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A B S T R A C T

Amelioration of immune overactivity during sepsis is key to restoring hemodynamics, microvascular blood flow,
and tissue oxygenation, and in preventing multi-organ dysfunction syndrome. The systemic inflammatory re-
sponse syndrome that results from sepsis ultimately leads to degradation of the endothelial glycocalyx and
subsequently increased vascular leakage. Current fluid resuscitation techniques only transiently improve out-
comes in sepsis, and can cause edema. Nitric oxide (NO) treatment for sepsis has shown promise in the past, but
implementation is difficult due to the challenges associated with delivery and the transient nature of NO. To
address this, we tested the anti-inflammatory efficacy of sustained delivery of exogenous NO using i.v. infused
NO releasing nanoparticles (NO-np). The impact of NO-np on microhemodynamics and immune response in a
lipopolysaccharide (LPS) induced endotoxemia mouse model was evaluated. NO-np treatment significantly at-
tenuated the pro-inflammatory response by promoting M2 macrophage repolarization, which reduced the pre-
sence of pro-inflammatory cytokines in the serum and slowed vascular extravasation. Combined, this resulted in
significantly improved microvascular blood flow and 72-h survival of animals treated with NO-np. The results
from this study suggest that sustained supplementation of endogenous NO ameliorates and may prevent the
morbidities of acute systemic inflammatory conditions. Given that endothelial dysfunction is a common de-
nominator in many acute inflammatory conditions, it is likely that NO enhancement strategies may be useful for
the treatment of sepsis and other acute inflammatory insults that trigger severe systemic pro-inflammatory
responses and often result in a cytokine storm, as seen in COVID-19.

1. Introduction

Sepsis represents a dynamic progression of host-pathogen interac-
tions that progressively causes a systemic inflammatory response syn-
drome (SIRS) and ultimately leads to multi-organ dysfunction syn-
drome (MODS) even after the initial insult has been controlled [1]. The
complications associated with sepsis are the most common cause of
death in non-coronary intensive care units (ICUs) worldwide. Medical
care costs related to sepsis treatment add up to approximately $20
billion in the United States [2,3]. However, the development of a
comprehensive study to target key aspects of sepsis development and
progression has been challenging and most of the results obtained from
bench top experiments are hard to translate to the bedside. The diffi-
culty to generate translatable data in experimental studies comes
mainly from two reasons. First, the large number of variables that play

a role in the deterioration of cell and tissue function during SIRS and
sepsis makes it almost impossible to pinpoint a single therapeutic target
[3,4]. Second, the complexity and diverse sources of human sepsis
makes the development of an animal model that is reproducibly
translatable, in which different theories could be tested, almost im-
possible. Thus, a middle ground should be set in which individual
components of sepsis can be used to understand the response of the
insulted organism.

A well-described hallmark of sepsis is endothelial dysfunction in
response to a cytokine ‘storm’, which is associated with an increase in a
series of negative consequences arising from overproduction of reactive
oxygen species (ROS), disruption of the glycocalyx, and endothelial
nitric oxide synthase (eNOS) uncoupling, all contributing to increased
adhesion of red blood cells (RBCs), white blood cells (WBCs), and
platelets to the endothelium lining, enhanced platelet activation, blood
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stagnation, decreased tissue perfusion and increased vascular perme-
ability [1,5,6]. Experimental therapies designed to target this aspect
have been promising and represent pathways that could be targeted to
increase survival [5,6]. From a clinical standpoint, several studies have
highlighted that microvascular function is drastically impaired in pa-
tients in different stages of sepsis [7]. The evidence indicates that the
gold standard, fluid replacement therapies, fail to recover micro-
vascular blood flow causing poor perfusion, which has been associated
with increased mortality [8,9]. Routinely monitored clinical variables
poorly reflect the true state of the microcirculation in central and
peripheral tissues [10]. Recently it has been proposed that in order to
properly restore cardiovascular homeostasis, the microcirculation
should be targeted as a functional unit [11–13]. Thus, the under-
standing of different components of SIRS and sepsis should be assessed
from a microvascular perspective in addition to traditional bench top
tissue culture studies.

