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Acute respiratory distress syndrome (ARDS) is defined as a type of respiratory failure that is
caused by a variety of insults such as pneumonia, sepsis, trauma and certain viral
infections. In this study, we investigated the effect of an endocannabinoid, anandamide
(AEA), on ARDS induced in the mouse by Staphylococcus Enterotoxin B (SEB).
Administration of a single intranasal dose of SEB in mice and treated with exogenous
AEA at a dose of 40mg/kg body weight led to the amelioration of ARDS in mice. Clinically,
plethysmography results indicated that there was an improvement in lung function after
AEA treatment accompanied by a decrease of inflammatory cell infiltrate. There was also a
significant decrease in pro-inflammatory cytokines IL-2, TNF-α, and IFN-γ, and immune
cells including CD4+ T cells, CD8+ T cells, Vβ8+ T cells, and NK+ T cells in the lungs.
Concurrently, an increase in anti-inflammatory phenotypes such as CD11b + Gr1+
Myeloid-derived Suppressor Cells (MDSCs), CD4 + FOXP3 + Tregs, and CD4+IL10 +
cells was observed in the lungs. Microarray data showed that AEA treatment in ARDSmice
significantly altered numerous miRNA including downregulation of miRNA-23a-3p, which
caused an upregulation of arginase (ARG1), which encodes for arginase, a marker for
MDSCs, as well as TGF-β2, which induces Tregs. AEA also caused down-regulation of
miRNA-34a-5p which led to induction of FoxP3, a master regulator of Tregs. Transfection
of T cells using miRNA-23a-3p or miRNA-34a-5p mimics and inhibitors confirmed that
these miRNAs targeted ARG1, TGFβ2 and FoxP3. In conclusion, the data obtained from
this study suggests that endocannabinoids such as AEA can attenuate ARDS induced by
SEB by suppressing inflammation through down-regulation of key miRNA that regulate
immunosuppressive pathways involving the induction of MDSCs and Tregs.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS), a pulmonary
disease characterized by an exudation of protein-rich fluid into
alveolar space (Zhao et al., 2017), has a high morbidity rate
approaching 200,000 cases each year with an approximate
mortality rate of 27–45% depending on disease severity
(Diamond et al., 2020). ARDS is defined as a type of
respiratory failure which is caused by a variety of insults such
as pneumonia, sepsis, trauma, and certain viral infections. ARDS
is usually accompanied by systemic hyperactivation of the
immune system leading to inflammation in the lungs,
development of pulmonary edema, alveolar damage, and often
respiratory failure (Fan et al., 2018). As there are no
pharmacological agents currently approved by the FDA to
treat ARDS, there is a high rate of mortality associated with
this disease.

Recently, the severe form of COVID-19 caused by infection
with the SARS-CoV-2 virus has also been shown to elicit ARDS
(Li and Ma, 2020), although the nature of pathogenesis may be
different from other forms of ARDS. Nevertheless, ARDS is also
accompanied by the release of inflammatory cytokines such as IL-
6. IFN-γ and TNFα (Matthay and Zimmerman, 2005;
Mohammed et al., 2020a; Mohammed et al., 2020b). In this
context, suppressing pro-inflammatory responses is critical for
attenuating disease severity.

The endocannabinoid system consists of the endocannabinoids,
their metabolic enzymes and the cannabinoid receptors (DiMarzo,
2018). The analgesic effects of these endocannabinoids are
primarily mediated through the cannabinoid receptor 1 (CB1)
which has been shown to have a significant role in the presynaptic
modulation of pain (Walker and Huang, 2002). In contrast, CB2
is primarily expressed on immune cells, and activation of CB2
has been shown to suppress inflammation (Ameri, 1999; Pandey
et al., 2009), However, it should be noted that CB1 is also expressed
on immune cells and its activation by cannabinoids can also
induce immunosuppression (Sido et al., 2015b). Two of the
best-characterized endocannabinoids are anandamide (AEA)
and 2-arachidonoylglycerol (2-AG) (Devane et al., 1992;
Mechoulam et al., 1995; Fan et al., 2018), which can bind to
both CB1 and CB2 receptors (Barrie and Manolios, 2017).
The main enzymes responsible for the hydrolysis of AEA and
2-AG are Fatty acid amide hydrolase (FAAH) and
Monoacylglycerol lipase (MAGL), respectively (van Egmond
et al., 2021) This has enabled the synthesis of many distinct
classes of FAAH and MAGL inhibitors that have been shown
to increase the levels of endocannabinoids when administered in
vivo, thereby offering an opportunity to treat certain clinical
disorders (van Egmond et al., 2021). Such FAAH and MAGL
inhibitors have also been shown to effectively attenuate
lipopolysaccharide (LPS)-induced acute lung inflammation
(Costola-de-Souza et al., 2013; Wu et al., 2019; Abohalaka et al.,
2020).

As recently reviewed, both AEA and 2-AG work in tandem as
“master regulators” of the innate-adaptive immune axis,
governing numerous immune responses (Chiurchiù et al.,
2015). For example, we have shown that AEA attenuates

type-IV delayed-type hypersensitivity (DTH) mediated by
Th17 cells via the induction of IL-10 and miRNA (Jackson
et al., 2014b) and that activated T and B cells produce 2-AG,
thereby inhibiting T-cell activation and proliferation, and thus
attenuating DTH (Sido et al., 2016). Taken together, the
immunoregulatory effects of endocannabinoids are manifold,
and may yet provide a suitable pharmacological intervention in
the treatment of ARDS.

Staphylococcus Enterotoxin B (SEB) is a superantigen
produced by the Gram-positive bacterium, Staphylococcus
aureus that causes many diseases ranging from food poisoning
to toxic shock syndrome. SEB is known to stimulate T cells via
binding to the Major Histocompatibility Complex II (MHC II)
outside the conventional antigen-binding site that shares the
variable region of the T cell receptor causing a robust
proliferation of T cells (Pinchuk et al., 2010). Because SEB is
easily aerosolized, it is considered as a bioterrorism agent, and the
Centers for Disease Control and Prevention (CDC) has classified
SEB as Category B (Pinchuk et al., 2010).

