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1 | INTRODUCTION

COVID-19 pandemic has profoundly affected human life, inducing
high patient morbidity and mortality while stressing health care sys-
tems worldwide. SARS-CoV-2, the highly infectious agent responsible
for the COVID-19 pandemic, is a novel coronavirus that utilizes a gly-
cosylated spike protein to enter human cells via the angiotensin-con-
verting enzyme 2 (ACE2) receptor. The lung is a primary site of entry
for SARS-CoV-2, as evidenced by massive pulmonary inflammation
and development of acute respiratory distress syndrome (ARDS).!
These changes frequently result in a cytokine storm that contributes
to diffuse alveolar damage, alveolar capillary leakage, severe hypox-
aemia, intense pulmonary oedema and pulmonary fibrosis.?
Cannabidiol (CBD) is a non-psychotropic phytocannabinoid
that regulates immune responses in multiple experimental disease
models, including work by our laboratory showing a benefit following
ARDS-like injury in mice.® Consistent with our findings, a recent com-
mentary, based on anecdotal reports, supports the therapeutic use of
CBD in COVID-19-infected patients.* While a number of mechanisms
are postulated to mediate the anti-viral benefits of CBD, including
down-regulation SARS-CoV-2 receptors in human epithelia and sup-
pression of pro-inflammatory cytokine production (eg interleukin-1p
(IL-1p), IL-6, tumour necrosis factor-a (TNF-a), chemokine (CC-motif)
ligand 2 (CCL2), chemokine (CC-motif) ligand 3 (CCL3)), this issue re-
mains largely unresolved and, once elucidated, may identify novel ap-
proaches to improve outcomes in COVID-19-infected patients.>
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Apelin, an endogenous, multi-functional ligand for the G pro-
tein-coupled receptor, APJ, also serves as a second catalytic substrate
for ACE2.% Apelin is generated from a 77-amino acid precursor and
undergoes proteolytic cleavage to generate biological active frag-
ments, including apelin-36, apelin-19 and apelin-13. An endogenous
protective role was postulated for activation of the apelin/APJ axis
(Apelinergic system) after lung injury, via proposed mechanisms in-
cluding suppression of the immune activating transcription factor,
NF-kB and inhibition of innate immune infiltration/activation via at-
tenuated expression of CCL2, CCL3, CCL4, CCL7 and TN F-a.” Of in-
terest, both apelin and APJ are widely expressed throughout the lung,
heart, liver, gut, kidney and central nervous system,8 spatially over-
lapping expression of the endocannabinoid system while interaction
between the endocannabinoid system and apelin limits liver fibrosis.”
Based on these studies, we suggested that regulation of the apeliner-
gic system by CBD may limit excessive pulmonary inflammation after

experimental ARDS.

2 | MATERIALS AND METHODS

Polyinosinic:polycytidylic acid (Poly(l:C)), a high molecular weight,
synthetic analog of double stranded RNA (dsRNA), was used to re-
capitulate the histopathological, physiological and immune features
of ARDS associated with SARS-CoV-2 infection (As described in our
recent publication), including low oxygen saturation, lymphopenia,
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FIGURE 1 CBD improved the symptoms of Poly(l:C)-induced ARDS and normalized the expression level of apelin in the blood. Intranasal
administration of poly(l:C) demonstrated a reduction in the blood T cells while increased the neutrophils compared with the sham control
group (dot plot flow cytometry panels). Further, intranasal poly(l:C) reduced apelin expression in whole blood of mice (Histogram and
bargraph panels), as assessed by flow cytometry. Administration of CBD attenuated these effects. The bargraphs are representing the

average of values for 10 mice per group (**P < .03)
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FIGURE 2 CBD improved the symptoms of Poly(l:C)-induced ARDS and normalized the apelin expression in the lung tissues. Masson's
trichrome analysis of lung tissues showed that intranasal administration of high dose Poly(l:C) caused the destruction of normal morphology
and structure of lung, hypertrophy, fibrosis and pulmonary oedema, as compared to the tissues from control group. CBD treatment
improved the structure towards the normal architecture (bright filed images on the left panel). Further, immunofluorescence analysis of lung
tissue (panels on the right side) showed a decrease in Apelin in Poly(l:C) treated lung compared to normal tissues. CBD treatment normalized
the Apelin expression in the lung, indicating the potential protective effect of CBD