In this work, we present a murine window chamber model for the
study of the microvascular hemodynamics and endothelial barrier in-
tegrity upon intravascular administration of lipopolysaccharides (LPS).
The window chamber model allows for the direct quantification of
microhemodynamics and transport phenomena in an intact tissue of an
unanesthetized animal. LPS is a component of the membrane of gram-
negative bacteria, and it is recognized by all cell types via toll-like re-
ceptor 4 (TLR4), a major component of innate immunity [14]. Upon
TLR4 activation a complex inflammatory cascade is activated and thus,
LPS injection has been largely used as an experimental model of sepsis
[15]. However, because it does not closely replicate most of the features
of human sepsis, it has also been largely criticized [15]. In this study
however, we propose single bolus i.v. injection of LPS as a valid and
robust way to understand the early responses of microvascular hemo-
dynamics and endothelial barrier integrity upon exposure to an in-
flammatory agent. We hypothesized that LPS-induced endotoxemia
would result in a derangement in microvascular blood flow, tissue
perfusion, and endothelial glycocalyx integrity and that NO supple-
mentation would reverse these changes. To examine this hypothesis, we
combined the window chamber model with state-of-the-art engineering
methods to quantify phenomena occurring in the microvascular bed
shortly after LPS infusion with and without exogenous NO supple-
mentation.

2. Methods

2.1. Nanoparticle preparation and characterization

The tetramethoxysilane derived hydrogel based NO releasing na-
noparticles used in this study were prepared as described in several
previous publications as was the characterization [16]. Based on the
results from earlier optimization studies in a variety of rodent models,
the dosing chosen was 10 mg/kg of animal weight [17,18].

2.2. Animal preparation

Male, Balb/c mice (23–28 g, Jackson Laboratory) were used for this
experimental study. All the procedures including animal handling and
care followed the National Institute of Health (NIH) Guide for the Care
and Use of Laboratory Animals. The UC San Diego Institutional Animal
Care and Use Committee approved the experimental protocol. The mice
were fitted with a dorsal skinfold window chamber for direct visuali-
zation of an intact microvascular bed. This model has been widely used
to characterize the perfusion of peripheral tissues in different clinically
relevant scenarios in unanesthetized animals as described elsewhere
[19,20]. Briefly, the animals are anesthetized with an i.p. injection of
50 mg/kg pentobarbital sodium, the dorsal area is depilated, and a
skinfold is lifted away from the back using sutures. The window
chamber consists of two titanium frames with a circular opening for
visualization, each one of which is secured to each side of the skinfold.

The skin on one of the sides is removed following the outline of the
circular window. Finally, the exposed skin is covered with a glass
coverslip under a drop of saline. After the window chamber was im-
planted the animals were left for at least 2 days to recover, after which
they underwent surgery again for arterial (carotid) catheter implanta-
tion (PE50 tubing). The animals were allowed 2 more days for recovery
before any experimental procedure was performed.

2.3. Inclusion criteria

Animals were considered suitable for the experiments if: 1) systemic
parameters were within normal range, namely, heart rate (HR) > 350
beats/min, mean arterial blood pressure (MAP) > 80 mmHg and, 2)
microscopic examination of the tissue in the window chamber observed
under 650ˣ magnification did not reveal signs of edema or bleeding.

2.4. Experimental protocol

All animals were prepared following the same surgical interven-
tions, housed under the same conditions (12-h day/night cycle, ap-
proximately 24 °C and 60% humidity) until the day of experimentation,
and only animals that fulfilled the inclusion criteria were used in this
study. Baseline parameter were collected after 15 min of adaptation to
the experimental conditions. Animals received 10 mg/kg of lipopoly-
saccharide (LPS) from e. coli serotype 0128:B12 (Sigma Aldrich St.
Louis, MO) suspended in 100 μL of saline solution (0.9% NaCl) via
arterial catheter. LPS solution was prepared fresh every day before the
experiments. Treatments were administered 30 min after LPS infusion,
no additional fluid therapies were applied. Food and water were
available between observation time points (1 h, 2 h, 6 h and 24 h).
Animals were followed over 72 h to assess survival.