Micro-RNAs (miRNAs) are highly conserved small non-
coding RNA molecules (21–25 nucleotides) that are expressed
in most organisms from plants to vertebrates and regulate gene
expression by degrading or silencing their targeted mRNA
(Pertwee and Waterhouse, 2005; Macfarlane and Murphy,
2010). Specifically, miRNAs use their seed sequence to interact
with the 3′ untranslated region (3′UTR) found in the mRNA
target via imperfect matching (Cannell et al., 2008). While many
parameters govern miRNA-mRNA interactions, what adds to the
inherent complexity between these interactions are the numerous
bindings sites per miRNA and the potential of each mRNA to be
targeted by multiple miRNAs (Krol et al., 2010; O’Neill et al.,
2011). Consequently, miRNAs are involved in the regulation of
several cellular processes including the regulation of immunity,
particularly as it relates to innate immune responses in the
process of pathogen clearance and tissue restitution (O’Neill
et al., 2011). There is only one previous report, that from our
laboratory, investigating whether the anti-inflammatory action of
anandamide is associated with miRNA (Jackson et al., 2014).
Additionally, we have also reported that the use of FAAH
inhibitor enhances AEA in vivo and attenuates colitis through
induction of miRNA that downregulates inflammatory pathways
(Shamran et al., 2017).

Previous studies from our laboratory demonstrated that Delta-
9-Tetrahydrocannabinol (THC), the principal psychoactive
constituent of cannabis, can suppress SEB-mediated ARDS in
mice (Mohammed et al., 2020b; Mohammed et al., 2020c). THC-
treated mice showed significant alterations in the expression of
miRNA in the lung-infiltrated mononuclear cells (MNCs), which
were associated with suppression of lung inflammation
(Mohammed et al., 2020a) Together, these studies suggested
that cannabinoids have significant potential in the treatment
of ARDS. Nonetheless, whether direct administration of
endocannabinoids such as AEA can suppress ARDS has not
been previously investigated. Such studies are essential because
while THC and AEA are both know to activate CB1 and CB2
receptors, AEA has also been shown to act as an agonist for the
Transient Receptor Potential Cation Channel Subfamily V

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6442812

Sultan et al. AEA Ameliorated SEB-Induced ARDS

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


member 1 (TRPV1), also known as the vanilloid receptor 1, THC
does not modulate TRPV1 (Muller et al., 2018). In the current
study, we, therefore, tested if endocannabinoid administration
can suppress inflammation seen in ARDS caused by SEB. We
found that AEA was highly effective in attenuating ARDS and
inflammation in the lungs caused by SEB. We found that AEA
altered the expression of miRNA in the mononuclear cells (MNC)
isolated from the lungs of SEB-treated mice which promoted anti-
inflammatory pathways. This study opens the possibility of the
use of AEA or FAAH inhibitors in the attenuation of ARDS in a
clinical setting.

MATERIALS AND METHODS

Mice
Female C57BL/6 mice (6–8 weeks) were purchased from Jackson
laboratories. All mice were housed under pathogen-free
conditions in the Animal Resource Facility (ARF) at the
University of South Carolina with a maximum of five animals
per cage. All requirements for the experiments were performed
under the policy approved by the Institutional Animal Care and
Use Committee (IACUC). Mice were housed under a 12 h light/
dark cycle at 18–23°C and 40–60% humidity.

Chemicals, Reagents and Kits
All chemicals and reagents were purchased as follows:
N-arachidonoyl ethanolamine or Anandamide (AEA) from
Cayman Chemicals (Ann Arbor, Michigan, United States);
Staphylococcus Enterotoxin B (SEB): from Toxin Technologies
(Sarasota, FL); RPMI 1640 supported with L-glutamine: from
Corning (New York, NY, United States); Fetal Bovine Serum,
Penicillin and Streptomycin: from Invitrogen Life Technologies
(CA, United States). True Nuclear Transcription Factor Buffer Set
was purchased from Biolegend (San Diego, CA) while Fc Block
reagent was purchased from BD Pharmingen (San Diego, CA).
EasySep mouse MDSCs (CD11bGr1) selection kit was purchased
from STEMCELL technologies (Seattle, WA) for purification of
MDSCs. miScript SYBR green PCR kit, miScript primer assays
kit, RNA easy, and miRNA easy kit were purchased from Qiagen
(Valencia, CA). Taq DNA polymerase kit was purchased from
Invitrogen Life Technologies (Carlsbad, CA).

Induction of Acute Respiratory Distress
Syndrome in Mice Using Staphylococcus
Enterotoxin B (SEB) Inhalation and
Treatment With Anandamide
ARDS was induced in mice as described previously (Rieder et al.,
2011). Mice were randomly divided into either vehicle or
treatment groups before exposure to SEB. Mice were exposed
to SEB intra-nasally (I.N.) with a single dose at a concentration of
50 µg/mouse in 25 µl of Phosphate Buffer Saline (PBS) as
previously described (Rieder et al., 2011) on day 0. On day-1,
AEA or VEH was given into these mice by the Intra Peritoneal
(I.P.) route at a dose of 40 mg/kg body weight. AEA dissolved in
ethanol (50 mg/ml) was diluted further in PBS. Each mouse

received 0.1 ml consisting of 84 μl of PBS and 16 μl of ethanol
containing AEA. The vehicle controls received 0.1 ml consisting
of 84 μl of PBS and 16 μl of ethanol without AEA. The dose of
AEA was based on our previous studies demonstrating that
40 mg/kg body weight of AEA attenuated T cell-mediated
delayed-type hypersensitivity response (Jackson et al., 2014b).
The treatment with AEA was repeated on day 0 (SEB exposure
day), and day 1. Mice were euthanized on day 2 (48 h after SEB
exposure) for various studies.

