

Similarly, glucagon-like peptide-1 (GLP-1) is a peptide
hormone secreted from entero-endocrine L-cells post meal
ingestion (Nissen et al., 2019). In a recent study on healthy, young
male and female human subjects, CTX along with other bone
markers were analyzed via blood sampling (Nissen et al., 2019). It
concluded GLP-1 plays a role in the gut-bone axis since GLP-1 has
an inhibitory effect on the bone resorption marker CTX. GLP-1
is known primarily as an insulinotropic hormone and together
with glucose dependent insulinotropic polypeptide (GIP), both
are responsible for increased insulin secretion after oral ingestion
of glucose (Nissen et al., 2019). Bone remodeling can vary daily
with a decrease in bone resorption postprandially, whereas the
opposite is true when fasting. Thus, GLP-1 contributes to the
regulation of bone turnover as part of the gut-bone axis. In
summary, the gut-bone axis has become an emerging topic and
GM plays a multi-faceted role in bone turnover, modulating the
immune system, controlling inflammation, interacting with key
hormones, and ensuring appropriate absorption of calcium and
vitamin D levels (Quach and Britton, 2017; Villa et al., 2017).

MicroRNA and Bone Remodeling
In addition, the activity of bone cells is controlled by a variety
of factors, such as their own intracellular molecular processes.
Any impairment of these intracellular processes can affect bone
homeostasis. MicroRNAs (miRNAs) are a type of RNA that
regulate biological processes, like posttranscriptional intracellular
protein expression (Liu et al., 2019; Zhao et al., 2019). Studies
have found that miRNA play a key role in mediating osteoblast,
osteoclast, and osteocyte activity while any miRNA deregulation
can result in impaired bone remodeling (Sugatani and Hruska,
2009; Zhao et al., 2019). Also, the proinflammatory cytokine
TNF-a is involved in the pathogenesis of chronic inflammatory
diseases and ultimately plays a role in osteoclastic activity
(Liu et al., 2019). Suppression of certain miRNAs supports
the mechanism to restrain TNF-a induced bone resorption.
Relocating to outside the cell, miRNA can also control exosomes
serving as intercellular signals to facilitate cell to cell crosstalk
among bone cells (Liu et al., 2019). Figure 2 illustrates the
integrated inflammatory model.
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FIGURE 2 | Integrated inflammatory model. The complex link between gut microbiota, hormonal pathways, immune system, and bone turnover. GLP-1
glucagon-like peptide, miRNA microRNA, IL-6 interleukin-6, IL-1 interleukin-1, RANKL receptor activator of NF-kB ligand, RANK receptor activator of nuclear
factor-kB, OPG Osteoprotegrin, TNF alpha tumor necrosis factor-alpha, M-CSF macrophage colony stimulating factor, MCP-1 monocyte chemoattractant protein 1,
H1 histamine 1, H2 histamine 2, PGE2 Prostaglandin E2. (+) drive osteoclastogenesis or resorption. (−) inhibit resorption.

ENDOCRINE FACTORS IN
INFLAMMATION AND BONE HEALTH

Another important factor to consider in bone health is the role
of hormonal signals. Endocrine factors, such as leptin signal in
the central nervous system and mediate their effects on bone
through the sympathetic nervous system. Mature osteoblasts
and chondrocytes both have leptin receptors on their cell
surface, suggesting leptin may be directly affecting these cells,
potentially through activity of Fibroblast growth factor 23 (FGF-
23) (Upadhyay et al., 2015). However, it is more likely that leptin’s
effects on bone mass are indirect. One potential mechanism
is that the ventromedial hypothalamus (VMH) activates local
noradrenergic signaling in osteoblasts in response to leptin,
stimulating them to form bone (Takeda et al., 2002). Leptin also
works by downregulating serotonin and inhibiting serotonergic
receptors in the VMH. Serotonin has the opposite effect of leptin
and inhibits osteoblasts, thus decreasing bone growth (Yadav
et al., 2009). Leptin is involved in the regulatory networks of
several important endocrine hormones, such as cortisol, thyroid
and parathyroid hormone, IGF-1 and growth hormone, and
estrogen, all of which can impact the bone remodeling cycle.
Therefore, leptin secreted from the central nervous system
could affect bone directly or indirectly through a wide range of
secondary endocrine mediators (Khan et al., 2012).

In humans it has been demonstrated that estrogen deficiency
affects the number of bone cells, and bone turnover partially
through its effect on the immune system. During estrogen
deficiency, T cells increase their production of pro-inflammatory
and pro-osteoclastogenic cytokines, TNF-α and RANKL
(D’Amelio and Sassi, 2018). Estrogen therapy may also help
prevent bone loss in post-menopausal women by altering the
balance between IL-1 and its receptor agonist (Rogers and
Eastell, 1998), providing further evidence for a link between the
endocrine system and cytokine mechanisms of bone remodeling.

THE ROLE OF IMMOBILITY ON BONE
HEALTH

Another mechanism affecting bone health that remains poorly
understood is immobility. Several groups have shown that
bedridden patients display poorer bone health and are at an
increased risk of fracture (Eimori et al., 2016). It has been
speculated that osteocytes, embedded within the bone matrix,
may be involved in mechanosensing. These cells likely work
by modulating signaling, such as the wnt pathway which
involves both bone formation and resorption, making them
crucial for coupling these processes (Bonewald and Johnson,
2008). One study demonstrated that osteoblasts displaying
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estrogen receptor alpha, whose expression is upregulated in
the presence of estrogen, responded to load via wnt pathway
gene upregulation. They concluded that estrogen decline in
both men and women may in part lead to failure to maintain
appropriate bone mass via this decreased sensitivity to load
(Armstrong et al., 2007). Immobility also typically restricts time
spent outdoors thus limiting exposure to sunlight, decreasing
vitamin D synthesis in the skin. Therefore, immobility can lead
to decreased vitamin D levels which can negatively affect the
mineralization of bone (Cooper and Gittoes, 2008). Furthermore,
in rheumatoid arthritis immobility may compound bone loss
due to inflammatory disease activity (Haugeberg et al., 2002).
It would appear, however, that increasing mobility has the
propensity to reverse these changes, with strength training
demonstrating increased levels of osteocalcin and alkaline
phosphatase, markers of bone deposition, as well as improved
bone mineral density (Menkes et al., 1993).

INTERVENTIONS

Treatment for inflammatory disease affecting bone has
progressed to specifically address inflammatory cytokines
and their pathways in various different ways. Infliximab, a
TNF-α antibody that blocks TNF-α receptor interactions has
shown promise in the treatment of rheumatoid arthritis, as
has Etanercept, an agent that binds with TNF-α preventing
from interacting with its receptor. While successful in reducing
joint erosion they are not without adverse effects and should be
avoided in the presence of chronic infection and heart failure
(Scott and Kingsley, 2006). Estrogen therapy may have an indirect
effect on IL-1 and thus its negative influence on bone, by altering
the balance between IL-1 and its receptor agonist (Rogers and
Eastell, 1998). Gene therapy, specifically aimed at upregulating
OPG, showed early promise in decreasing inflammation and
bone resorption in aseptic prosthesis loosening (Wooley and
Schwarz, 2004). More recently the influence of MMP inhibitor
alpha-2-macroglobulin has been shown to decrease IL-1 beta
and TNF-α resulting in lower osteoarthritis scores, although
the direct influence on bone resorption is yet to be studied
(Wang et al., 2014).

Monoclonal antibodies are now playing a role in management
also. Rituximab is a monoclonal antibody that depletes B cell
population by targeting their CD20 surface antigen, showing
up to 20% improvement in RA symptoms (Edwards et al.,
2004), while Tocilizumab, an anti-IL-6 monoclonal antibody
demonstrated a decrease in bone degradation markers when
combined with methotrexate (Garnero et al., 2010).

As previously stated, nutrition has an impact on bone
health, and the influence of nutraceuticals should not go
unmentioned. Green tea polyphenol supplementation, of which
epigallocatechins are the active component, inhibited TNF-α and
suppressed osteoclast activity (Shen et al., 2011), inhibited IL-6
expression and downregulated bone resorption (Wu et al., 2018),
while 500 mg daily when combined with Tai Chi shifted the ratio
of bone formation to resorption in a net positive direction (Shen
et al., 2012). Curcumin has also been shown to inhibit RANKL

induced NF-kB osteoclastogenesis in vitro in a dose dependent
manner (Bharti et al., 2004).

CONTEMPORARY IMAGING IN
INFLAMMATION AND BONE HEALTH

Lastly, we will discuss imaging and blood based methods to
monitor inflammation and its effect on bone health that are
currently in use today.

Micro-Computed Tomography
Micro-computed tomography (uCT) has been used extensively
to measure bone resorption in inflammation studies on animals
(Lopes et al., 2018; Kuraji et al., 2018; Yoshihara-Hirata et al.,
2018). uCT has been used to confirm that bone resorption
was positively associated with levels of inflammation following
administration of a 5-Lipoxygenase (5-LO) inhibitor; 5-LO
has been implicated in inflammatory processes (Lopes et al.,
2018). uCT has been used to confirm similar findings following
administration of theaflavins, which are thought to reduce
inflammation and subsequently reduce bone resorption (Kuraji
et al., 2018). uCT used in a study on anti-HMGB1 neutralizing
antibody and its effect on inflammation and bone resorption
also demonstrated a positive correlation between levels of
inflammation and bone resorption (Yoshihara-Hirata et al.,
2018). It should be acknowledged that uCT administers a dose
of ionizing radiation too aggressive and damaging for regular
clinical use (Willekens et al., 2010).

Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a safer and ubiquitous
imaging option in a clinical setting. Several studies have
determined its efficacy in measuring bone resorption in response
to inflammation. One study compared bone marrow edema
(BME)—inflammation of bone marrow—seen on MR images to
levels of inflammation and BMD in patients with ankylosing
spondylitis (AS), a chronic systemic inflammatory disease (Wang
et al., 2017). From this study, it was determined that MRI-based
imaging was effective in showing high BME in areas of low BMD
and high inflammation. However, in another study on similar
patients the amount of BME on MRI was only well-correlated to
mononuclear cell infiltrates and other histopathologic measures
of inflammation when high levels of inflammation were present.
These authors concluded that signal identified on T2 weighted
MRI imaging likely represents water as a correlate of BME and
inflammation, but not inflammation itself (Appel et al., 2006b).

Positron Emission Tomography
Positron Emission Tomography (PET) is an effective method of
detecting inflammation markers and visualizing the biological
process of inflammation in a specific and sensitive fashion
(Wu et al., 2013). PET tracers were able to more sensitively
detect inflammation in the gastrointestinal tract, when
compared to MRI (Dmochowska et al., 2019). In a study
designed to investigate the bone metabolism and inflammatory
characteristics of chronic non-bacterial osteomyelitis (CNO),
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fluorodeoxyglucose (FDG)-PET was utilized to locate regions of
inflammation, even where symptoms of CNO were not present
(Ata et al., 2017). PET could theoretically be used to help
accurately and visually trace the inflammation process and its
interaction with bone resorption.

Ultrashort Echo Time MRI
Ultrashort echo time (UTE) MRI is another imaging technique
utilized regularly today. This method allows for unprecedented
imaging of microstructure and composition of cortical bone.
More specifically, it can more accurately discern between
different regions of bone, such as bone bound to the collagen
matrix vs. perforations within the bone cortex vs. the water
content of the bone (Siriwanarangsun et al., 2016). While it may
be unable to detect inflammation directly, it can depict how the
bone is being affected as a result of inflammation. Use of UTE-
MRI in determining the interplay between inflammation and
bone resorption has not yet been extensively studied. However,
due to its uniquely detailed imaging of cortical bone, UTE-MRI
may become an important tool in the future in determining the
mechanism of remodeling bone.

BLOOD BIOMARKERS

Blood chemistries focusing on inflammatory biomarkers have
also demonstrated clinical utility. For example, it has been shown
that higher levels of C-reactive protein (CRP), a marker of
inflammation, is associated with lower bone mineral density
(BMD), suggesting that bone resorption is increased in the
inflammatory setting (Koh et al., 2005; Lim et al., 2016). Similarly,
another study measured blood levels of various inflammatory
markers—CRP, interleukin (IL)-1β, and IL-6, among others—
with BMD and bone mineral content (BMC) over 6 and 12
months in postmenopausal women. It found that these markers
accounted for 1.1–6.1% of variation in bone loss amongst their
subjects, and suggests that altering inflammatory markers may
lead to decreased bone loss (Gertz et al., 2010).

CONCLUSION

It is clear that inflammation drives bone toward a resorption state.
Osteoblasts have been highlighted as a central player, responding
to inflammatory cytokines including TNFα and IL-1 by releasing
MCS-F and MCP 1 to attract osteoclast pre-cursors. Systemic
inflammation may also contribute, both chemotactically and
via decreased mobility. Inflammatory mediators, such as TNFα

stimulate RANKL production by lymphocytes and endothelial
cells, and IL-1 and IL-6 induces PGE2 production by osteoblasts.

Both mechanisms indirectly induce osteoclast formation and lead
to bone resorption. Similarly, immune mediated responses via
helper T cells and B lymphocytes appear to increase resorption.
The discovery that macrophages play a role in bone resorption
in aseptic prosthesis loosening has challenged the notion that
only osteoclasts resorb bone. The effect of nutrition on bone
status, specifically vitamin D and calcium is well-documented,
however, the gut microbiota is less frequently considered but
may be equally as important in both improving gut absorption
and minimizing immune mediated systemic responses. The
interplay between periosteal and endosteal bone remodeling may
in part be explained by local inflammatory mediators, such as
PGE2, IL-1, and IL-6 acting bi-directionally through periosteal,
endosteal and synovial cell surface contact, and the recently
described microcirculation. uCT and UTE MRI are emerging
imaging modalities that provide for improved monitoring and
identification of bone resorption, while blood monitoring of
inflammatory markers may give measures of inflammation which
have been shown to contribute directly to bone loss.

Despite well-described pathways for the effect of inflammation
on bone, interventions to directly impact these pathways
remain limited. While cytokine inhibitors appear to uncouple
the relationship between inflammation and bone erosion,
glucocorticoids appear to have differing effects in different
populations. Nutraceuticals may also play a role in influencing
inflammation driven resorption. More research is needed in these
areas in order to develop interventions that protect bone in the
presence of inflammation.

Limitations of this paper include an original, theoretical
framework around specific players and pathways of inflammation
involved in bone remodeling. These models uncover mechanisms
involved with achieving bone homeostasis and identify potential
actionable areas. Future research is warranted in humans to
bring understanding of methodology to clinical practice and to
determine if specific radiologic testing and blood biomarkers are
key players in monitoring inflammation, directly and indirectly.
However, these limitations also serve as strengths since there is
a paucity of evidence on impact of local inflammation in the
appendicular skeleton.

Finally, by understanding the effect of local and systemic
inflammation on bone remodeling and the precise mechanisms
by which this occurs, research into interventions can be better
directed at minimizing inflammatory mediated bone resorption,
thereby improving outcomes and hastening recovery from injury.
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Inflammation is a well-organized protective response to pathogens and consists of
immune cell recruitment into areas of infection. Inflammation either clears pathogens and
gets resolved leading to tissue healing or remains predominantly unresolved triggering
pathological processes in organs. Periodontal disease (PD) that is initiated by specific
bacteria also triggers production of inflammatory mediators. These processes lead to
loss of tissue structure and function. Reactive oxygen species and oxidative stress
play a role in susceptibility to periodontal pathogenic bacterial infections. Periodontal
inflammation is a risk factor for systemic inflammation and eventually cardiovascular
disease (CVD). This review discusses the role of inflammation in PD and its two way
association with other health conditions such as diabetes and CVD. Some of the
mechanisms underpinning the links between inflammation, diabetes, CVD and PD are
also discussed. Finally, we review available epidemiological data and other reports to
assess possible links between oral health and CVD.

Keywords: vascular inflammation, cardiovascular disease, dental plaque, risk factors, oxidative stress,
antioxidants, NLRP3 inflammasome, periodontal disease (PD)

INTRODUCTION

Periodontal disease (PD) is a chronic inflammatory disorder characterized by the destruction of
the periodontium, or the supporting tissues of the teeth (gingival tissue, periodontal ligament, and
alveolar bone). PD is highly prevalent, and approximately 50% of adults 30 years and older and 70%
of adults 65 or older have a form of the disease (Eke et al., 2012). Clinically, the failure to treat PD
leads to loss of teeth (Schultz-Haudt et al., 1954; Hajishengallis et al., 2011; Abusleme et al., 2013).
Central to PD is dysregulation of the resolution of inflammation, resulting in characteristic chronic
and progressive destruction.

Inflammation is a programmed signaling event initiated to protect organisms upon
infection and/or injury. In general, infection-injury stimuli lead to release of pathogen
or danger associated molecular patterns (PAMPs or DAMPs) followed by their binding
to respective receptors in the host cells. Although there are multiple contributing factors
to PD, one of the increasingly well-characterized triggers is the colonization of the
oral cavity by pathogenic bacteria and their subsequent penetration into local epithelial
lining (Darveau, 2010; Abusleme et al., 2013). This initiates an inflammatory cascade
characterized by increased expression of various inflammatory mediators and adhesion molecules
that collectively mobilize and recruit polymorphonuclear neutrophils (PMN), macrophages,
natural killer (NK), dendritic cells (DC) etc. into the affected tissue. Under normal
conditions, neutrophils and macrophages phagocytose the microbial organisms after which
they undergo apoptosis at the inflamed site (Fox et al., 2010). The clearance of apoptotic
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cells facilitates a switch from a pro- to an anti-inflammatory
macrophage phenotype (Fadok et al., 1998; Michlewska et al.,
2009) and initiates the onset of the resolution of inflammation,
a coordinated signaling process that restores tissue integrity
and function. However, failure to switch off the inflammation
cascade once the pathogenic stimulus is removed, leads chronic
inflammation (i.e., an uncontrolled inflammatory response that
can culminate into damage to the host tissue) and is the
hallmark of several inflammatory disorder related pathologies.
In PD specifically, the inflammatory response becomes chronic
when pathogenic bacteria continue to propagate and cannot be
controlled by the acute immune response, resulting in unresolved
inflammation, destruction of local bone and soft tissue, and
fibrosis (Cochrane, 2008).

