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and Oxidative Stress
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Abstract

Background: The nonpsychotropic phytocannabinoid cannabidiol (CBD) presents itself as a potentially safe
and effective anti-inflammatory treatment relative to clinical standards. In this present study, we compare the
capacity of CBD to the corticosteroid dexamethasone (Dex) in altering the secreted protein landscape of acti-
vated macrophages and speculate upon the mechanism underpinning these alterations.

Materials and Methods: Human THP-1 monocytes were differentiated into macrophages (THP-1 derived mac-
rophages [tMACs]), activated with lipopolysaccharide (LPS), and then treated with 5, 10, 25, 50, or 100 uM CBD or
10 uM Dex for 24 h. Following treatment, cytotoxicity of CBD and protein expression levels from culture super-
natants and from whole cell lysates were assessed for secreted and intracellular proteins, respectively.
Results: High concentration (50 and 100 uM) CBD treatments exhibit a cytotoxic effect on LPS-activated tMACs
following the 24-h treatment. Relative to the LPS-activated and untreated control (M[LPS]), both 25 uM CBD and
10 uM Dex reduced expression of pro-inflammatory markers—tumor necrosis factor alpha, interleukin 1 beta,
and regulated on activation, normal T cell expressed and secreted (RANTES)—as well as the pleiotropic marker
interleukin-6 (IL-6). A similar trend was observed for anti-inflammatory markers interleukin-10 and vascular endo-
thelial growth factor (VEGF). Dex further reduced secreted levels of monocyte chemoattractant protein-1 in ad-
dition to suppressing IL-6 and VEGF beyond treatments with CBD. The anti-inflammatory capacity of 25 uM CBD
was concurrent with reduction in levels of phosphorylated mammalian target of rapamycin Ser 2448, endothelial
nitric oxide synthase, and induction of cyclooxygenase 2 relative to M(LPS). This could suggest that the observed
effects on macrophage immune profile may be conferred through inhibition of mammalian target of rapamycin
complex 1 and ensuing induction of autophagy.

Conclusion: Cumulatively, these data demonstrate cytotoxicity of high concentration CBD treatment. The data
reported herein largely agree with other literature demonstrating the anti-inflammatory effects of CBD. However,
there is discrepancy within literature surrounding efficacious concentrations and effects of CBD on specific se-
creted proteins. These data expand upon previous work investigating the effects of CBD on inflammatory protein
expression in macrophages, as well as provide insight into the mechanism by which these effects are conferred.
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Introduction contribute to the pathology of many conditions—
Acute inflammatory conditions within local tissues, such as type II diabetes, atherosclerosis, osteoarthritis,
resulting from insults, injuries, or disease, are critical and osteoporosis' >—and worsen the body’s ability to
components of the body’s ability to heal or stave off in-  recover by interfering with wound healing and tissue re-
fections. Inappropriate immune responses, however, genera‘tion.é_10 Macrophages are a primary constituent
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of the body’s immune system as they are first respond-
ers to sites of insult or infection and major communi-
cators and perpetuators of inflammatory responses.
Macrophage functions encompass not only these pro-
inflammatory duties but also play further roles in
inflammation resolution and wound healing.>* With
this in mind, developing treatment modalities which
target macrophages to modify immune responses is
highly attractive for various conditions and pathologies.

Generally, many inflammation-associated patholo-
gies lack safe, efficacious, and broadly available treat-
ments.''”"* For instance, the most typically prescribed
immunosuppressants, corticosteroids, have limited effi-
cacy on top of a multitude of deleterious side effects
ranging from increased risk of infection and thrombosis
to weight gain and psychological perturbances.'>™*®
Dexamethasone (Dex), a commonly prescribed syn-
thetic corticosteroid used to treat a broad range of in-
flammation driven pathologies,'”™>' poses additional
risk to adolescents in terms of adverse neuropsychiatric
events and stunted growth.'®** Due to these negative
externalities, corticosteroids are regarded as poor candi-
dates for long-term treatment of chronic inflammatory
pathologies, despite their widespread usage. Therefore,
there has been a considerable effort to expand, diversity,
and develop anti-inflammatory therapeutic strategies
which mitigate adverse side effects.””