Evaluation of Lung Function
To evaluate the effect of AEA to attenuate the effects of SEB,
clinical parameters of the lungs were measured using whole-body
plethysmography (Buxco, Troy, NY, United States), as described
(Elliott et al., 2016). A single mouse from each group of Naïve,
SEB + VEH, and SEB + AEA was first restrained in a
plethysmographic tube and was allowed to acclimatize as
previously described (Elliott et al., 2016). The lung function
was calculated for clinical parameters such as Specific Airway
Resistance (sRAW), Specific Airway Conductance (sGAW) and
Minute per Volume (MV).

Lung Histopathology
Lung tissue was excised from each mouse and directly fixed in
10% formalin without inflation. The lung tissues were then
embedded in paraffin and sections were cut at our core
facility. The sections were then processed for H & E staining.
Briefly, lung tissue sections mounted on slides were first
transferred in xylene to deparaffinized the tissue sections. The
tissue sections were then rehydrated in alcohol (100, 95, and
90%). The sections were finally stained with Hematoxylin and
Eosin (H & E) and dehydrated. H & E stained sections were
analyzed using KEYENCE digital microscope VHX-7000 (IL-
United States).

Isolation and Purification of Lung
Mononuclear Cells (MNCs)
These cells were isolated as described previously (Rieder et al.,
2012). Briefly, mice were given heparinized PBS to perfuse the
lungs. A stomacher 80 biomaster blender (Seward, Fl) was used to
homogenize the lung tissue suspended in 10 ml of 1× PBS and
10% Fetal Bovine Serum (FBS). The homogenized lung tissues
were centrifuged at 1,200 rpm at 4°C for 12 min. The pellet was
then washed with PBS and resuspended in PBS post
centrifugation. We then used a density gradient centrifugation
method to purify lung mononuclear cells (MNCs). In brief, the
cells resuspended in sterile PBS were carefully layered using
Histopaque-1077 purchased from Sigma-Aldrich (St. Louis,
MO) and centrifuged at 500 × g for 30 min at room
temperature (25°C). The mononuclear cells were collected at
the interface. MNCs mixed with trypan blue were then
enumerated using a Biorad TC 20-Automated cell counter.

Detection of Cytokines in Serum
Blood samples from each group of mice were collected under
general anesthesia. The collected blood samples were then
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centrifuged to collect the sera. The sera were either used
immediately or stored at −80°C. The detection of the cytokines
was performed using ELISAMAX standards kits from Biolegend.

Flow Cytometry Analysis
Spleen cells and MNCs isolated from the lungs were stained with
various fluorescent–conjugated antibodies purchased fromBiolegend
(SanDiego, CA, United States), which included: For T cell subsets:
Allophycocyanin (APC) conjugated anti-CD3, Phycoerythrin (PE)
conjugated anti-CD4, PerCP/Cyanine 5.5 (PerCP-CY5.5) conjugated
anti-CD8, Fluorescein Isothiocyanate (FITC) conjugated anti-Vβ8,
and PE/Dazzle Conjugated anti-NK1.1. For lymphocyte activation
markers, T cell memory markers, MDSCs, and Tregs, the following
Abs were used: Phycoerythrin (PE) Conjugated anti-CD69, Brilliant
Violet-510 Conjugated anti-CD25, Fluorescein Isothiocyanate
(FITC) Conjugated anti-CD44, Brilliant Violet-785 Conjugated
anti-CD3, Allophycocyanin (APC) Conjugated anti-CD62L, Alexa
Fluor 488 Conjugated anti-FoxP3, Phycoerythrin (PE) Conjugated
anti-IL10, Fluorescein Isothiocyanate (FITC) Conjugated anti-
CD11b, Phycoerythrin (PE) Conjugated anti-Gr1, Alexa Fluor 700
conjugated anti-LY6C, and Phycoerythrin cy5 (PECY5) conjugated
anti-LY6G.

The staining of cells for dual markers was performed as
described in our previous publications (Al-Ghezi et al., 2019;
Becker et al., 2020; Dopkins et al., 2020; Mohammed et al.,
2020b). In brief, MNCs and spleen cells were treated with Fc
Block reagent (BD Pharmingen, San Diego, CA) followed by
staining cells with various antibodies by incubation at 4°C for
20–30 min. Stained cells were washed twice with cold PBS
containing 2% FBS (Staining buffer). For IL 10 and FOXP3
staining, we used the Intracellular Cytokine Staining Kit (BD
biosciences) consisting of fixation/permeabilization buffer. In
brief, the cells were fixed using fixation/permeabilization
buffer, followed by washing the cells with PBS and then
staining the cells using anti–Foxp3 and anti–IL10 antibodies.
The cells were finally suspended in 0.5 ml staining buffer and
analyzed using Beckman Coulter FC500 or BD Bioscience
FACSCelesta™, which was followed by analysis on the FlowJo
V10 version software.

Induction of Myeloid-Derived Suppressor
Cells by Anandamide
Mice were injected with Anandamide and SEB, as described
earlier. Forty eight hrs later, mice were euthanized and the
peritoneal exudate was collected and washed with PBS. The
cells were resuspended in 1 ml, treated with Fc block for
10 min at RT. Next, the EasySep CD11b Gr1 selection kit
(STEMCELL Technologies, Seattle, WA; catalog number
19867) was used to isolate CD11bGr1 based on the guidelines
provided in the kit.

Suppression of T Cell Proliferation by
Myeloid-Derived Suppressor Cells In Vitro
To test the immunosuppressive effects of MDSCs on T cell
proliferation, naive C57BL/6 mice were euthanized and splenic

T cells were isolated. Splenic T cells at a concentration of 5 × 105

cells/well were cultured in 96-well tissue culture plates in the
presence of Concanavalin A (ConA), a T cell mitogen, at a
concentration of (2.5 μg/ml) together with different ratios of
AEA induced purified MDSCs for 48 h. (3H)thymidine (2 μCi
per well) was added to the cell culture in the last 18 h, and the
radioactivity was measured using a liquid-scintillation counter
(MicroBeta TriLux; PerkinElmer).