elevated frequencies of neutrophils/monocytes, excess production
of pro-inflammatory cytokines and destruction of lung morphol-
ogy.>1° Adult (12 weeks) male C57BI/6 mice were block randomized
into one of three experimental groups (n = 10 mice/group) by a
blinded investigator. Group | received intranasal, once daily adminis-
tration of sterile saline for three consecutive days to serve as a con-
trol. Group Il received intranasal, once daily administration of Poly I:C
(100 pgin 50 pL in sterile saline) for three consecutive days to mimic
ARDS. Group lll received intranasal, once daily administration of Poly
I:C (100 pg in 50 pL in sterile saline) for three consecutive days, with
intraperitoneal administration of CBD (isolate CBD, THC-free, 5 mg/
kg body weight, Canabidiol Ltd, Dublin, Ireland), first dose two hours
after the second Poly(l:C) treatment and every other day for a total of
3 doses to the treatment group. Blood oxygen saturation was quanti-
fied via the carotid arteries using a portable pulse oximeter at study
initiation (day O) and once daily for the duration of the study. Mice
were euthanized at study day nine. Blood and lung tissue were har-
vested and subjected to flow cytometry, immunofluorescence and
histological analysis, as detailed previously by our laboratory (3). All
flow cytometry data were analysed using the FlowJo V10 software
while immunofluorescence, and histological preparations were ana-
lysed and imaged by fluorescence and bright field microscopy. As for
additional histological evaluation, Masson's Trichrome staining was
used for the detection of collagen fibres in lung on formalin-fixed,

paraffin-embedded sections. The collagen fibres stained in blue and

the background is stained red. Sections were examined and analysed

using bright field microscopy imaging.

3 | RESULTS

Flow cytometry analysis of whole blood showed that Poly(l:C)-
treated mice exhibited a pattern of lymphopenia, lower frequency of
T cells and elevated rate of neutrophils compared with the sham con-
trol group (Figure 1). Further, Poly(l:C)-treated mice demonstrated
significant reduction in the expression level of Apelin compared
with the sham control group (Figure 1). Conversely, administration of
CBD not only returned decreased T cells and increased neutrophils
towards the normal level, but also, enhanced expression of apelin in
the blood following poly I:C treatment (Figure 1).

In addition, histological examination of lung tissues demon-
strated that Poly(l:C) caused significant perivascular and peri-bron-
chiolar interstitial inflammatory infiltrate, fibrosis, hypertrophy
and pulmonary oedema, as evidenced by the widened intersti-
tial space surrounding the airways and vasculature (Figure 2). The
pathological features of poly I:C administration were completely or
partially abolished by following administration of CBD (Figure 2).
Immunofluorescence analysis of lung tissue revealed a reduction in
apelin immunoreactivity after poly I:C treatment, as compared to

control mice (Figure 2). Importantly, treatment with CBD increased
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apelin expression towards control levels in the lung following poly
I:C administration (Figure 2).

4 | DISCUSSION

Our data demonstrate that CBD improves lung structure and exerts
a potent anti-inflammatory effect following experimental ARDS.
The beneficial effects of CBD were correlated with the regulation of
apelin, an endogenous peptide with protective effects in pulmonary
tissue. Thus, apelin may represent a novel molecular target underly-
ing the protective effects of endocannabinoid signalling, including
regulation by CBD. Additionally, apelin may represent an unexplored
biomarker for the early diagnosis of ARDS. Towards this end, apelin
may have utility as a prognostic and predictive biomarker to cate-
gorize the risk of deterioration and disease progression. Of similar
importance, apelin may serve a powerful and sensitive role as a phar-
macodynamic biomarker, providing a biological readout to monitor
the efficacy of a therapeutic intervention. Given that apelin is also
a substrate for ACE2, these findings may be particularly relevant to
the management of COVID-19. Future pre-clinical and clinical stud-

ies will explore these exciting possibilities.
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