Cannabidiol (CBD), a nonpsychotropic cannabinoid
and a primary constituent of Cannabis sativa, presents
itself as a promising candidate as a simple, safe, and
potentially efficacious treatment of inflammatory pa-
thologies.”*™>' CBD is one of many phytocannabinoids
(pCBs): a class of plant-derived lipids which interact
with the body’s endocannabinoid system (eCBS). The
eCBS is a complex and ubiquitous lipid signaling path-
way that is extant in nearly all bodily systems and has a
wide range of physiological functions, such as regula-
tion of synaptic sensitivity or alterations to prolifera-
tion and differentiation of progenitor and stem cell
populations.’>** Most pertinent is the eCBS’s role as
a mediator between cells in local tissues and immune
responders, including macrophages, whereby native
cells can recruit, inform, and modify the behavior of
immune cell responses through short-range, “on-
demand,” lipid cues.>*® This makes the eCBS a
highly attractive pharmacological target of pCBs for
immunoregulation.

The work reported herein aims to further character-
ize specific concentration-dependent effects of CBD
on macrophages. Macrophages express high levels of
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cannabinoid receptors, such as cannabinoid receptors
1 and 2 (CB1/CB2), which have been reported to atten-
uate macrophage polarization and behavior.®™*! Fur-
thermore, CBD has been previously explored as an
immunomodulator, with research utilizing it toward
treatment of pathologies like bowel inflammation, idi-
opathic autism spectrum disorder, Dravet syndrome,
and Parkinson’s disease.””**™*® Specifically in macro-
phages, reports by Silva et al. and Rajan et al. have ex-
plored the anti-inflammatory effects of CBD through
assessing tumor necrosis factor alpha (TNFa) suppres-
sion, while others like Muthumalage and Rahman have
investigated a larger panel of immune markers follow-
ing exposure to CBD-containing e-liquids.*****® Subtle
differences in experimental designs elicited substantial
differences in their results pertaining to TNFa expres-
sion. Indeed, the disparity pertaining to CBD’s
macrophage-specific effects—arising from differences
in treatment duration, inﬂammatory environment,
and utilized delivery vehicles—incurred contrasting re-
sults with respect to impact in secreted inflammatory
proteins and cytotoxicity. Our work seeks to expand
upon macrophage inflammatory protein landscape ex-
plored in previous investigations, as well as provide ad-
ditional insight into CBD’s mechanism of action.
Currently, there lacks definitive mechanistic character-
ization within literature as to how CBD’s effects are con-
ferred. Reports have shown CBD’s anti-inflammatory
effects to be related to inhibition of nuclear factor
kappa-light-chain-enhancer of activated B cells*>*%;
however, there have been no studies conducted explor-
ing the effects CBD has on autophagy, which is known
to impart immunomodulatory effects.*>** CBD has
been shown to influence phosphoinositide 3-kinase
(PI3K) and protein kinase B (Akt) signaling pathways
which modulate autophagy through mammalian target
of rapamycin complex 1 (mTORCI1)—a main negative
regulator of autophagy.”' ~® In addition, oxidative stress
and autophagy are intrinsically linked®®’; however,
their relationship and the effects CBD has on oxidative
stress and autophagy are in conflict within litera-
ture.' °* Herein, we hypothesize that CBD acts, in
part, through mTORCI1 to achieve its anti-inflammatory
effects and investigates markers of cellular oxidative re-
sponse to provide insight into the role oxidative stress
may be playing. Briefly, we examined cytotoxicity and
expanded upon alterations to cytokine, chemokine,
and growth factor secretion from lipopolysaccharide
(LPS) activated macrophages following treatment with
varying CBD concentrations. The concentration range,
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5 to 25 uM, was selected to remain consistent with liter-
ature and, 50 to 100 uM, to investigate effects of high
concentrations of CBD.**?****% Finally, we begin to ex-
plore potential mechanistic underpinnings of CBD on
LPS-activated macrophages specifically within the con-
text of autophagy.