Micro-RNAs Arrays and Analysis
Micro-RNA analysis was performed as described previously
(Tomar et al., 2015; Alghetaa et al., 2018). Total RNA
including miRNA was isolated from lung infiltrating MNCs
using miRNeasy kit from Qiagen. A Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE) was used to determine RNA purity and concentration.
Next, Affymetrix gene chip miRNA 4.0 array platform was
used (Affymetrix Inc., Santa Clara, CA) to determine the
miRNA expression profile of lung MNCs and only those
miRNAs that were altered more than 1.5-fold or higher were
considered for further analysis. Ingenuity Pathway Analysis (IPA)
was used for identifying the role of miRNA in various biological
pathways using the software available at http://www.ingenuity.
com. Also, the microRNA.org database was used to examine the
sequence alignment regions between miRNA-23a-3p and
miRNA-34a-5p and their respective target genes.

Quantitative-Real Time Polymerase Chain
Reaction (qRT-PCR)
This was performed as described previously (Mohammed et al.,
2020a). Briefly, to determine the expression of the selected
miRNA and respective genes, qRT-PCR was performed using
cDNA synthesized from total RNA and miRNA. miScript II RT
kit from Qiagen was used to synthesize cDNA using and
following the protocol of Qiagen company.

Snord96A and GAPDH were used as endogenous controls.
2ΔΔCt was used to determine fold change in expression the
following primers were used for qRT-PCR (Table 1).

Transfection of Micro-RNA
Transfection was performed as described previously (Busbee et al.,
2015). In brief, splenocytes were cultured in complete RPMI 1640
medium (10% FBS, 10 mM L-glutamine, 10 mM Hepes, 50 μM
β-mercaptoethanol, and 100 μg/ml penicillin). 2.5 × 105 cells/well
were seeded in a 24-well plate and transfected with mock control,
synthetic mimic mmu-miRNA-23a-3p MSY0000532, synthetic
mimic mmu-mmiRNA-34a-5p MIN0000532 using a HiPerFect
transfection reagent kit from Qiagen.

Statistics
Graph Pad Prism 6.0 Software (San Diego, CA, United States) was
used for statistical analyses. Student’s t-test was used for
comparison among two groups. One way-ANOVA with post
hoc Tukey’s test was used to compare between more than two
groups. The results were expressed as mean ± SEM. A p-value ≤ of
0.05 was considered statistically significant.
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RESULTS

Anandamide Improves Lung Function,
Rescues Lung Damage, and Decreases
Pro-Inflammatory Cytokines in Mice
Exposed to Staphylococcus Enterotoxin B
We used the following groups of mice to study the effect of AEA
on SEB-mediated ARDS: Naïve, SEB + VEH, and SEB + AEA.
After 48 h of SEB exposure, the lung function of all groups was
evaluated using a Buxco instrument system.We observed that the
clinical parameters for lung function including specific airways
resistance, specific airway conductance, and minute per volume
to be significantly improved in SEB + AEA groups and similar to
the naïve group, in comparison to SEB + VEH mice (Figure 1A).
These data demonstrated that AEA was able to rescue
impairments to the lung function caused by SEB exposure.
Further, the total number of mononuclear cells (MNCs) in the
lung was significantly decreased in SEB + AEA mice when
compared to SEB + VEH mice (Figure 1B). Histological
sections of the lungs are shown in Figure 1C that are
representative pictures of the data presented in Figure 1B.

Analysis of sera obtained from mice showed that there was a
significant decrease in the pro-inflammatory cytokines TNFα, IL-
2, and IFN-γ in SEB + AEA group when compared to SEB + VEH
mice (Figure 1D).

Anandamide Suppresses the Infiltration of
Inflammatory Cells in the Lungs and
Spleens
We then assessed the presence of T cells in the lungs (Figures
2A–D) and spleens (Figures 2E–H) by staining with fluorescein-
conjugated antibodies and analyzing using flow cytometry. The
data have been depicted as a representative flow cytometric
analysis followed by percentage of cells/mouse, and total
number of cells/mouse in vertical bars. Results showed that
there was a significant increase in T cell subset populations,
both in percentages and numbers, including CD4+ T cells, CD8+

T cells, Vβ8+ T cells, and NK T cells in the lungs and spleens of
SEB + VEH group when compared to the naïve mice, thereby
demonstrating that SEB caused activation and proliferation of
these cells (Figures 2A–H). Interestingly, SEB +AEA group when
compared to the SEB + VEH group, showed a significant decrease
in the percentage and numbers of all T cell subsets, including the
Vβ8+ T cells that are specifically activated by SEB. This combined
with the fact that SEB + AEA group had a decrease in the total

number of infiltrating MNCs in the lungs (Figure 1B) when
compared to SEB + VEH group, clearly demonstrated that AEA
decreases both the percentage and total numbers of T cell subsets
induced by SEB.

Anandamide Suppresses the Proliferation
of Splenic Lymphocytes In Vitro
To determine whether the AEA suppresses SEB-activated
proliferation of T cells directly, we performed in vitro assays
in which splenic lymphocytes, isolated from naïve mice, were
pretreated with a dose of 20 μM of AEA and activated 30 min
later with 1 μg/ml of SEB. The cells were then incubated for 24
and 48 h. We assessed the effect of AEA on T cell subpopulations,
including CD4+ T cells, CD8+ T cells, Vβ8 + T cells, and
NKT cells by flow cytometry. We observed that there was a
significant decrease in the percentage of all T cell subsets and
NKT cells in the SEB + AEA group when compared to the SEB +
VEH group at 24 h (Figures 3A–D), and this decrease was further
augmented at 48 h (Figures 3E–H). Next, we investigated
activation markers such as CD3, CD69, CD25, and CD44, as
well as CD62L (L-slectin) which is expressed on naïve CD4+