2.5. Experimental groups

Animals were divided into two experimental groups, named based
on the treatments, NO-np (10 mg/kg, NO releasing nanoparticles), and
Control-np (10 mg/kg, nanoparticles without NO). All doses were cal-
culated based on tetramethoxysilane concentration of each formulation.
Treatments were infused intra-arterial and all groups received equal
volume of saline solution to suspend the nanoparticles (100 μL).

2.6. Systemic parameters

MAP and HR were monitored throughout the experiment using the
arterial line and a transducer-computer interface (MP 150; Biopac
System, Santa Barbara, CA).

2.7. Intravital microscopy and microvascular measurements

The window chamber was studied using transillumination on a
custom intravital microscope. Briefly, the animals were restrained in a
plexiglass tube with a longitudinal opening from which the window
protruded and then they were fixed to the stage of an upright micro-
scope (BX51WI, Olympus, New Hyde Park, NY) as described and de-
picted elsewhere [20]. Measurements were carried out using a 40ˣ
(LUMPFL-WIR, numerical aperture 0.8, Olympus) water immersion
objective. The microscope was equipped with a high-speed video
camera (Fastcam 1024 PCI, Photron USA), which was used to record
videos of the microvascular blood flow at 1000 frames per second (fps).
Briefly, at the beginning of the experiment a macro picture of the
window chamber is taken and used to identify arterioles and venules,
usually 3 to 4 arterioles and 4 to 5 venules are chosen on each chamber.
The same vessels are followed throughout the entire experiment to
allow comparisons at different time points. The selected vessels are
focused and a video of the flow on each vessel is recorded and stored on
a hard drive for offline analysis as described previously by our group to
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determine vascular diameter and flow [21].

2.8. Capillary perfusion

Functional capillary density (FCD) was measured by counting the
number of capillaries with RBC transit of at least one cell in a 45s
period. Ten consecutive microscope visualization fields are selected at
baseline and monitored at the different time points throughout the
experiment. FCD is defined as the total length of red blood cell (RBC)
perfused capillaries divided by the area of the microscopic fields
(cm−2).

2.9. Endothelial barrier permeability

The microvascular wall permeability was assessed by measuring the
rate of extravasation of fluorescein isothiocyanate-conjugated dextran
(FITC-Dextran-70 kDa MW; Sigma, St. Louis, MO). The animals re-
ceived a single 100 μL bolus of FITC-Dextran diluted in saline solution
(10 mg/mL) via the tail vein, which was used to measure extravasation
for the entire experimental period. The dye circulated for 5 min and
locations of interest showing arterioles, venules and tissue space were
selected prior to fluorescent imaging sessions. The tissue was excited
using a standard FITC filter cube and images were recorded using the
same microscope and animal restraint described above, but equipped
with a high light-sensitivity camera (C4742-95, Hamamatsu photonics).
Images of the regions of interest were recorded 30 min, 2 h, and 24 h
post-LPS injection, keeping the camera exposure time constant
throughout the experiment. The images were analyzed offline by
measuring the relative pixel intensity inside the microvessels and in the
tissue adjacent to the vessel walls. The data is presented as the ratio
between the extravascular (I0) intensity and the intravascular intensity
(Ii), high ratios indicate increased vascular permeability.