Importantly, reports have consistently highlighted a role for
periodontal inflammation in acceleration of various vascular
pathologies and other systemic implications (Humphrey et al.,
2008; Ogrendik, 2013; Ketabi et al., 2016). The destruction
of local epithelium by PD pathogens can result in release
of local inflammatory mediators from the periodontal pocket
into the systemic circulation thus facilitating immune cell
recruitment elsewhere. Also, bacteria can either indirectly (within
immune cells that have ingested them) or directly circulate
in the bloodstream (Lockhart et al., 2009). Therefore, under
conditions where there is disposition (e.g., genetic, lifestyle)
toward cardiovascular disease (CVD), the bacterial components
and systemic inflammatory mediators can potentially accelerate
plaque formation. To this point, PD pathogens have been
detected in distant tissues and organs, particularly in the
cardiovascular system (Okuda et al., 2001; Kozarov et al., 2006;
Nakano et al., 2006; Pessi et al., 2013; Moreno et al., 2017).
The relationship between PD and systemic diseases such as
CVD has been increasingly well-characterized. Importantly, two
classic meta-analyses demonstrated the correlation between PD
and CVD, highlighting PD as a potential risk factor for CVD
processes such as coronary artery disease (Janket et al., 2003;
Khader et al., 2004). Additionally, recent evidence suggests a
major role for reactive oxygen species (ROS) and proteolytic
enzymes (bacteria- and host-derived) in PD and CVD such as
atherosclerosis (Chistiakov et al., 2016).

CVD is an umbrella term for a number of linked
pathologies, commonly defined as coronary heart disease (CHD),
cerebrovascular disease, peripheral arterial disease, rheumatic
and congenital heart diseases, and venous thromboembolism
(Lara-Pezzi et al., 2012; Mandviwala et al., 2016). The associated
risk factors include ethnicity, age, and family history of CVD,
dyslipidemia, hypertension, tobacco smoke, excess body
weight, physical inactivity, and diabetes mellitus. It is well
established that these classic risk factors interact with cellular
immune-inflammatory signaling processes to lead to endothelial
dysfunction and atheromatous plaque development (Lopez-
Candales et al., 2017; Lazzerini et al., 2019). Thus chronic
inflammation plays a crucial role in the long-term progression of
atherosclerosis. About 35–50% of the world population suffers
from periodontitis as reported by World Health Organization
(Petersen and Ogawa, 2012); therefore understanding any
correlation or link between PD and CVD is a question that

has tremendous importance given the high incidences of both
diseases. This review summarizes pathophysiology of PD and
examines the possibility of its link with CVD.

PERIODONTAL DISEASE

The inflammation of tissues in gingivitis and periodontitis
is caused by a host of bacteria (Schultz-Haudt et al., 1954).
The bacterial species present in the gingival margin are
Porphyromonas gingivalis, Treponema denticola, and Tannnerella
forsythia, all of which are Gram negative. Also present are Gram
positive bacteria like Streptococcus sanguis, Streptococcus oralis,
Streptococcus mutans, Actinomyces naeslundii, and Actinomyces
odontolyticus (Abusleme et al., 2013). This is followed by
appearance of secondary bacteria such as Fusobacterium
nucleatum (Kolenbrander et al., 1989). Aggregates of bacterial
colonies form and Gram-positive and Gram-negative bacilli
become embedded in the extracellular matrix (Gibbons, 1989).
Indeed more than 700 bacterial species have been reported to
be detected in dental plaques (Moore, 1987; Gao et al., 2018).
Bacterial species normally act as symbiotic communities with
the host but shifts of the oral microbiome often associated
with “poor” host health can lead to dysbiosis, an imbalance
that is responsible for the development of microbe-related PD
(Socransky et al., 1998; Darveau, 2010).

Several of these bacteria are also present in healthy individuals;
however it is their relative abundance due to with poor oral
hygiene (Hoare et al., 2019), tobacco consumption etc. that drives
the selection and prevalence of pathogenic bacteria in subgingival
margin that lead to the onset of periodontitis (Schultz-Haudt
et al., 1954; Socransky et al., 1998). Increased oxidative stress
with smoking, lifestyle diseases and aging also plays a role; indeed
a strong association between oxidative stress and PD has been
reported (Chapple and Matthews, 2007). This occurs either due
to diminution of antioxidants or an exaggerated inflammatory
response post periodontal infection. This is described in the
next section. Bacterial plaque formation leads to increases in
PAMPs causing a rise in local inflammation, causing increased
flow of gingival crevicular fluid (GCF). This in turn provides
protein rich nutrients that increase the proliferation of the Gram-
negative bacteria. The dental plaque biofilm of bacteria in the
periodontal crevice induces clinical signs of inflammation. The
progression of PD is driven primarily by the proliferation of
P. gingivalis which facilitates increase in harmful microbiota.
The next step is the secondary bacteria F. nucleatum’s role in
the subgingival biofilm as this bacterium interacts with other
bacterial species found in the biofilm. F. nucleatum serves as a
bridge between the early colonizers like Streptococcus sp. and the
late colonizers like P. gingivalis. The innate immune response
is the recruitment of PMN and the NK cells that is driven by
the subgingival bacterial community present in the periodontal
pocket. As the microorganisms are abundant, PMN recruitment
and phagocytosis is followed by extensive PMN apoptosis or
necrosis. A cytokine rich proinflammatory environment consists
of tumor necrosis factor (TNF)-α, interleukins (IL)-1, IL-4, IL-10,
interferon (IFN-γ) and transforming growth factor (TGF-β).
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These signaling molecules stimulate the activation of enzymes
and transcription factors that in turn recruit more immune cells
and degrade the surrounding tissues by maintaining a continual
loop of local inflammation (Cekici et al., 2014; Figure 1). This
is also accompanied by an adaptive immune response as antigen
uptake and processing is carried out by DC and presented to
naive T cells. DCs direct CD4+ T cells to differentiate to T-cell
subsets such as T helper cells types 1, 2, and 17, and regulatory
T cells (Song et al., 2018). CD4+ T cells produce the bone
resorption promoting cytokine, Receptor activator of nuclear
factor-κB (RANK-L; Tang et al., 2007) leading to bone loss.

OXIDATIVE STRESS IN PD and CVD

Reactive oxygen species and the resultant oxidative stress plays
an important role in onset and progression of PD (Chapple
and Matthews, 2007). This occurs via multiple mechanisms.
First, is the ROS production that occurs with periodontal
infection, as inflammatory cells are recruited to the infection
site with chronic or aggressive periodontitis. Numerous reports
have shown that PMN in the population diagnosed with PD
generate significantly more ROS (upon stimulation) as compared
to PMN of healthy controls (Aboodi et al., 2011; White et al.,
2014; Ling et al., 2016). While this is indicative of a hyper-
reactive phenotype of neutrophils in the PD affected, it also
suggests that high oxidative stress arising from the excessive
ROS could increase local gingival oxidative stress which in
turn would drive more inflammation. Alteration of the gingival
crevicular environment increase susceptibility to periodontal
pathogenic bacteria. Second, is the antioxidant status of PD
affected individuals; several studies have shown that the low

levels of anti-oxidants (that may be associated with high levels
of ROS) in the GCF activated the local periodontal inflammation
and caused oxidative injury and destruction of the tissue (Tsai
et al., 2005; Chapple and Matthews, 2007; Konopka et al., 2007).
Figure 2 shows the feed forward loop of infection induced ROS
and oxidative stress that in turn drives more inflammation and
changes the local gingival tissue environment making it more
susceptible to infection. Lifestyle diseases also play a part in this
ROS oxidative stress inflammation cascade.

As is well established, inflammation and oxidative stress
are pivotal events that lead to CVD (Mandviwala et al.,
2016; Cervantes Gracia et al., 2017) and seem to be the
common link between the onset of tissue destruction in
periodontitis and systemic inflammation (Wang et al., 2017).
Indeed several lifestyle and age related conditions associated
with CVD (such as diabetes, hypertension etc.) that lead to
high oxidative stress (as assessed by markers of ROS and
lipid peroxidation) can also increase susceptibility to PD
(Dhadse et al., 2010). When periodontitis susceptible patients
are exposed to the bacterial antigen, their main two immune
responses in the form of neutrophil recruitment and proteolytic
enzymes production further release ROS at the gingival site,
thus perpetuating oxidative stress and tissue damage (Scott
and Krauss, 2012; Cortes-Vieyra et al., 2016). As periodontitis
progresses, periodontal inflammation produces ROS that diffuses
into the blood stream (Sobaniec and Sobaniec-Lotowska, 2000;
Tomofuji et al., 2007). As a result, various moieties in the blood
get oxidized and induce an oxidative stress on other organs via the
circulating blood causing circulating oxidative stress (Yagi, 1987;
Tomofuji et al., 2007; Figure 3). Thus, it can be inferred that the
bacteria present in the periodontal pocket suppress detoxification
of ROS by consuming the antioxidants present in the pockets

FIGURE 1 | An illustration of the inflammatory immune response with PD. (A) PAMPs (like LPS) are recognized by TLRs. The PAMP-TLR interaction triggers a
proinflammatory signaling cascade that drives a chemokine and cytokine rich environment into which multiple immune cells [macrophages (M8), T and B
lymphocytes, dendritic cells (DC)] are recruited. (B) Multiple immune cells produce ROS. (C) T cells produce the cytokine RANKL that participates in bone resorption.
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FIGURE 2 | The feed forward mechanism of the “Infection-ROS-Inflammation” triad that seems to accelerate susceptibility to infection, inflammation and oxidative
stress.

of the oral cavity (Ekuni et al., 2009). The consequence of the
lowered levels of antioxidants enables ROS to enter into systemic
circulation from the periodontal tissues (Wang et al., 2017).