T cells used for recirculation and binding to high endothelial
venules and on central memory T cells. We observed that the
percentages of CD3+CD69+, CD69+, CD44+, and CD62L + cells
from the SEB + Veh group were significantly increased when
compared to naïve mice indicating that SEB had activated a
significant proportion of T and other immune cells. However, in
the SEB + AEA group, there was a significant decrease in
percentages of these cells when compared to the SEB + VEH
group except CD62L + cells which were enhanced in SEB + AEA
mice when compared to the SEB + VEH group (Figure 4). It
should be noted that when we looked at CD25 + cells that were
CD69-, these cells were significantly increased SEB + AEA group
(33.6%) when compared to SEB + VEH (7.9%) (Figure 4).
Because CD25 is also expressed on Tregs, these data suggested
that AEAmay increase the proportion of Tregs which is shown in
subsequent Figs. Together, these in vitro studies demonstrated
that AEA directly worked on SEB-activated immune cells thereby
significantly suppressing their activation.

Anandamide Alters the Expression of
Micro-RNAs in Lung Infiltrating
Mononuclear Cells
We next analyzed miRNA profiles of lung infiltrating MNCs to
examine the extent to which AEA attenuates inflammation via
miRNA induction. The data were analyzed using Ingenuity
Pathway Analysis (IPA) software as described earlier (Rao
et al., 2015a). The heat map of miRNAs (>3,000) was first
generated which showed marked alterations in miRNA
expression in SEB + VEH mice when compared to the SEB +
AEA mice. Upon analysis of a ≥1.5 fold increase or decrease in
miRNA expression, a marked difference in the upregulation/
downregulation of miRNAs between SEB + VEH and SEB + AEA
mice was observed (Figure 5A). Specifically, there were at least 77
miRNAs that were upregulated and 59 miRNAs that were

TABLE 1 | The details of Primer sequences used for RT-qPCR.

Gene Primer Sequence

GAPDH Forward 5-AGGTCGGTGTGAACGGATTTG-3
Reverse 5-TGTAGACCATGTAGTTGAGGTCA-3

FOXP3 Forward 5-CCCATCCCCAGGAGTCTTG-3
Reverse 5-ACCATGACTAGGGGCACTGTA-3

TGFβ2 Forward 5-CTTCGACGTGACAGAGGCT-3
Reverse 5-GCAGGGGCAGTGTAAACTTATT-3

ARG1 Forward 5-CGGGTTAAATTCGGGTTATC-3
Reverse 5-CGAACTACCGCGATTCTAATC-3
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downregulated in SEB + AEA mice when compared to SEB +
VEH mice (Figure 5B). Next, we analyzed select miRNAs for
their targets especially those involved in the regulation of
inflammation, using the IPA software from Qiagen and
observed that some of the downregulated miRNAs, specifically
miRNA-23a-3p targeted TGF-β2, ARG1, and miRNA-34a-5p
(synonym: miRNA-449c based on IPA classification) targeted
FoxP3 (Figure 5C). Also, we found miRNA-34a-5p to target
GATA3 involved in Th2 differentiation and miRNA-30c-5p which
was down-regulated to target SOCS1, a suppressor of cytokine
signaling. These data suggested that AEA, by downregulating these
miRNAs, may induce several of these anti-inflammatory molecules
such as TGF- β2, ARG1, GATA3, and SOCS1.

Validation of Micro-RNAs and Their Target
Genes
We further confirmed miRNA-23a-3p and miRNA-34a-5p
specific target genes using miRNA.org or TargetScan software.
miRNA-23a-3p showed a strong binding affinity with its
complementary 3′UTR region of TGF-β2 gene and miRNA-
34-5pa showed a strong binding affinity with the 3′UTR
region of the FoxP3 gene (Figures 6A,E). We then validated

the expression of miRNA-23a-3p and miRNA-34a-5p and their
respective genes (ARG1, TGF-β2, and FoxP3) by performing
qRT-PCR using MNCs isolated from the lungs. Both miRNA-23a-
3p and miRNA-34a-5p were significantly downregulated in SEB +
AEA mice when compared to SEB + VEH counterparts (Figures
6B,F). Upon analysis of their respective target genes including
ARG1, TGF-β2, and FoxP3 in the lung MNCs, there was a
significant upregulation of both genes in cells from SEB + AEA
mice when compared to SEB + VEH mice (Figures 6C,D,G).

Analysis of Micro-RNA-23a-3p and
Micro-RNA-34a-5p and Their Specific
Target Gene Expression
To corroborate that miRNA-23a-3p and miRNA-34a-5p
specifically regulate the respective target genes (ARG1, TGF-
β2, and FoxP3), we performed a series of transfection assays. To
this end, SEB at a concentration of 1 μg/ml was used to activate
splenocytes following overnight incubation. The following day,
activated cells were then transfected with mock, mimic or
inhibitor of miRNA-23a-3p, or miRNA-34a-5p. 48 h after
transfection, we collected the cells for qRT-PCR. Based on the
qRT-PCR analysis, we observed that there was a significant