2.10. Macrophage collection and flow cytometry

After mice were sacrificed, their peritoneal macrophages were iso-
lated by lavage with 4 mL of ice-cold PBS with 10 IU/mL heparin and
10% fetal bovine serum (Sigma Aldrich). The abdomen was gently
massaged, and the fluid was aspirated. After centrifugation at 1200 rpm
for 5 min at 4 °C, cells were rinsed with cold DMEM. The pellet was then
resuspended in fluorescence-activated cell sorting (FACS) buffer con-
taining HBSS with 0.3 μM EDTA and 0.2% FBS, and stained for 30 min
with biotinylated anti-MerTK, followed by conjugated antibodies
(CD14, clone Sa2-8, conjugated to PerCP-Cy5.5, CD163, clone GHI/61,
conjugated to eF450; CD11c, clone N418 conjugated to PE-Cy7; CD206,
clone 19.2 (RUO), conjugated to FITC) for another 30 min. FACS data
were acquired using the FACS Aria flow cytometer (BD Biosciences),
and data were analyzed with FlowJo software (Ashland, Oregon).

2.11. Cytokine measurements

Plasma samples collected from different animals at multiple

timepoints were analyzed using an Inflammatory Cytokine enzyme-
linked immunosorbent assay (ELISA) Kit (Multiplex mice cytokine
ELISA Kit, R&D Systems) according to the manufacturer's instructions.

2.12. Statistical analysis

Results are presented as Tukey boxplots or as mean ± deviation.
Data within each group and between time points were analyzed using
two-way analysis of variance (ANOVA). When appropriate, post hoc
analyses were performed with Tukey's multiple comparison test. All
statistics were calculated using R version 3.6.3 (R Core Team, Vienna,
Austria). Changes were considered statistically significant if p < 0.05.

3. Results

3.1. Systemic hemodynamics

Changes in systemic hemodynamics are presented in Fig. 1. Both
animals treated with Control-np and NO-np had similar changes in
mean arterial pressure (MAP) in response to LPS dosage. There were no
changes in MAP for the initial 2 h following LPS dosage, but after 6 h,
there was a profound (nearly 25%) and prolonged decrease in MAP that
lasted until the 24-h end point. There was no change in heart rate (HR)
for either group for the first hour, but after 2 h, animals treated with
Control-np had significantly higher HR than at baseline. By 6 h, animals
treated with Control-np had a significant and sustained decrease in HR
until the end of the experimental protocol. Treatment with NO-np
ameliorated the changes in HR that were induced by LPS dosage, and
maintained significantly higher HR than animals dosed with Control-
np, until the 24-h end point. There was a downward trend of HR for NO-
np-treated animals over time, but there were no statistically significant
differences until the 12-h time point.

3.2. Microhemodynamics

To characterize microvascular response to LPS dosage and nano-
particle treatment, we characterized changes in arteriolar diameter and
flow, and these changes are presented in Fig. 2. Arteriolar diameter had
a faster response to LPS dosage than systemic hemodynamics. Both
groups experienced significant microvascular vasodilation at the 2-h
time point, while systemic hemodynamic changes were not apparent
until the 6-h time point. There were no significant differences in ar-
teriolar diameter between groups at any time point. After 2 h, animals
treated with Control-np experienced a significant decrease in arteriolar
flow compared to baseline, but animals treated with NO-np maintained
baseline levels of arteriolar flow until 6 h post LPS dosage. 12 h and
24 h after LPS dosage, all animals had significantly decreased flow
compared to baseline, but NO-np treated animals had significantly
higher flow than their control counterparts at these time points.

Fig. 1. Central hemodynamics of mice before (BL)
and after dosage with LPS and nanoparticles. (a)
Mean arterial pressure significantly decreased 6 h
after LPS dosage. (b) NO-np treatment normalized
changes in HR following LPS dosage. N = 8/group.
*p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 between groups; †p < 0.05 vs BL.
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3.3. Functional capillary density

Changes in FCD are presented in Fig. 3a. FCD decreased sig-
nificantly in response to LPS treatment after only 1 h. FCD decreased
more than 50% for animals treated with Control-np 2 h after LPS do-
sage, and this decrease in FCD continued for the length of the ob-
servation period. Animals dosed with NO-np also experienced a sig-
nificant decrease in FCD compared to baseline, but NO-np treatment
maintained significantly higher FCD compared to animals treated with
Control-np.