Regular smoking, diabetes mellitus, insufficient and
appropriate nutrition, and aging have all been mentioned
as risk factors for both PD and CVD (Yanbaeva et al., 2007;
Graves and Kayal, 2008; Dhadse et al., 2010). All the above
lifestyle diseases have been known to increase the circulating
oxidative stress; indeed increase in levels of malondialdehyde
(MDA) and 4-hydroxynonenal (HNE) locally and systemically
with PD and with CVD have been observed, thus suggesting an
association between local and systemic oxidative stress diseases
(Celec et al., 2005; Guentsch et al., 2008; Hendek et al., 2015).
Similarly, levels of antioxidants such as SOD and glutathione
decrease in the (GCF) and saliva due to smoking in both, healthy
individuals and patients with periodontitis (Guentsch et al., 2008;
Agnihotri et al., 2009).

RISK FACTORS (PD AND VASCULAR
INFLAMMATION)

Vascular inflammation involves the onset of a signaling
cascade that is triggered by endothelial signaling which leads
to increase in cellular adhesions molecules, cytokines and

chemokines. This leads to recruitment and adherence of
immune cells. The atherogenic process starts with endothelial
dysfunction and the accumulation of several plasma low
density lipoproteins (LDL) in the subendothelial space. The
accumulation of LDL correlates with classical risk factors,
such as smoking, hypertension, and metabolic dysregulation
in obesity and diabetes mellitus (Gimbrone et al., 2000). As
these risk factors are largely associated with PD too, it is
reasonable to conclude that common biochemical signaling
pathways play a role in vulnerability to both CVD and
PD. All the major risk factors associated with PD either
activate pathogen initiated inflammation signals (bacteria like
P. gingivalis and A. actinomycetemcomitans B. forsythus, P.
intermedia, P. micros, and F. nucleatum (Lovegrove, 2004;
Saito et al., 2008) or a life style (diabetes mellitus, obesity,
aging, smoking, vascular disease) driven inflammatory cascade
(Jensen et al., 1991; Grossi and Genco, 1998; Cohen, 2000;
Merchant et al., 2003; Humphrey et al., 2008; Hujoel, 2009;
Kumar et al., 2011; Nakamura et al., 2011; Ozcaka et al., 2011).
Nutrition and oral health are closely linked. This is because
oxidative stress and antioxidant balance which drives ROS
induced inflammation signals, can be regulated by diets rich
in antioxidants (Muniz et al., 2015). Diets that lead to obesity
such as high carbohydrates and sugars have been implicated
in dental caries and PD as these drive plaque formation and

Frontiers in Physiology | www.frontiersin.org 4 January 2021 | Volume 11 | Article 609614190

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-609614 January 5, 2021 Time: 17:36 # 5

Paul et al. Periodontal Inflammation and Vascular Disease

FIGURE 3 | Possible mechanisms by which PD contributes to inflammation at distal sites and thus drives an atherosclerotic phenotype. (1) Direct: vascular infection
by periodontal bacterial pathogens and (2) Indirect: facilitating the passage of inflammatory modulators into the systemic circulation.

accelerate inflammation thus causing dental tissue oxidative
damage and decay (Hujoel, 2009). Changes in dietary intake
influence the extent of PD. As seen in the dietary intake
of adolescents between 11 and 18 years old, the decrease in
consumption of raw fruits and non-potato vegetables with
concomitant increase in uptake of soft drinks, led to increased
PD (Chaffee and Weston, 2010).

Indeed when all these risk factors are controlled, both PD and
CVD show improvement (Table 1; Higashi et al., 2008; Bokhari
et al., 2012; Montenegro et al., 2019; Lobo et al., 2020).

PD AND CVD: IS THERE A LINK?

It is not clear if there is a direct and common thread
between PD and CVD; however the fact that people
with PD have a two or three times higher risk of a
cardiovascular event (stroke, heart attack etc.) seems to
point to a cluster of shared risk factors between the two
(Sanz et al., 2020). The “inflammation” link seems to be a key
contributor to both.

For instance, when infected with P. gingivalis, the host innate
immune system responds by activating inflammation consisting

of the NLRP3 inflammasome (pro-inflammatory IL-1β, IL-18)
(Lamkanfi and Dixit, 2009; Xue et al., 2015). Patients with
chronic PD and aggressive PD expressed significantly higher
levels of NLRP3 in gingiva (Xue et al., 2015; Ran et al.,
2017). In wild type mice with P. gingivalis infection, the
increase in expression of NLRP3 inflammation cascade in the
gingival tissue was matched with a concomitant increase in
caspase-1 activity in the macrophages found in peritoneum;
this was not observed in NLRP3 deficient mice (Yamaguchi
et al., 2017). This suggests that the NLRP3 inflammasome
activated in periodontitis has effects on the systemic organs.
NLRP3 inflammasome has also been shown to be highly
expressed and activated with systemic vascular disease (Satoh
et al., 2014) although it is not clear whether NLRP3 from
P. gingivalis (Yamaguchi et al., 2017) is directly involved.
However, excess ROS, glucose, ATP, ceramides, sphingosine,
cholesterol crystals, uric acid and oxidized LDL (all of which
are associated with CVD) have been known to activate
NLRP3 inflammasome (Duewell et al., 2010; Jiang et al., 2012;
Luheshi et al., 2012).

Epidemiologic data till date that suggest an association
between PD and CVD (Humphrey et al., 2008; Blaizot et al.,
2009; Tonetti, 2009) have monitored PD via indices of clinical
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TABLE 1 | Clinical trials investigating relationship between periodontal disease and cardiovascular disease.

Citation Aims Patients Cohorts Outcomes

Elter et al., 2006 Effect of periodontal treatment on
endothelium-dependent flow-mediated dilation
and serum inflammatory biomarkers in patients
with PD

Twent-two male
patients with PD

All patients underwent periodontal
treatment (scaling and root planning,
periodontal flap surgery if indicated,
and extraction of hopeless teeth)

Periodontal treatment resulted in significant improvements
in flow-mediated dilation and decreased serum IL-6 (and a
trend toward reduction in CRP)

D’Aiuto et al., 2006 Effects of intensive periodontal treatment on
serum inflammatory biomarkers, serum lipid
levels, and blood pressure in patients with PD

Forty patients with
severe PD

- Experimental group: subject to
intensive periodontal treatment (defined
as standard treatment plus adjunctive
use of a locally delivered antimicrobial)
- Control group: standard periodontal
treatment (scaling and root planning)

Intensive periodontal treatment resulted in significant
reduction in IL-6, CRP, total cholesterol, and systolic blood
pressure at 2-month follow-up

Tonetti et al., 2007 To investigate the effects of periodontal
treatment on parameters of endothelial function
in patients with PD

Hundred and
twnety patients
with severe PD

- Experimental group: subject to
intensive PD treatment
- Control group: subject to
community-based periodontal care

Intensive periodontal treatment resulted in reduced brachial
artery flow, reduced levels of CRP and IL-6, and elevated
endothelial-activation markers.- Intensive treatment was
associated with reduced indexes of periodontal disease
severity and significantly better endothelial function at 6
month follow-up

Higashi et al., 2008 To evaluate endothelial function in patients with
hypertension and PD

Sixty-four patients
with hypertension
(26 with PD and 38
without PD)

- Experimental group: subject to
periodontal treatment
- Control group: subject to
community-based periodontal care

Periodontal treatment resulted in decreased serum CRP
and IL-6 at 24-week follow-up
Periodontal treatment resulted in reduced
acetylcholine-stimulated vasodilation
Delivery of a nitric oxide synthase inhibitor before and after
PD treatment resulted in similar acetylcholine-stimulated
vasodilation, suggesting role of nitric oxide bioavailability in
mechanism of endothelial dysfunction in patients with PD

Higashi et al., 2009 To evaluate endothelial function and the effects
of periodontal treatment on patients with CAD
and PD

101 patients with
CAD (48 with PD
and 53 without PD)

- Experimental group: subject to
periodontal treatment
- Control group: subject to
community-based periodontal care

- Periodontal treatment resulted in decreased serum CRP
and IL-6 at follow-up
- Periodontal treatment resulted in reduced
acetylcholine-stimulated vasodilation
- Delivery of a nitric oxide synthase inhibitor before and after
PD treatment resulted in similar acetylcholine-stimulated
vasodilation, suggesting role of nitric oxide bioavailability in
mechanism of endothelial dysfunction in patients with PD

Offenbacher et al.,
2009

Impact of periodontal treatment on serum CRP
levels, clinical PD parameters, and
cardiovascular endpoints in patients with PD

Three hundred
three patients with
PD and previous
history of CVD

- Experimental group: subject to
periodontal treatment (scaling and root
planning
- Control group: not subject to
periodontal treatment

Periodontal treatment resulted in a significant improvement
in PD status at 6 months as assessed by reduction of
probing depth, but no difference in attachment levels,
bleeding upon probing, or extent of subgingival calculus
Periodontal treatment resulted in significant decrease of the
odds of being in the high-risk (>3 mg/L) CRP group at
6 months, with obesity nullifying such effect

(Continued)
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TABLE 1 | Continued

Citation Aims Patients Cohorts Outcomes

Vidal et al., 2009 Effects of non-surgical PD treatment on plasma
levels of inflammatory markers (interleukin [IL]-6,
C-reactive protein [CRP], and fibrinogen) in
patients with severe PD and refractory arterial
hypertension

Twenty-two
patients with severe
PD and refractory
arterial
hypertension

- Experimental group: subject to
periodontal treatment at start of trial
- Control group: subject to periodontal
treatment delayed 3-months from start
of trial