FIGURE 1 | AEA attenuates SEB-induced ALI in mice. Mice were exposed to SEB intra-nasally with a single dose of 50 µg/mouse on day 0. On days-1, 0 and 1,
AEA or VEH was given into these mice i. p at a dose of 40 mg/kg body weight. Mice were euthanized on day 2 for various studies. (A) Showing clinical functions of the
lung including Specific Airways Resistance (sRAW), Specific Airways Conductance (sGAW), and Minute per Volume (MV). (B) Comparison between the groups for the
total number of Mononuclear Cells isolated from the lungs. (C) Representative images of histopathological H & E staining of excised lung tissue (20X magnification).
(D)Measurement of cytokines IL2, IL6, and TNFα in the serum. Five mice in each group were used and the data confirmed in three independent experiments. *p ≤ 0. 05,
**p ≤ 0. 01, ***p ≤ 0. 001.
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FIGURE 2 | AEA decreases T cell subpopulations in the lungs and spleens. Mice were treated with SEB and AEA as described in Figure 1 legend. Each panel
shows a representative experiment depicting lung MNCs and splenocytes analyzed for various T cell markers. Data from five mice/group is presented in the form of
vertical bars with Mean+/-SEM. Panels A–D and E-H show data from the lungs and spleens, respectively. (A,E) CD3+CD4+ T cells (B,F) CD3+CD8+ T cells, (C,G)
CD3+Vβ8+ T cells, (D,H)CD3+NK1.1 + cells. Five mice in each group were used and the data was confirmed in three independent experiments. *p ≤ 0. 05, **p ≤ 0.
01, ***p ≤ 0. 001.
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FIGURE 3 | AEA decreases T cell subsets in the splenocytes activated with SEB in vitro. Spleen cells isolated from naïve mice were pretreated with AEA in vitro
followed by activation with SEB, and then cultured for 24 (A-D) or 48 (E-H) hrs, and stained for various markers. Each panel shows a representative experiment using
flow cytometry and the vertical bars depict data from groups of five mice with Mean+/-SEM. (A,E) CD3+CD4+ cells. (B, F) CD3+CD8+ cells. (C,G) CD3+Vβ8+ cells (D,H)
CD3+NK + cells. The data was confirmed in three independent experiments. *p ≤ 0. 05, **p ≤ 0. 01.
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increase in miR-23a (Figure 7A) and miR-34a-5p expression
(Figure 7D) in cells transfected with their respective mimics. In
contrast, the cells that were transfected with respective inhibitors
showed a significant decrease in miRNA-23a and miRNA-34a-5p
expression. Upon analysis of their target genes, we noted that
there was significant suppression of TGF-β2 and ARG1 in miR-
23a mimic-transfected cells (Figures 7B,C) as well as FoxP3
expression in miRNA-34-5p mimic-transfected cells (Figure 7E),
whereas there was complete reversal (increase) in their expression
(Figures 7B,C,E) following inhibition of their respective
miRNAs. These findings indicated a direct relationship with
miRNA-23a-3p and miRNA-34a-5p expression with their
target genes ARG1, TGF-β2, and FoxP3.

Anandamide induces Myeloid-Derived
Suppressor Cells and T Regulatory Cells
The above studies indicated that AEA-regulated miRNAs might
induce anti-inflammatory genes leading to the generation of

suppressor cells such as MDSCs and T regulatory cells (Tregs).
To test this, MNCs from the lungs of both SEB + AEA and SEB +
VEH mice were assessed for the generation of MDSCs and their
subsets (CD11b + Gr1+ and LY6C + LY6G+). Flow cytometry
data showed that there was a significant increase in the percentage
of MDSCs (CD11b + Gr1+) in SEB + AEA mice when compared
to SEB + VEH mice in both the lungs and spleen (Figures 8A,E).
Additionally, we noted that AEA caused increased percentages of
both Ly6G+Ly6Clow granulocytic and Ly6G−Ly6Chigh monocytic
MDSCs (Figure 8B). Furthermore, upon analysis of Tregs, there
was a significant increase in CD4 + FoxP3 + cells in SEB + AEA
mice (Figure 8C) when compared to the SEB + VEH group. A
significant increase of CD4 + IL10 + cells, a phenotype of
regulatory Type 1 (Tr1)-like cells, was observed as well in SEB
+ AEA mice when compared to SEB + VEH mice, (Figure 8D).
To confirm that the MDSCs induced by AEA were
immunosuppressive, we performed an in vitro assay in which
spleen T cells from naïve mice were activated with ConA in the
presence of varying proportions of purified MDSCs. The Data

FIGURE 4 | AEA suppresses T cell activation markers in splenocytes activated with SEB. The spleen cells were pretreated with AEA and then activated with SEB
in vitro for 48 h as described in Figure 3 legend. The cells were stained for various activation markers. Each panel shows a representative experiment using flow
cytometry, and the vertical bars depict percentage data from groups of five mice with Mean+/-SEM. (A) CD3+CD69 + cells, (B) CD3+ cells, (C) CD69 + 25+ cells, (D)
CD69 + cells, (E) CD44 + cells, (F) CD62L + cells. *p ≤ 0. 05, **p ≤ 0. 01, ***p ≤ 0. 001.
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shown in Figure 8F demonstrated that theMDSCs caused a dose-
dependent decrease in T cell proliferation. These data together
suggested that AEA was inducing immunosuppressive MDSCs
and Tregs, consistent with the data shown in miRNA
experiments.

DISCUSSION

In the present study, we explored the effect of AEA treatment in
a SEB-induced mouse model of ARDS. Our results indicated
that AEA indeed broadly improves clinical outcomes of lung
function and inflammatory status following exposure to SEB.
Mechanistically, AEA reduces the infiltration of
proinflammatory T cell subsets and further suppresses
splenic lymphocyte proliferation induced by SEB. Additional
analyses suggested that such inflammatory control may be
mediated, at least in part, via the suppression of two specific
miRNAs, miRNA-23a-3p and miRNA-34a-5p, which directly
regulate the expression of gene targets ARG1, TGF-β2, and
FoxP3. As a result, the regulation of these miRNAs by AEA
allows for an increase in immunosuppressive Tregs and MDSC
populations.

ARDS is a life-threatening form of respiratory failure that
affects heterogeneous populations. Currently, there is no FDA-
approved drug to treat ARDS leading to high rates of mortality
(Rao et al., 2015a). Treatment options are still limited because of
which the mortality rate is almost 40% and according to
United States healthcare data, the annual cost of treatment is
more than $5 billion/year due to a long time of hospitalization
and intensive medical care (Thornton Snider et al., 2012). With
the advent of COVID-19, the additional healthcare burden will
continue to rise (Bartsch et al., 2020) due to its ability to induce
ARDS-like clinical features. ARDS is caused by a variety of insults
which include pneumonia, sepsis, trauma, and certain viral
infections. The common feature of ARDS also includes
systemic heightened immune response leading to
inflammation in the lungs, edema, alveolar damage, and
respiratory failure. Staphylococcus Enterotoxin B (SEB) acts as
a superantigen and activates a large proportion of T cells having
certain Vβ T cell receptor-expressing cells (Vβ8) leading to
cytokine storm and systemic inflammation (Nagarkatti et al.,
2009; Rao et al., 2015a).