3.4. Vascular permeability

LPS dosage caused a significant increase in vascular permeability, as
indicated by the rate of FITC extravasation, shown in Fig. 3b and c.
30 min post-LPS dosage, animals treated with NO-np showed a small
(but significant) increase in extravascular fluorescent intensity ratio
compared to control animals. After 2 h, extravascular fluorescent in-
tensity ratio increased 2.4 × for Control-np but only 1.9 × for NO-np
compared to the 30-min time point, and the extravascular fluorescent
intensity ratio was significantly lower for NO-np than Control-np. After
24 h, extravascular fluorescent intensity ratio for Control-np was
3.5 × higher than the 30-min time point, whereas extravascular

fluorescent intensity ratio was 2.4 × higher than the 30-min time point
for NO-np. At 24 h, extravascular fluorescent intensity ratio for NO-np's
was comparable to that of Control-np's at 2 h.

3.5. Survival

In addition to measuring functional parameters, we also assessed
survival of mice dosed with LPS over 72 h (Fig. 4). NO-np treatment
significantly improved survival compared to mice treated with Control-
np. Mice treated with Control-np started dying after 40 h, whereas the
first (and only) death of NO-np treated mice occurred 68 h after LPS
dosage. Additionally, less than 20% of animals pretreated with Control-
np survived the full 72 h, while all but one NO-np treated mouse sur-
vived for 72 h.

3.6. Peritoneal macrophage phenotype

Peritoneal macrophages were subjected to FACS to determine the
phenotype of macrophages circulating 72 h after LPS dosage and na-
noparticle treatment, shown in Fig. 5. FACS revealed that macrophages
of animals treated with Control-np contained high counts of the surface
marker CD11c, and low counts of CD206, indicating an M1-like mac-
rophage phenotype, which is considered to be inflammatory. In fact,

Fig. 2. Arteriolar microhemodynamics of mice after
dosage with LPS, relative to baseline.
Microhemodynamic aberrations appear more rapidly
than changes in systemic hemodynamics. (a) LPS
dosage results in vasodilation systemically, in-
dependent of treatment. (b) Flow decreases fol-
lowing LPS treatment, but NO-np treatment partially
prevents this decrease in flow. N = 22 vessels/
group. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 between groups; †p < 0.05 vs BL.

Fig. 3. Changes in functional capillary density (FCD)
and vascular permeability after LPS dosage. (a)
Treatment with NO-np increased FCD significantly
compared to Control-np, thus improving capillary
flow and microvascular O2 transport; N = 8/group.
(b) NO-np attenuated the increased permeability
compared to animals that received Control-np. I0 and
Ii are the extravascular and intravascular intensity of
FITC, respectively. (c) Representative image of the
changes in vascular permeability. N = 12/group.
*p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 between groups; †p < 0.05 vs BL
or 0.5 h; ‡p < 0.05 vs 2 h.
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over 72% of macrophages tested via FACS presented an M1-like phe-
notype for animals treated with control-np, but only 16% of macro-
phages represented an M1-like phenotype for animals treated with NO-
np. However, animals treated with NO-np showed a larger population
of M2-like macrophages (representing 33% of macrophages harvested),
which are typically considered to be anti-inflammatory, and are asso-
ciated with tissue repair. To supplement these macrophage phenotypes,
we also measured the cytokine profile of treated mice after LPS

injection.

3.7. Cytokine profile

Cytokines were measured 24 and 48 h after LPS injection (Fig. 6).
After 24 h, animals treated with NO-np showed significantly higher
levels of cytokines traditionally considered to be anti-inflammatory
(interleukin [IL]-10, TGF-beta), and significantly lower levels of cyto-
kines associated with a proinflammatory response (IL-1, 6, 12, MCP,
and TNF alpha) than animals treated with Control-np. However, after
48 h, all cytokines measured were elevated in animals dosed with
Control-np compared to NO-np, but not all of these comparisons were
statistically significant.