Periodontal treatment resulted in significant reduction in
markers of PD severity (probing, probing depth, and clinical
attachment loss)
Periodontal treatment resulted in significant reduction of
fibrinogen, CRP, and IL-6

Wehmeyer et al.,
2013

Impact of periodontal treatment PD parameters
and inflammatory biomarkers in patients with
end-stage renal disease and PD

Three hundred
forty-two dialysis
patients with
moderate/severe
chronic PD

- Experimental group: subject to
intensive periodontal treatment
- Control group: subject to intensive
periodontal treatment following study
completion at 6 months

Intensive periodontal treatment resulted in significantly
improved measures of periodontal health at 3 months, but
only PD remained significantly different at 6 months
No significant difference between the groups inflammatory
biomarkers (serum albumin or high-sensitivity interleukin 6)
at any time point

Bokhari et al., 2012 Effect of non-surgical periodontal treatment on
systemic C-reactive protein, fibrinogen and
white blood cells in coronary heart disease
patients with PD

Three hundred
seventeen
patientswith
angiographically
proven coronary
heart disease

- Experimental group: subject to
on-surgical periodontal treatment
(scaling, root planning and oral hygiene
instructions)
- Control group: not subject to
periodontal treatment

Non−surgical periodontal treatment resulted in significant
reduction of systemic levels of inflammatory markers (CRP,
fibrinogen and WBCs) at 2-month follow-up

Caula et al., 2014 Influence of non−surgical mechanical PD
treatment on c-reactive protein serum level,
erythrocyte sedimentation rate (ESR), and lipid
profile in patients with severe chronic
periodontitis

Sixty-four patients
with severe chronic
PD

- Experimental group: Began
non-surgical PD treatment
- Control group: Withheld PD treatment
during study period

PD treatment resulted in a significant reduction of ESR and
triglycerides at 2 months
PD treatment resulted in significant reduction in median
values of C−reactive protein, ESR, total cholesterol, and
triglycerides after 6 months

Zhou et al., 2017 To investigate if intensive periodontal treatment
can lower blood pressure levels and endothelial
microparticles (EMPs) in patients with
prehypertension and PD without
antihypertensive medication

Hundred and seven
patients with
prehypertension
and PD

- Experimental group: Subject to
intensive periodontal treatment
- Control group: Subject to
community−based periodontal care

Intensive periodontal treatment resulted in reduced clinical
PD parameters, reduced systolic and diastolic blood
pressures, and reduced endothelial microparticles

Montenegro et al.,
2019

To assess the effect of periodontal treatment on
clinical PD parameters and levels of
cardiovascular risk biomarkers in stable
coronary artery disease (CAD) patients (CRP,
glycated hemoglobin, lipids, IL−1β, IL−6, IL−8,
IL−10, IFN−γ and TNF−α)

88 patients with
stable coronary
artery disease and
periodontitis

- Experimental group: Subject to
non-surgical periodontal treatment
- Control group: Subject to one session
of plaque removal

Periodontal treatment resulted in significantly better
periodontal parameters after 3 months without significant
differences in blood biomarkers
In patients with baseline high levels of CRP, periodontal
treatment resulted in lower levels of CRP, IL−6 and IL−8

Lobo et al., 2020 To investigate the impact of periodontal
treatment on the endothelial function of patients
with a recent ST-segment elevation myocardial
infarction (STEMI), specifically looking at
variation of flow-mediated vasodilation (FMD) in
the brachial artery, inflammatory biomarkers,
and adverse CVD events

Forty-eight patients
with PD and with
recent admission
for STEMI

- Experimental group: subject to
periodontal treatment within 2 weeks of
STEMI
- Control group: not subject to
periodontal treatment

Periodontal treatment significantly improved endothelial
function of the brachial artery without adverse clinical
effects over a period of 6 months
Inflammatory biomarkers and cardiovascular events were
not significantly different between both groups
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attachment level, pocket depth, bleeding on probing and
decayed-missing-filled teeth and CVD by degree and number of
obstructed coronary arteries, observed an association between
PD and CVDs (Ketabi et al., 2016). Table 1 shows the clinical
trials which investigated the relationship between the two
diseases. While risk factors as discussed in the earlier section
play a crucial role in the onset of CVD, increasing number of
CVD patients do not harbor the classical risk factors. Low grade
infection such as in periodontal infection could be a potential
cause for CVD in these cases; indeed several studies show that
PD as a risk factor for CVD and, in particular, atherosclerosis
(Bartova et al., 2014; Toregeani et al., 2016).

Potential links between PD and CVD could be via two
mechanisms (Figure 3).

1. Systemic Inflammation: Systemic inflammatory markers such
as C-reactive protein (CRP), IL-6 etc. have shown direct
correlation with specific indices of CVD such as carotid-
intima media thickness, or MI (myocardial infarct size) (Ali
et al., 2006). Chronic periodontal infection is characterized
by elevation of CRP and inflammatory cytokines in the
systemic circulation (Loos et al., 2000), so it is possible that
systemic inflammation in patients with PD can potentially
accelerate endothelial dysfunction, plaque buildup and
CHD events.

2. Vascular Infection: There have been reports that identify
bacterial species in blood after dental procedures suggesting
gingiva as a portal via which oral bacterial pathogens can
enter the systemic circulation (Bahrani-Mougeot et al., 2008;
Lockhart et al., 2009). As a result bacteremia of dental
origin seems to play a role in the appearance of bacterial
endocarditis (Mang-de la Rosa et al., 2014) and periodontal
bacterial components colonize human atheromatous plaques
(Haraszthy et al., 2000; Fiehn et al., 2005).

CONCLUSION

While both PD and CVD have manifestations of classic
inflammation, a causative link between them has not been
established. However, oxidative stress arising from lifestyle
diseases play a crucial role in progression of both PD and CVD,
indicating that host influence in terms of an imbalance between
ROS production and endogenous antioxidant levels can increase
susceptibility in individuals.

Understanding how oxidative stress and inflammation overlap
in PD and CVD for high risk and older populations is of
great public health importance because of the high prevalence
of PD. Although both these pathologies arise from the same
risk factors and show a similar systemic inflammation profile,
it is not clear how these diseases intersect. Therefore it cannot
be concluded that therapeutic periodontal interventions can
prevent heart disease or stroke. Nevertheless, controlling the
overall inflammation status by implementing a good periodontal
maintenance program could presumably control the progression
of CVD in periodontitis patients.
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School of Pharmacy, Zunyi Medical University, Zunyi, China, 2 Department of Pharmacology, Zhuhai Campus of Zunyi Medical 
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Percutaneous coronary intervention (PCI) is the most widely used therapy for treating 
ischemic heart disease. However, intimal hyperplasia and restenosis usually occur within 
months after angioplasty. Modern pharmacological researchers have proven that osthole, 
the major active coumarin of Cnidium monnieri (L.) Cusson, exerts potent antiproliferative 
effects in lung cancer cells, the human laryngeal cancer cell line RK33 and TE671 
medulloblastoma cells, and its mechanism of action is related to cell cycle arrest. The goal 
of the present study was to observe the effect of osthole on vascular smooth muscle cell 
(VSMC) proliferation using platelet-derived growth factor-BB (PDGF-BB)-stimulated VSMCs 
isolated from rats and vascular balloon injury as models to further elucidate the molecular 
mechanisms underlying this activity. We detected the relative number of VSMCs by the MTT 
assay and EdU staining and examined cell cycle progression by flow cytometry. To more 
deeply probe the mechanisms, the protein expression levels of PCNA, the cyclin D1/CDK4 
complex and the cyclin E1/CDK2 complex in balloon-treated rat carotid arteries and the 
mRNA and protein expression levels of the cyclin D1/CDK4 and cyclin E1/CDK2 complexes 
in VSMCs were detected by real-time RT-PCR and western blotting. The data showed that 
osthole significantly inhibited the proliferation of VSMCs induced by PDGF-BB. Furthermore, 
osthole caused apparent VSMC cycle arrest early in G0/G1 phase and decreased the 
expression of cyclin D1/CDK4 and cyclin E1/CDK2. Our results demonstrate that osthole 
can significantly inhibit PDGF-BB-induced VSMC proliferation and that its regulatory effects 
on cell cycle progression and proliferation may be related to the downregulation of cyclin 
D1/CDK4 and cyclin E1/CDK2 expression as well as the prevention of cell cycle progression 
from G0/G1 phase to S phase. The abovementioned mechanism may be responsible for 
the alleviation of neointimal hyperplasia in balloon-induced arterial wall injury by osthole.

Keywords: osthole, platelet-derived growth factor-BB, vascular smooth muscle cells, proliferation, cyclin D1, 
CDK4, cyclin E1, CDK2
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INTRODUCTION

Percutaneous coronary intervention (PCI) is the most widely 
used therapy for treating ischemic heart disease. However, intimal 
hyperplasia and restenosis usually occur within months after 
angioplasty. Many studies have shown that the hallmark of 
intimal hyperplasia is the excessive proliferation of vascular 
smooth muscle cells (VSMCs), which is an early response to 
the arterial wall injury (Direnzo et al., 2016; Tang and Gerlach, 
2017). In their quiescent state, these cells help to modulate the 
blood supply via vasoconstriction and vasodilatation. Upon 
activation, VSMCs proliferate at a very high rate and migrate 
from the media into the lumen of blood vessels (Qiu et al., 
2013); meanwhile, a large number of cytokines and growth 
factors released from activated cells also contribute to this 
progression (Liu et  al., 2009, 2013). Therefore, inhibiting VSMC 
proliferation may represent a potential therapeutic target for 
preventing and treating vascular proliferative diseases.