Cannabinoids have extensively been tested for their anti-
inflammatory properties (Nagarkatti et al., 2009). Recently, we
reported that Tetrahydrocannabinol (THC), the psychotropic

FIGURE 5 | AEA alters miRNA expression in the mononuclear cells isolated from the lungs of SEB injected mice. Mice were treated with SEB and AEA as described
in Figure 1 legend. Isolated mononuclear cells of the lung were screened for miRNA expression as described in methods (A). The heat map that shows all of the altered
and unchanged miRNAs in the VEH + SEB and AEA + SEB groups. (B) Diagram of miRNAs with 1.5 fold change showing 59 miRNAs upregulated while 77 miRNAs
downregulated. (C) Networking of the miRNAs with their targeted genes including anti-inflammatory genes, the map showing the main miRNAs including miRNA
23a-3p targeting ARG1 and TGFβ2 gene while miRNA 34a-5p targeting FOXP3 gene.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 64428110

Sultan et al. AEA Ameliorated SEB-Induced ARDS

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


compound found in cannabis that activates both CB1 and CB2,
can suppress SEB-mediated ARDS (Mohammed et al., 2020a).
However, whether endocannabinoids can suppress ARDS has not
been tested previously. Such studies are important because the
levels of endocannabinoids such as AEA can be regulated by
inhibitors of Fatty Acid Amide Hydrolase (FAAH), an enzyme
that breaks down AEA. AEA has a chemical structure that is
different from THC, has lower affinity for CB1 receptors, and a
much shorter duration of action both in vitro and in vivo
(Justinova et al., 2005). Thus, while we found that 20 mg/kg of
THC can block SEB-mediated ARDS when given even the same
day as SEB (Mohammed et al., 2020a), with AEA, we found that it
was necessary to give a higher dose of 40 mg/kg body weight, and
also inject AEA prior to antigenic challenge (Jackson et al.,
2014b). In this study, we used the endocannabinoid, AEA, as a
mode of treatment for mice with ARDS due to the possibility that
its levels can be increased using FAAH inhibitors. In fact, in a
previous study, we noted that FAAH knockout mice or
administration of FAAH inhibitor could upregulate
endogenous AEA leading to suppression of autoimmune
hepatitis (Hegde et al., 2008). The suppressive effect of AEA
on TNFα and alveolar macrophages as well as on inflammatory
cytokines IL6 and IL12 have been demonstrated in previous
studies (Chiurchiù et al., 2015). AEA was also shown to

activate CB1 receptors and cause a decrease in the production
and release of IL-12 and IL-23 which induce inflammatory T cells
namely Th1 and Th17 cells, respectively (Chiurchiù et al., 2016).
In these studies, treatment of keratinocytes with AEA in vitro led
to decreased induction of IFN-γ and IL-17 producing Th1 and
Th17 cells respectively (Chiurchiù et al., 2016). The other key
endocannabinoid, 2-AG, has also been shown to mediate anti-
inflammatory properties. We have reported that naïve immune
cells produced low levels of 2-AG but upon activation, they
produced higher levels which in turn suppressed T cell
proliferation (Sido et al., 2016). Also, 2-AG treatment
(40 mg/kg) suppressed methylated Bovine Serum Albumin
(BSA)-induced delayed-type hypersensitivity (DTH) response
mediated by Th1 and Th17 cells (Sido et al., 2016). These
studies suggested that immune cells upon activation may
produce endocannabinoids which may act as negative
regulators of the immune response (Sido et al., 2016).

In the current study, we noted that AEA induced significant
levels of MDSCs. MDSCs are heterogeneous cells generated
during inflammation and cancer development (Yang et al.,
2020). Because of their remarkable ability to suppress T cell
response (Bird, 2020), they are believed to promote tumor growth
in cancer patients and suppress inflammation in autoimmune
and inflammatory diseases (Elliott et al., 2018; De Cicco et al.,

FIGURE 6 | Validation of select miRNAs and targeted genes. Mice were treated with SEB and AEA as described in Figure 1 legend. Mononuclear cells from the
lungs of both groups were isolated and screened for expression of miRNA expression with their targeted genes by qRT-PCR. (A)Binding affinity betweenmiRNA 23a-3p
and targeted genes including ARG1 and TGFβ2. (B)miRNA 23a-3p expression. (C,D) Expression of ARG1 and TGFβ2. (E) Binding affinity between miRNA 34a-5p and
targeted gene FOXP3. (F) Expression of miRNA 34a-5p. (G) Expression FOXP3. Statistical significances as p ≤ 0. 05, **p ≤ 0. 01, ***p ≤ 0. 001.
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2020). Further, a previous study has shown that AEA induces
MDSCs and cause immunosuppression during DTH response
(Jackson et al., 2014a). There are two types of MDSCs:
Ly6G+Ly6Clow granulocytic and Ly6G−Ly6Chigh monocytic (Bird,
2020). We found that AEA increased the percentages of both these
subsets but the granulocytic were induced to a greater extent when
compared to the monocytic. There are many mechanisms through
which MDSCs mediate the suppression of inflammation. Tumor-
induced MDSC inhibit T cell proliferation by causing L-arginine
depletion through arginase-1 activity (Ostrand-Rosenberg and
Fenselau, 2018), and in the current study, we did find that AEA
induced increased expression of arginase-1. MDSCs also produce
immunosuppressive cytokines such as IL-10 andTGF-β (Eggert et al.,
2020), and we found that AEA also induced increased expression of
IL-10. The IL-10 produced byMDSCs has also been shown to induce
Tregs (Park et al., 2018), which is consistent with the current study
where we noted an increase in Tregs as well. It should be noted that
both LPS and SEB have been used as a model to study lung
inflammation. While LPS primarily induces neutrophils in the
lungs, and SEB primarily induces mononuclear cells, SEB can also
trigger, to a lesser extent, neutrophils when compared to LPS
(Neumann et al., 1997). In the current study, we did not study
the effect of AEA on neutrophils, which is a limitation.