4. Discussion

The principle finding of this study is that sustained delivery of
exogenous NO using NO releasing nanoparticles improved micro-
vascular flow and capillary transit compared to animals treated with
control nanoparticles during LPS-induced endotoxemia. Additionally,
this study demonstrates that the adverse microcirculatory changes from
LPS-induced endotoxemia precede systemic changes by hours. NO-np
also significantly improved 72-h survival of mice after LPS-induced
endotoxemia. Additionally, treatment with NO-np caused macrophages
to shift toward an anti-inflammatory (M2-like) phenotype, while mac-
rophages of animals treated with Control-np were consistent with an
inflammatory (M1-like) phenotype. In general, treatment with NO-np
significantly ameliorated the effects of LPS-induced endotoxemia, and
could be a treatment for sepsis or other systemic inflammatory condi-
tions.

Systemic changes seen in this study were consistent with other
studies of sepsis and LPS-induced endotoxemia, and included severe
hypotension and bradycardia for both experimental groups [4,9,15].
Additionally, we observed arteriolar dilation in the microcirculation,
and a reduction in the volumetric flow rate, independent of treatment.
The decrease in FCD, and thus tissue perfusion, seen in this experiment
preceded any systemic changes. As such, a decrease in FCD is likely the
trigger that allows sepsis to progress to the clinical manifestations of
severe sepsis and septic shock. Preserving FCD is therefore key to im-
proving outcomes from systemic inflammatory diseases, like sepsis. NO-
np treatment partially ameliorated this decrease in FCD, and as such
could be a plausible treatment for acute systemic inflammatory

Fig. 4. Survival curve over 72 h of animals treated with Control and NO-nps
after LPS dosage. NO-np significantly improved 72-h survival, with only one
animal dying over the observation period. Significance was measured via Log-
Rank test. N = 9 & 12 at time = 0 for Control-np and NO-np, respectively.

Fig. 5. Fluorescence-activated cell sorting (FACS) of peritoneal macrophages
from LPS-dosed animals after 72 h reveals that macrophages from Control-np
had a primarily M1-like (inflammatory) phenotype, with M1-like macrophages
representing 72% of all macrophages for Control-np, but only 16% of all
macrophages for NO-np (a), but significantly more macrophages from animals
treated with NO-np had an M2-like (anti-inflammatory) phenotype than ani-
mals treated with control-np, with M2-like macrophages representing 18% of
macrophages from animals treated with Control-np, but 33% of macrophages
from animals treated with NO-np (b). (a) n = 650 macrophages/group, (b)
n = 585 macrophages/group.

Fig. 6. Cytokine profile of mice treated with NO-np and Control-np after LPS
dosage after 24 and 48 h. At 24 h, anti-inflammatory cytokines (IL-10, TGFβ)
were significantly higher in animals treated with NO-np compared to Control-
np, but inflammatory cytokines showed an opposite trend. Data are presented
as mean ± SD. Data between groups and between time points were analyzed
with Welch's t-tests with Bonferroni correction. N = 4/group at 24 h & N = 2/
group at 48 h for animals dosed with LPS; N = 3 for Sham at both time points.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 between
groups; †p < 0.05 vs 24 h post-LPS.

A.T. Williams, et al. Free Radical Biology and Medicine 161 (2020) 15–22

19



conditions, such as sepsis, hemorrhagic shock, and COVID-19 infection.
There are a number of mechanisms that may be responsible for the

improved survival and maintenance of microvascular perfusion seen
with NO-np treatment in this study, but the exact mechanism or set of
mechanisms is unclear. As we saw, and as others have demonstrated
[22], NO treatment decreased M1, and increased M2 polarization of
macrophages. This can have a multitude of downstream effects as M1
macrophages produce proinflammatory cytokines, upregulate inducible
nitric oxide synthase (iNOS), and enhance production of ROS and re-
active nitrogen species, which disrupt the glycocalyx, expose the en-
dothelial layer, decrease NO production from eNOS, and destroy en-
dothelial cells [23,24].