Cell proliferation occurs through the regulation of the cell 
cycle, a complex and tightly controlled process. The G0, G1, S, 
G2, and M phases are five sequential stages involved in this 
process. The correct progression of the cell cycle is guaranteed 
because activation of each phase is dependent on the successful 
completion of previous stages (Begum et  al., 2011). Molecular 
analysis of the cell cycle has shown that regulatory molecules 
(cyclins) and catalytic molecules (cyclin-dependent kinases, CDKs) 
act as the master regulators in this process and determine whether 
a cell commits to division or leaves the cell cycle (Urrego et  al., 
2014). The cyclin D1/CDK4 complex is required to promote the 
progression of cells from G0/G1 phase to S phase. The inhibition 
of cyclin D1 can arrest cells in G0/G1 phase (Liu et  al., 2009).

Cnidium monnieri (L.) Cusson has been used as a traditional 
Chinese medicine for the treatment of gynecological diseases, 
cutaneous pruritus, and nephritis (Li et  al., 2015; Zhang et  al., 
2015). Osthole (7-methoxy-8-isopentenoxy-coumarin), one of 
the pharmacologically active coumarins of Cnidium monnieri 
(L.) Cusson, has been reported to have cardioprotective (Duan 
et  al., 2016), anti-inflammatory (Li et  al., 2014), and 
antihypertensive activities (Fusia et  al., 2012). Previous studies 
demonstrated that osthole suppresses the proliferation of 
pulmonary arterial smooth muscle cells (Yue et  al., 2020), 
lung cancer cells (Xu et  al., 2011), the human laryngeal cancer 
cell line RK33, and TE671 medulloblastoma cells (Jarzab et al., 
2014); specifically, the associated mechanism is related to cell 
cycle arrest. Interestingly, data have indicated that some 
characteristics of cardiovascular diseases, such as atherosclerosis 
and angiostenosis (Jiang et  al., 2013), are similar to those of 
cancer. In our previous study, we  found that inflammatory 
mediators affect the rat carotid artery after balloon injury and 
the antiproliferative effect of osthole are related to the NF-κB 
and TGF-β1/Smad2 signaling pathways (Li et al., 2017). Despite 
these observations, the exact mechanisms still require further 
investigation. In the present study, we  aimed to observe the 
effect of osthole on VSMC proliferation using PDGF-BB-
stimulated VSMCs isolated from rats and vascular balloon 
injury as models to further elucidate the molecular mechanisms 
underlying this activity.

MATERIALS AND METHODS

Animals and Materials
Male Sprague-Dawley rats were obtained from the Animal 
Center of the Research Institute of Surgery at the Third Military 
Medical University (Chongqing, China). Osthole (purity 98.0%) 
was purchased from Nanjing Zelang Medical Technology Co., 
Ltd. (Nanjing, China), dissolved to 160 mM (in dimethyl sulfoxide, 
DMSO) as a stock solution and stored at −20°C. Platelet-
derived growth factor-BB (PDGF-BB) was purchased from 
Sigma-Aldrich Co (United States). A Cell Cycle Assay Kit was 
obtained from KeyGen BioTech (Nanjing, China). 2-F Fogarty 
balloon catheters were purchased from Edwards Lifesciences 
Co (United States). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) was obtained from Sigma Chemical 
Co (St. Louis, MO, United States). A mouse anti-rat monoclonal 
PCNA antibody and rabbit anti-rat polyclonal antibodies targeting 
cyclin D1, cyclin E1, CDK2, and CDK4 were purchased from 
Abcam Co (United States). The primers used in the study 
were designed and synthesized by TaKaRa Systems (Dalian, 
China), and IQ™ SYBR® Green Supermix was obtained from 
BIO-RAD (United States).

Vascular Balloon Injury Model
For balloon injury, 8-week-old male Sprague-Dawley rats 
(320 ± 20 g) were anesthetized via intraperitoneal administration 
of sodium pentobarbital (40 mg/kg), after which the left external 
carotid arteries were exposed, and a 2-F Fogarty balloon catheter 
was introduced into the left common carotid artery. The catheter 
was inflated and passed through the artery three times to 
ensure complete and reproducible removal of the endothelial 
lining. Finally, the wound was ligated and closed following 
the last passage of the balloon. In the sham group, animals 
were subjected to left external carotid artery exposure, but a 
balloon catheter was not inserted into the vessel. All animal 
experiments were performed in accordance with Animal Care 
and Use Guidelines of China and were approved by the Animal 
Use and Care Committee of Zunyi Medical University.

Arterial Harvest and Histological 
Examination
The rats were randomly divided into the following four groups 
(n  =  6): the sham group, model group, 20 mg/kg/d osthole-
treated (Osthole-20) group, and 40 mg/kg/d osthole-treated 
(Osthole-40) group. All treatments were administered daily 
via oral gavage on the first day following surgery. The rats in 
the sham and model groups were given normal saline, which 
is also used as vehicle in Osthole-20 and Osthole-40 groups. 
Fourteen days after balloon injury, the rats were euthanatized 
to detect vascular injury and intimal thickening of the target 
arteries. The left common carotid arteries were harvested and 
fixed with a 4% formaldehyde solution. The tissues were 
embedded in paraffin, sectioned at a thickness of 4 μm, and 
stained with hematoxylin and eosin (H&E). The neointimal 
thickness and the ratio of tunica intima/media were analyzed 
using computer-assisted morphometry.
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Vascular Smooth Muscle Cell Culture and 
Experimental Design
VSMCs were isolated from the thoracic aortas of 8-week-old 
male Sprague-Dawley rats (180 ± 20 g). The aortas were stripped 
of their endothelium and adventitia and were cut into small 
pieces, which were placed in cell culture flask containing 
Dulbecco’s modified Eagle’s medium supplemented with 20% 
fetal bovine serum and incubated at 37°C in a CO2 incubator 
(95% air and 5% CO2) for 10 days. The medium was changed 
every 3 days, and cells were removed by trypsinization and 
successively subcultured. Subcultured VSMCs between passages 
3 and 6 were used for this experiment.

The cultured VSMCs were randomly divided into six groups: 
control group (control), no drug was added; DMSO group 
(DMSO), 0.5% DMSO was added in normal cells; PDGF-BB 
group: PDGF-BB 25 ng/ml was added in normal grown cells; 
osthole low-dose group (Osthole-20), middle-dose group 
(Osthole-40), and high-dose group (Osthole-80): osthole 20, 
40, and 80 μM were added, respectively, to the cells treated 
with 25 ng/ml PDGF-BB (PDGF-BB was added at 60 min before 
the addition of osthole). The above concentrations of PDGF-BB 
or osthole used in each group were final concentration.

Assessment of VSMC Proliferation by the 
MTT Assay
Rat VSMCs were plated in 96-well plates at a density of 8 × 104 
cells/ml and treated with PDGF-BB prior to osthole (PDGF-BB 
was added at 60 min before the addition of osthole). After the 
cells were cultured for 24 h, MTT assays were carried out as 
follows: VSMCs were grown in 100 μl of medium at 37°C 
under 5% CO2 for 24 h, after which 10 μl of a 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) solution was added to each well for 4 h to allow MTT 
reduction. The resulting formazan crystals were dissolved in 
DMSO, and the absorbance values were measured at a wavelength 
of 490 nm on a microplate reader. Each condition was conducted 
in triplicate.

EdU Staining
Cell proliferation was analyzed using a Cell-light EdU 
Apollo488 Kit according to the manufacturer’s protocol 
(RIBOBio. Co., Cat. No. C10310-3, Guangzhou, China). The 
logarithmic growth of VSMCs seeded in 96-well plates at 
a density of 8  ×  104 cells/ml was determined. Following 
treatment with PDGF-BB and osthole, the cells in each well 
were incubated with 50 μM EdU for 3 h. The cells were 
permeabilized for 10 min with 0.5% Triton X-100 after being 
fixed in PBS containing 4% paraformaldehyde for 30 min 
at room temperature. After washing with PBS, the cells 
were stained with Hoechst 33342  in the dark, washed, and 
imaged using a fluorescence microscope.

Cell Cycle Analysis Using Flow Cytometry
VSMCs were treated with either PDGF-BB or different 
concentrations of osthole for 24 h, and cell cycle distribution 
was determined by flow cytometry. Briefly, cells were harvested 

by trypsinization, washed twice in PBS, and fixed in 70% 
ice-cold ethanol overnight. Then, the ethanol was removed, 
and the cells were resuspended in PBS. After they were treated 
with 100 μl RNase at 37°C for 30 min, the cells were stained 
with 100 μl of propidium iodide (PI) and incubated in the 
dark at 4°C. The cell cycle distribution was analyzed on a 
flow cytometer (Beckman Coulter, United  States).