In recent years, several studies including those from our lab
have shown the critical role of miRNAs in gene expression (Singh
et al., 2015; Alghetaa et al., 2018). We have shown that miRNAs
are involved in the regulation of immune responses and in the

upregulation of anti-inflammatory genes. However, there are
limited studies on whether endocannabinoid-mediated
attenuation of inflammation is associated with alterations in
the miRNA of activated immune cells and there are no such
studies in the regulation of inflammatory cells in the lungs seen
during ARDS. In the current study, we, therefore, investigated the
role of AEA in the regulation of miRNAs in lung infiltrating
MNCs. We observed that treatment with AEA significantly
altered the expression of several miRNAs in lung MNCs. AEA
treatment led to upregulation of 59 miRNAs and downregulation
of 77 miRNAs in comparison to VEH-treated counterparts.
Using IPA analysis, we were able to narrow down our studies
to miRNA-23a-3p which was downregulated and targeted ARG1
and TGFβ2 genes, while miRNA-34a-5p, also downregulated,
targeted the FOXP3 gene. It is interesting to note that we found in
a previous study that THC treatment was also able to decrease the
expression of miRNA-34a-5p and induce FoxP3 (Mohammed
et al., 2020a), similar to the action of AEA seen in the current
study, thereby suggesting that miRNA-34a-5p is a critical miRNA
that may be downregulated following treatment with
cannabinoids such as THC and AEA. ARG1 encodes for
arginase produced by the MDSCs which inhibits T cell
proliferation by L-arginine depletion (Grzywa et al., 2020).
These data were consistent with our observation that AEA
also increased the proportions of MDSCs in the lung MNCs.
FOXP3 is a transcription factor belonging to the forkhead/
winged-helix family of transcriptional factors and is

FIGURE 7 | Validation of the genes targeted by miRNA 23a-3p and miRNA 34a-5p. Splenocytes of C57BL6 mice, cultured and activated with SEB overnight were
transfected with mock, mimic and inhibitor of each of miRNA 23a-3p and miRNA 34a-5p. qRT-PCR was used to detect the levels of targeted genes. (A) Expression of
miRNA 23a-3p. (B) Expression of TGFB2 gene. (C) Expression of arginase one gene (D) Expression of miRNA 34a-5p. (E) Expression of FOXP3. Statistical significances
as p ≤ 0. 05, **p ≤ 0. 01, ***p ≤ 0. 001.
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FIGURE 8 | AEA induces MDSCs and Tregs in the lungs of SEB administered mice. Mice were treated with SEB and AEA as described in Figure 1 legend. The lung
MNCs were next stained for markers to detect MDSCs and Tregs. Each panel shows a representative experiment depicting lung MNCs analyzed for various T cell
markers. Data from five mice/group is presented in the form of vertical bars with Mean+/-SEM. (A) Cells double-stained for CD11b and Gr1. a representative experiment
using flow cytometry. (B) Cells double-stained for LY6C and LY6G. (C) Cells double-stained for CD4 and FOXP3. (D) Cells double-stained for CD4 and IL10. (E)
Cells from the spleens were double-stained for CD11b and Gr1. Vertical bars show data from five mice. (F) AEA-inducedMDSCs were incubated with splenic T cells that
were activated with ConA at different ratios to create different Tcell:MDSC ratios. T cell proliferation was assessed by 3H- Thymidine Incorporation Assay. Data from five
mice/group is presented in the form of vertical bars with Mean+/-SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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considered a master regulator of the development of Tregs (Ono,
2020). Moreover, it has been shown that FOXP3 expression is
essential for Tregs development and function in mice (Fontenot
et al., 2003). Additionally, TGFβ2 has been shown previously to
drive Treg induction (Becker et al., 2018). In this study, we
observed that treatment with AEA induced an increase in the
percentages of FOXP3+ Tregs in the lungs of mice injected with
SEB, consistent with the miRNA data. Importantly, we found
using transfection studies involving mimic and inhibitor that
miRNA-23a-3p targeted ARG1 and TGFβ2 expression, while
miRNA-34a-5p targeted the FOXP3. The induction of Tregs
and MDSCs by AEA is consistent with a previous observation
that cannabinoids are potent inducers of these
immunosuppressive cells. For example, both
tetrahydrocannabinol (THC) and Cannabidiol (CBD) have
been shown to induce MDSCs (Hegde et al., 2010; Hegde
et al., 2011; Hegde et al., 2015; Sido et al., 2015a; Rao et al.,
2015b; Elliott et al., 2018; Mohammed et al., 2020a). Also, AEA
was shown to induce MDSCs even in naïve mice following i. p.
injection through activation of mast cells to release MCP-1
(Jackson et al., 2014a). There are not many reports on the role
of miRNA-23a on the regulation of inflammation. Interestingly,
during septic insult, miRNA-23a expression was found to be
decreased which was associated with increased autophagy and
suppression of inflammatory mediators (Si et al., 2018). In this
study, miRNA-23a was shown to target Autophagy related 12
(ATG12), which regulates autophagy (Si et al., 2018).

In summary, data from this study shows that AEA can
effectively suppress SEB-induced ARDS in mice. Upon analysis
of molecular mechanisms, we observed the role of miRNA-23a-
3p in the regulation of TGF-β2 and ARG1 genes which in turn

suppressed the inflammatory properties of SEB-induced MNCs
in the lung. Similarly, miRNA-34a-5p directly regulates FOXP3
in lung infiltrating MNCs and the suppression of this miRNA by
AEA might induce Tregs in the promotion of immune
suppression following exposure to SEB.
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