Materials and Methods

Cell culture

THP-1 (ATCC® TIB202™) human monocytes were
thawed and maintained, in suspension, at 37°C/5%
CO, in maintenance media containing RPMI 1640
with L-glutamine (Gibco), supplemented with 10%
heat-inactivated fetal bovine serum (Gibco). THP-1s
were then seeded into 24-well plates at 2.63x10°
cells/cm” and cultured in maintenance media supple-
mented with 10 ng/mL phorbol 12-myristate 13-acetate
(PMA; Sigma) for 72 h to differentiate them into macro-
phages (THP-1 derived macrophages [tMACs]). Follow-
ing differentiation, wells were washed with Dulbecco’s
phosphate buffered saline (Corning) to remove undiffer-
entiated cells,’® and media was replaced with mainte-
nance media containing 100 ng/mL LPS (Sigma) and
varying concentrations of CBD (Cerilliant)—5, 10, 25,
50, and 100 uM (Fig. 1).25’67’68 Ten micromolar Dex
(Sigma) was added as an additional group to serve as a
clinical standard anti-inflammatory treatment consistent
with literature.”>®® CBD was prepared by evaporation of

methanol from original carrier before reconstitution in
dimethyl sulfoxide (DMSO) and was stored protected
from light at —80°C. DMSO was used as the vehicle
for all treatments. Final DMSO concentration was kept
constant among groups at 0.16% (v/v), well below levels
which impact macrophage behavior.*” Protein level data
from tMAC vehicle controls exposed to this concentra-
tion of DMSO are included in Supplementary Table S1
along with secreted protein levels from all other treat-
ment groups. After 24h, culture supernatants and
whole cell lysates (200 uL/well lysis buffer; 100 mM
Tris, 500 mM lithium chloride, 10 mM ethylenediamine-
tetraacetic acid, 1% lithium dodecyl sulfate, 5mM
dithiothreitol, 1% phosphatase and protease inhibitor
[Thermo Scientific], pH ~7.8) were collected for pro-
teomic analysis.

Viability and cytotoxicity assessments

Total DNA content was measured using Quant-iT™
PicoGreen dsDNA Assay as per the manufacturer’s in-
structions (Invitrogen). DNA content was used as a
measure of net cell proliferation and loss, as previously
reported.”’”"> Cytotoxicity due to CBD exposure was
assessed through measuring the secretion of lactate de-
hydrogenase (LDH) using a commercial kit (Roche).
Briefly, cell culture supernatants were collected and
centrifuged at 600 g for 5min. The centrifuged super-
natants were reacted with the kit working solution for
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25 min, followed by addition of reaction stop solution
and measurement of absorbance at 490 nm (BioTek
Synergy HTX multi-mode reader). To assess the num-
ber of dead cells contributing to the signal, LDH secre-
tion was assessed against a standard curve prepared
from lysed tMACs at a concentration ranging from
250,000 cells/mL to 0 cells/mL. DNA content and cyto-
toxicity were presented relative to the LPS-activated
and untreated control group M(LPS). LDH data indi-
cating the lack of cytotoxicity of treatments with LPS
and Dex are presented in Supplementary Figure S1
and are presented relative to the vehicle control (CTL).

MAGPIX immunoassay multiplexing

Expression of proteins secreted into culture superna-
tants was assessed using a Human Magnetic Bead
Analyte Kit (R&D Systems) as per manufacturer’s in-
structions. A MAGPIX system (Luminex) was used to
evaluate median fluorescence intensity (MFI) of each
analyte. Concentrations of assessed markers were cal-
culated comparing the MFI to generated standard
curves of each analyte, as previously described.”>”*
Assessed analytes were as follows: TNFu; interleukins
-1beta, —6, and —10 (IL-18, IL-6, and IL-10, respec-
tively); monocyte chemoattractant protein-1 (MCP-1);
regulated on activation, normal T cell expressed and se-
creted (RANTES); and vascular endothelial growth fac-
tor (VEGE). Levels of secreted proteins were normalized
to M(LPS). Unnormalized data, as well as data from the
CTL group, are reported in Supplementary Table SI.