Real-Time Quantitative Reverse 
Transcription-PCR
Total RNA was extracted using RNAiso Plus and then reverse-
transcribed in a reaction containing PrimeScript™ RT Enzyme 
Mix, oligodT primer, random 6-mers, and PrimeScript™ Buffer 
(5×). To detect the mRNA expression levels of cyclin D1, cyclin 
E1, CDK2, and CDK4, we  performed a two-step RT-PCR using 
an iCycler iQ Real-Time PCR Detection System with IQ™ 
SYBR®GREEN Supermix. The following primers were used for 
this experiment: cyclin D1 (GenBank accession no. NM_171992.4), 
forward primer: (5'–3') TACCGCACAACGCACTTTC and reverse 
primer: (5'–3') AAGGGCTTCAATCTGTTCCTG; cyclin E1 
(GenBank accession no. NM_001100821.1), forward primer: (5'–3') 
TTTGCAAGATCCGGATGAA and reverse primer: (5'–3') 
CGCTGAATCATCATCCCAAG; CDK2 (GenBank accession no. 
NM_199501.1), forward primer: (5'–3') CCTGCACCAGGAC 
CTCAAGAA and reverse primer: (5'–3') CGGTGAGAATGGC 
AGAATGCTA; CDK4 (GenBank accession no. NM_053593.2), 
forward primer: (5'–3') AGTCAGTGGTGCCGGAGATG and 
reverse primer: (5'–3') CAGCGTCCGGAAACTGGAA; and β-actin 
(GenBank accession no. NM_031144.2), forward primer: (5'–3') 
GGAGATTACT GCCCTGGCTCCTA and reverse primer: (5'–3') 
GACTCATCGTACTCCTGCTTGCTG. The threshold cycle (Ct) 
values of the target genes were normalized to those of β-actin 
in the same samples.

Western Blot Analysis
Carotid arteries were pulverized with an electric homogenizer 
in cold RIPA lysis buffer containing proteinase inhibitors. 
The dissolved proteins were prepared by centrifugation at 
12,000  ×  g for 10 min at 4°C, after which the supernatant 
was collected. The protein concentrations were quantified by 
a Bicinchoninic Acid (BCA) Protein Assay Kit. After the 
VSMCs were subjected to their respective treatments for 24 h, 
they were washed with ice-cold PBS and homogenized in a 
lysis buffer. The protein concentration was determined by a 
Bicinchoninic Acid (BCA) Protein Assay Kit. For western 
blot analysis, equal quantities of protein were separated on 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels. After 
electrophoresis, the proteins were electroblotted to 
polyvinylidene difluoride (PVDF) membranes and subsequently 
incubated in 5% nonfat dry milk in tris-buffered saline 
containing Tween (TBST) for 1 h at room temperature. After 
the membranes were washed with TBST and incubated with 
anti-PCNA (1:1,000), anti-cyclin D1 (1:10,000), anti-cyclin 
E1 (1:1,000), anti-CDK2 (1:1,000), and anti-CDK4 (1:500) 
antibodies in 1% nonfat dry milk in TBST overnight at 4°C, 
they were washed with TBST for 10 min three times and 
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FIGURE 1  |  Effects of osthole on neointimal formation in rat carotid arteries. Representative sections from the sham, model, Osthole-20, and Osthole-40 groups. 
The neointimal thickness and the ratio of tunica intima/media of each group is expressed as the mean ± SEM. Data are presented as the mean ± SEM, n = 6. 
**Significant difference compared to the sham group at p < 0.01, #Significant difference compared to the model group at p < 0.05, ##Significant difference compared 
to the model group at p < 0.01.

then incubated with horseradish peroxidase (HRP)-conjugated 
secondary antibodies for 2 h at room temperature. The 
immunoblots were visualized via enhanced chemiluminescence 
(ECL-Plus; Beyotime, P0018, Shanghai, China), and the band 
intensities were quantified using Quantity One® software.

Data Analysis
Data were analyzed using one-way ANOVA with SPSS 17.0 
software, and all the results are presented as the mean ± S.E.M. 
Post hoc comparisons were performed using LSD with equal 
variances and with Dunnett’s T3 with unequal variances, p < 0.05 
was considered statistically significant.

RESULTS

Effects of Osthole on Neointimal 
Hyperplasia
Digital images were acquired with the Q Win image manipulation 
system. As shown in Figure  1, hematoxylin and eosin (H&E) 
staining showed that no neointima was found in the vessels 
not subjected to balloon angioplasty, and the model group 

showed bulky concentric neointimal hyperplasia as well as a 
disrupted elastic membrane after balloon injury (p  <  0.01). 
However, The results from the image analysis system suggested 
that there was an obvious reduction in neointimal thickness 
and the ratio of tunica intima/media in balloon-injured sections 
from the osthole-treated animals, with 38% (Osthole-20) and 
64% (Osthole-40) reductions in the neointimal thickness 
compared with that in the model group (p  <  0.01).

Effects of Osthole on PCNA, Cyclin D1, 
CDK4, Cyclin E1, and CDK2 Protein 
Expression Levels in Balloon-Treated Rat 
Carotid Arteries
To understand the mechanisms underlying the protective 
effects of osthole on neointimal formation in rat carotid 
arteries, the protein expression of PCNA, cyclin D1, CDK4, 
cyclin E1, CDK2  in the carotid arteries was measured by 
western blotting. As shown in Figure  2, compared with 
that in the sham group, the protein expression of PCNA, 
cyclin D1, CDK4, cyclin E1, and CDK2 was significantly 
increased by 3.1, 2.9, 2.5, and 3.1 times, respectively (p < 0.01). 
However, compared with that in the model group, the 
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expression of these proteins was decreased by 19, 20, 27, 
and 15% respectively, upon treatment with osthole at a 
dosage of 20 mg/kg/day (p  <  0.01), and the expression of 

these proteins was further downregulated by 40, 43, 50, 
and 43%, respectively, upon treatment with osthole at a 
dosage of 40 mg/kg/day (p  <  0.01).

A

B C

D E

FIGURE 2  |  Effects of osthole on PCNA, cyclinD1, CDK4, cyclin E1, and CDK2 protein expression in balloon-treated rat carotid arteries. (A) PCNA protein 
expression. (B) CDK4 protein expression. (C) Cyclin D1 protein expression. (D) CDK2 protein expression. (E) Cyclin E1 protein expression. Data are presented as 
the mean ± S.E.M. n = 4. **Significant difference compared with the sham group at p < 0.01, ##Significant difference compared with the model group at p < 0.01.
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Antiproliferative Effect of Osthole on 
PDGF-BB-Stimulated VSMCs
To investigate the growth inhibition effect of osthole, cell proliferation 
was determined by MTT and EdU staining after treatment with 
osthole at different concentrations. According to images of the 
EdU assay (Figures 3A,B), the proliferation and viability of VSMCs 
cultured with PDGF-BB were increased compared with those of 
the control group (p  <  0.01), while the proliferation and viability 
of VSMCs in the 20, 40, and 80 μM osthole-treated groups were 
decreased (p  <  0.01). As shown in Figure  3C, when VSMCs 
were treated with DMSO for 24 h in the absence of PDGF-BB 
or osthole, no significant difference was observed in MTT absorbance 
(p  >  0.05), suggesting that DMSO was not toxic to the cells. 
However, the addition of PDGF-BB (25 ng/ml) caused a strong 

increase in VSMC proliferation compared to that of the control 
group (p  <  0.01); this increase was inhibited by the addition of 
osthole at 40 and 80 μM (p  <  0.01).

Effect of Osthole on VSMC Cell Cycle 
Progression in the Presence of PDGF-BB
To determine whether osthole influences the cell cycle 
machinery, we  examined cell cycle progression using flow 
cytometry. As shown in Figures  4A,B,F, cells subjected to 
a 24-h exposure to PDGF-BB had a significantly higher 
percentage of cells in and past S phase (p  <  0.01). After 
treatment with osthole, most of the VSMCs were arrested at 
G0/G1 phase (Figures 4C–F). The PDGF-BB-stimulated VSMCs 
treated with osthole (20, 40, and 80 μM) showed that cell 

A

B C

FIGURE 3  |  Cells were rendered quiescent and treated with PDGF-BB, after which osthole (20, 40, and 80 μM) was added and incubated for 24 h. 
(A) Fluorescence images of EdU in staining are VSMCs. (B) Histograms showing the ratio of EdU-positive cells to total cells. (C) The MTT assay was used to 
evaluate the viability of VSMCs. Data are presented as the mean ± S.E.M. **Significant difference compared to the control group at p < 0.01, ##Significant difference 
compared to the PDGF-BB group at p < 0.01.
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cycle progression was halted at G0/G1 phase (20 μM osthole: 
G0/G1  =  73.97%, p  >  0.05; 40 μM osthole: G0/G1  =  78.9%, 
p  <  0.01; 80 μM osthole: G0/G1  =  83.41%, p  <  0.01).

Effect of Osthole on the mRNA and Protein 
Expression of Cyclin D1/CDK4 in VSMCs
Previous studies have demonstrated that cell cycle progression 
is tightly regulated by cyclin-CDK complexes during G1 phase. 