Disruption of the glycocalyx undermines vascular integrity and
eliminates the shear stress-based trigger for production of NO from
eNOS. Mice treated with Control-np in our study experienced sig-
nificantly increased vascular permeability, as shown in Fig. 4, sug-
gesting endothelial cell and glycocalyx disruption in these animals. The
glycocalyx has a number of vital physiological roles, including acting as
a barrier to preserve intravascular oncotic pressure [23], promoting
RBC marginalization and the presence of a red cell-free layer [25,26],
reducing leukocyte adhesion and infiltration [26], and preventing
thrombus formation and attachment [27], so its disruption is likely a
primary determinant for many of the clinical presentations of sepsis,
such as edema. As such, it is logical that the glycocalyx has been a
common drug target in improving outcomes from sepsis. Others have
explored individual mechanisms as a method to prevent glycocalyx
degradation during sepsis, but these strategies have not shown much
clinical success [23]. However, NO-np treatment seems particularly
promising as it attempts to treat a more upstream target than previous
therapies by preventing the initial insult to the glycocalyx, and thus
preserving endogenous NO signaling. Endogenous NO may function to
upregulate and activate nuclear factor erythroid 2-related factor 2
(Nfr2) which represents a potent signaling pathway to counter an LPS-
induced inflammatory cascade, and to down regulate pro-inflammatory
pathways and thus decrease ROS production [28]. The observed NO-
induced macrophage repolarization is indicative of the potential role
endogenous NO may play in decreasing ROS and cytokine production
by activated macrophages.

NO-np treatment also likely improves outcomes from sepsis by re-
ducing the hypercoagulable state. Sepsis also induces a hypercoagul-
able state, with thrombi potentially forming in the microcirculation of
the lungs, heart, and kidneys of sepsis patients [29]. These thrombi are
mediated and formed as a result of tissue injury, which promotes
clotting via the extrinsic pathway, direct activation of platelets from
inflammatory cytokines, damage to RBCs from reactive oxygen species
released by leukocytes, and from the aforementioned degradation of the
endothelial glycocalyx, culminating in thrombi formation and adhesion
to the exposed endothelial layer of vessels [29,30]. However, NO likely
played a protective role against coagulopathies in this study. NO is
known to block platelet activation, alter clot formation time and
strength, and protect against reocclusion after thrombolysis [31–34].
This, in combination with M2 polarization of macrophages and the
possible prevention of glycocalyx degradation by exogenous NO sup-
plementation, all may have contributed to a potential decrease in
coagulopathy, and thus improved microvascular flow for animals
treated with NO-np.

It is likely that NO-np treatment contributed to these two mechan-
isms – the preservation of the glycocalyx and prevention of coagulo-
pathies – which improved FCD and thus tissue perfusion observed in
this study. Preserving the endothelial glycocalyx during sepsis improves
microvascular blood flow by preventing leukocyte adhesion, promoting
RBC marginalization, and improving fluid homeostasis. Additionally,
preventing coagulopathies preserves FCD, as capillaries can only
transport a single cell at a time, and thrombi can easily block capil-
laries. This study showed that the preservation of FCD via treatment
with NO-np improved survival compared to animals treated with

Control-np. Others have shown that microvascular perfusion is central
in preventing multi-organ dysfunction syndrome (MODS), which is a
key player in sepsis progression [35]. It is also possible that NO-np
treatment mildly improved cardiac function: despite significantly in-
creased perfusion (as indicated by FCD) and thus decreased vascular
resistance, MAP was the same for both groups; as such, cardiac output
must be increased in the NO-np group compared to the Control-np
group.