The cyclin D1/CDK4 complex, one such complex, plays a 
vital role in this process. To determine whether the 
antiproliferative effect of osthole was associated with the 
activity of the cyclin D1/CDK4 complex, we  analyzed the 
cyclin D1/CDK4 mRNA and protein expression levels in 
cultured rat VSMCs using real-time RT-PCR and western 
blotting, respectively. As expected, our data showed that 
PDGF-BB (25 ng/ml) could elevate the cyclin D1 mRNA and 

A

C

F

D E

B

FIGURE 4  |  Distribution of cell cycle stages of VSMCs as determined by flow cytometry. Representative images of (A) the control group, (B) the PDGF-BB group, 
(C) the Osthole-20 group, (D) the Osthole-40 group, and (E) the Osthole-80 group. (F) Percentage of cells in each phase of the cell cycle. Data are expressed as 
the mean ± S.E.M. n = 5~7. In (F), *p < 0.05, **p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the PDGF-BB group.
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protein expression levels by approximately 4.1-fold and 2.3-fold 
compared to the levels in the control group, respectively 
(p  <  0.01), and osthole could significantly blunt the increases 
in cyclin D1 mRNA and protein expression (Figure  5A). 
Meanwhile, cells stimulated with PDGF-BB showed a profound 

increase in CDK4 mRNA and protein expression compared 
to the respective levels in the control group (p  <  0.01). 
However, treatment with osthole (40 and 80 μM) significantly 
decreased the mRNA and protein expression of CDK4  in 
PDGF-BB-stimulated VSMCs (p  <  0.01; Figure  5B).

A

B

FIGURE 5  |  Effect of osthole on cyclin D1/CDK4 mRNA and protein expression in VSMCs. (A) Relative mRNA and protein expression of cyclin D1 in VSMCs. 
(B) Relative mRNA and protein expression of CDK4 in VSMCs. Data are expressed as the mean ± S.E.M. n = 5. **Significant difference compared to the control 
group at p < 0.01, ##Significant difference compared to the PDGF-BB group at p < 0.01.
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Effect of Osthole on the mRNA and Protein 
Expression of Cyclin E1/CDK2 in VSMCs
To further verify our results, we  sequentially applied real-time 
RT-PCR and western blotting to examine the expression levels 

of cyclin E1/CDK2 mRNA and protein in VSMCs. The results 
showed that after stimulation with PDGF-BB (25 ng/ml), the 
expression levels of cyclin E1/CDK2 mRNA and protein in 
VSMCs were markedly increased (p  <  0.01). After treatment 

A

B

FIGURE 6  |  Effect of osthole on cyclin E1/CDK2 mRNA and protein expression in VSMCs. (A) Relative mRNA and protein expression of cyclin E1 in VSMCs. 
(B) Relative mRNA and protein expression of CDK2 in VSMCs. Data are expressed as the mean ± S.E.M. n = 5. **Significant difference from the control group at 
p < 0.01, #Significant difference from the PDGF-BB group at p < 0.05, ##Significant difference from the PDGF-BB group at p < 0.01.
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FIGURE 7  |  Osthole alleviates neointimal hyperplasia in balloon-induced 
arterial wall injury and inhibits PDGF-BB-induced VSMC proliferation, and the 
mechanisms are related to the downregulation of cyclin D1/CDK4 and cyclin 
E1/CDK2 expression as well as the prevention of cell cycle progression from 
G0/G1 phase to S phase.

with osthole, we  observed an expected decrease in cyclin E1/
CDK2 mRNA and protein expression, especially at doses of 
40 and 80 μM (p  <  0.01; Figures  6A,B).

DISCUSSION

Osthole, a traditional Chinese medicine, is now being 
manufactured in many countries on a large scale with 
standardized quality. Previous studies have shown that osthole 
exerts cardiovascular protective activities. Abnormal VSMC 
proliferation is a major component of cardiovascular disease 
including atherosclerosis, vein graft occlusion, and restenosis 
after angioplasty, our in vivo experiment suggests that osthole 
treatment selectively inhibits the proliferation of those VSMC 
by suppressing inflammation (Wang et al., 2013; Li et al., 2017), 
Guh’s studies indicated that the antiproliferative effect of osthole 
occurs early in G1 phase of the VSMC cell cycle and is due 
to increases in cyclic AMP and cyclic GMP levels (Guh et  al., 
1996; PMID: 8867108). In this research, we  intend to explore 
whether the molecular mechanisms of osthole on vascular 
stenosis and VSMC proliferation are related to cell cycle and 
cell cycle regulatory proteins cyclin D1/CDK4 and cyclin E1/

CDK2. We  first established the balloon-induced carotid artery 
injury model in male Sprague-Dawley rats and observed the 
expression of PCNA, which is used as a marker of DNA 
synthesis or proliferation, in balloon-treated rat carotid arteries 
using western blotting, which further confirmed the protective 
effect of osthole on injured artery walls. We  found that VSMC 
proliferation was proportional to the degree of intimal hyperplasia 
and that osthole significantly alleviated neointimal hyperplasia 
in balloon-injured artery walls by inhibiting the proliferation 
of VSMCs. The results indicated that the changes in PCNA 
protein expression were very consistent with the 
histomorphometric changes in the carotid artery walls.

In vivo, this dynamic and cyclic process generally begins 
with a primary regulator such as interleukins (Alexander and 
Khalil, 2009), interferons (Boshuizen and Winther, 2015), 
platelet-derived growth factor (PDGF)-BB (Williams et  al., 
2012), and basic fibroblast growth factor (bFGF; Kesavan et al., 
2013), among which PDGF-BB has been considered as the 
most potent chemoattractant and a strong mitogen present in 
serum that stimulates DNA synthesis. PDGF-BB can bind to 
all PDGF receptors, phosphorylate receptors, activate downstream 
signaling molecules and promotes phenotypic transformation, 
proliferation, and migration of VSMCs. The importance of 
PDGF-BB in the development of neointima formation has been 
established in models of arterial injury (Raines, 2004; Huang 
et  al., 2012; Zhang et  al., 2014; Zhao et al., 2014; Fang et  al., 
2020). Here, we used 25% PDGF-BB as a prototypical mitogen 
to establish a VSMC proliferation system, we  then further 
examined the role of the osthole on VSMC proliferation in 
vitro experiments. Our data confirmed PDGF-BB induced 
significant increases in VSMC proliferation, while osthole 
exhibited a marked antiproliferative effect in VSMCs based on 
the results of the MTT assay and EdU staining.

Several observations have shown that regulating the cell 
cycle is an important mechanism for controlling cell proliferation 
(Liu et al., 2009; Yoo et al., 2013), as entry and the progression 
of cells through different stages of the cell cycle is an ordered, 
tightly regulated process involving a complex cascade of events, 
and cell cycle arrest can trigger the inhibition of proliferation 
(Eymin and Gazzeri, 2010; Yan et  al., 2015). In the present 
study, cell cycle progression in each group was investigated 
by flow cytometry, and our results revealed that osthole suppressed 
PDGF-BB-induced VSMC proliferation and blocked PDGF-
BB-induced cell cycle progression of VSMCs from G1 to S 
phase, which was exhibited by a significant accumulation of 
VSMCs in G0/G1 phase and a reduction of cells in G2/M+S 
phases, indicating that osthole-mediated inhibition of VSMC 
proliferation was attributed to apparent cell cycle arrest quite 
early during G0/G1 phase.

Cell cycle progression requires different signaling molecules 
to function at the right time, and the cyclin/CDK complexes 
play a prominent role because their expression is responsible 
for the transition from G1 to S phase (Bond et  al., 2006; Dong 
et  al., 2016). Both damaged and activated VSMCs induce cyclin 
D1 expression and thus facilitate the formation of the cyclin 
D1-CDK4 complex, which is essential for the entry of cells 
from G0 to G1 phase and prepares cells for the G1/S phase 
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transition. The cyclin D1/CDK4 complex is required to promote 
the phosphorylation of retinoblastoma (Rb) protein and the 
exposure of the binding site of E2F1-3 (Liu et al., 2015). Because 
our studies demonstrated that the treatment of PDGF-BB-
stimulated VSMCs with osthole resulted in cell cycle arrest at 
G1 phase (Figure  4), we  then analyzed the expression of cyclin 
D1/CDK4 to determine whether its effect is due to the 
downregulation of operative regulatory molecules. Consistent 
with relevant reported literature (Ge et  al., 2016; Chen et  al., 
2017), high mRNA and protein expression levels of cyclin D1 
and CDK4 were found after treatment with PDGF-BB. However, 
administration of osthole reduced these increases, which were 
accompanied by inhibition of cell proliferation and cell cycle, 
suggesting that decreasing cyclin D1/CDK4 expression might 
be  the molecular mechanism by which osthole inhibits VSMC 
proliferation and arrests the cell cycle.

Furthermore, a growing body of evidence has demonstrated 
that increased cyclin E1 1 levels are associated with malignancies, 
such as ovarian cancer (Guo et  al., 2011), and elevated cyclin 
E1 expression is a poor prognostic factor in lung 
adenocarcinoma patients (Eymin and Gazzeri, 2010). Activated 
cyclin E1 can bind to CDK2 to form the cyclin E1/CDK2 
complex, which also serves to promote DNA replication and 
further phosphorylates pRb, leading to the formation of a 
positive feedback loop and regulation of the onset of 
DNA-synthesis referred to as S-phase (Liu et  al., 2015). 
Interestingly, our results indicate that osthole administration 
inhibited PDGF-BB-induced cyclin E1-CDK2 upregulation, 
providing the further evidence for the above studies.

Of note, there still remains a limitation in this study. Although 
osthole has been proved to prevent cell cycle progression, the 
target that osthole could bind to is unknown at present, and 
it is worth further exploration in our next research.

Taken together, our results demonstrate that osthole can 
significantly alleviate neointimal hyperplasia in balloon-induced 

arterial wall injury and inhibit PDGF-BB-induced VSMC 
proliferation, and its regulatory activities are related, at least 
partially, to downregulation of cyclin D1/CDK4 and cyclin 
E1/CDK2 expression as well as the prevention of cell cycle 
progression from G0/G1 phase to S phase (Figure  7).
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