Other groups have also shown success in treating systemic in-
flammatory conditions, including sepsis, with NO and NO donors. For
example, Spronk et al. showed that nitroglycerin, an NO donor, im-
proved microvascular flow when given with fluid resuscitation [36],
and others showed that nitrite also protects against septic shock [37]. A
multitude of other therapies for sepsis have been explored, including
ATP, activated protein C, and simvastatin with promising results [6].
Ultimately, NO releasing nanoparticles seem to be a promising treat-
ment for sepsis, as they are safer and easier to handle and administer
than alternatives, can be prepared in a cost-effective manner, and they
target upstream mechanisms, rather than the downstream con-
sequences.

The results of this study have implications for other acute systemic
inflammatory conditions such as hemorrhagic shock due to the proin-
flammatory triggers associated with both ischemia-reperfusion and
hypoxia-reoxgenation injuries. Indeed we have recently shown that
exogenously delivered NO targeted to the site of an induced ischemic
insult prevented the usual inflammatory consequences [38]. The ob-
served array of clinical manifestations associated with Corona Virus
Disease 2019 (COVID-19) that correspond to many of the anticipated
consequences of systemic endothelial dysfunction due to a cytokine
storm is relevant when discussing exogenous NO treatments during
LPS-induced endotoxemia [39]. We see in the present study that NO can
function to repolarize activated macrophages and reduce inflammation.
Based on the present study, it would appear that the absence of NO
production due to ACE2 deactivation during COVID-19 can account for
the hypercoagulopathies, tissue hypoxia, and extreme vascular leakage
observed in COVID-19. A plausible mechanism for the clinical con-
sequences of COVID-19 is the combination of the strong proin-
flammatory trigger initiated by viral overload and the deactivation of
ACE2 by the virus [40]. The virus that causes COVID-19 uses ACE2, the
initiator of the inflammatory shutdown process, as a binding site for
entry into cells [41,42]. A consequence of the viral binding to ACE2 is
the deactivation of ACE2, thus eliminating the braking mechanism for
virus-induced inflammation [43]. A key element of the ACE2 anti-in-
flammatory signaling mechanism is the upregulation of eNOS with a
concomitant increase in NO production [44]. As such, the present study
implies that exogenous NO or agents that stimulate NO formation in the
endothelium may play a role in limiting the extreme manifestations of
COVID-19 likely in part through activation of Nrf 2. In fact, the US Food
and Drug Administration has recently approved NO and NO donor
therapy for expanded emergency access for the treatment of COVID-19
[45].

Limitations. LPS induced endotoxemia does not fully replicate the
cascade of events that occurs during septic shock, but no study can fully
replicate the morbidity of septic shock due to its distinct etiologies.
However, this study did demonstrate that this mouse model replicates
many of the early changes that occur in septic shock, including in-
creased vascular permeability, and impaired systemic oxygen transport,
and allowed us to observe these changes in an awake, unanesthetized
model. Since anesthetics have a poorly characterized influence on in-
flammation, the awake unanesthetized state is most representative of
changes that may occur during sepsis. Unfortunately, this study did not
measure any parameters examining the status of the vascular en-
dothelial glycocalyx, since sepsis damages the glycocalyx, and exo-
genous NO could help protect the glycocalyx. Future studies should
examine changes in the glycocalyx by measuring its breakdown mole-
cules, such as heparan sulfate and sydecan-1, in the plasma, or measure

A.T. Williams, et al. Free Radical Biology and Medicine 161 (2020) 15–22

20



glycocalyx integrity and thickness via fluorescent lectin binding, in
order to directly study glycocalyx disruption during LPS-induced en-
dotoxemia, and its protection by NO-nps.

5. Conclusion

This study demonstrated that NO-np improved outcomes from LPS-
induced endotoxemia. Additionally, this study showed the importance
of measuring microvascular outcomes in systemic inflammatory con-
ditions, as we saw adverse microcirculatory events occur hours before
systemic changes, and systemic hemodynamics were not predictive of
72-h survival. Overall, the results indicate that exogenous NO has po-
tential as a therapeutic modality to limit the inflammatory progression
for many acute pro-inflammatory triggers.
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