Western blot analysis

Western blot analyses were performed on cell lysates
as previously described with minor modifications.”*
Briefly, concentrated denatured protein samples con-
taining 1000 ng DNA were loaded into 6-15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) Tris-glycine gels. Levels of expressed pro-
teins were quantified through integrated band densi-
tometry using Adobe Photoshop CS2 (version 9.0).
Determined band intensities were normalized to loaded
DNA content. Antibodies used are as follows: polyclonal
mouse anti-phosphorylated mTOR Ser 2448 (p-mTOR
$2448; 1:500; 59.ser2448; Santa Cruz Biotechnology),
polyclonal rabbit anti-endothelial nitric oxide synthase
(NOS-3; 1:500; C-20; Santa Cruz Biotechnology), poly-
clonal mouse anti-cyclooxygenase 2 (COX-2; 1:500;
D-12; Santa Cruz Biotechnology), and polyclonal rabbit
anti-beta actin (1:8000; ab8227; Abcam). Representative
blot images are shown in Supplementary Figure S2.
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Statistical analyses

Data are reported as mean=standard error of the
mean. Levene’s test was conducted to verify homogene-
ity of variance. Intergroup differences in experimental
means were assessed using one-way analysis of vari-
ance (ANOVA), followed by Tukey honestly significant
difference (HSD) post hoc test for means assuming ho-
mogenous variance, otherwise Games-Howell post hoc
test was performed. Experiments that reported with an
n=_8 were performed twice each with four independent
wells, and experiments reporting n=4 were from one
experiment with four independent wells. This is consis-
tent with our previous work’® and work by Silva et al.*®
Sufficient n was ensured by performing power analysis
for one-way ANOVA. Analyses were conducted using
SPSS software (Version 26.0). Statistical significance
was determined at p-value <0.05.

Results

Concentration-dependent effects of CBD

on tMAC DNA content and cytotoxicity

We initially assessed potential cytotoxic effects of CBD
on M(LPS) using total DNA content and LDH secre-
tion. Relative to M(LPS), treatments with 50 and
100 uM CBD substantially decreased DNA content
(>5.30-fold; p<0.001; Fig. 2A), while treatment of
25 uM displayed a more modest decrease in DNA con-
tent (~1.27-fold; p<0.035). To clarify the extent to
which these differences in DNA levels were due to dif-
ferences in proliferation versus cytotoxicity, lactose de-
hydrogenase (LDH) was also measured. As shown in
Figure 2B, there was no significant difference in cyto-
toxicity, relative to M(LPS), for treatments of 5, 10,
or 25 uM CBD. CBD treatment at 100 uM, however,
displayed a substantial increase (~ 3.48-fold; p <0.020)
relative to M(LPS). Despite a ~2.98-fold increase in cy-
totoxicity, 50 uM CBD treatment did not yield a differ-
ence relative to M(LPS) ( p=0.090). However, due to the
combined DNA and cytotoxicity results for 50 and
100 uM CBD relative to M(LPS), the remainder of our
work focused on concentrations of CBD—5 to 25 M.

Concentration-dependent effects of CBD

on proteins secreted from LPS activated tMACs

We next conducted proteomic-level analysis of secreted
cytokines, chemokines, and growth factors 24 h after
LPS activation and treatment with CBD or Dex
(Fig. 3). Relative to M(LPS), treatments of 10 and
25uM CBD and 10 uM Dex showed a significant re-
duction in expression of pro-inflammatory cytokines
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FIG. 2. (A) Relative DNA measures from sample
lysates following 24-h CBD treatment with
varying concentrations. All groups are normalized
to M(LPS). Error bars correspond to the standard
error of the mean. Statistical significance was
determined using Tukey post hoc test (n=4,

p <0.05). (B) Cytotoxicity, normalized to M(LPS),
following 24-h CBD treatment (5-100 uM) as
determined by LDH assay. Error bars correspond
to the standard error of the mean. Statistical
significance was determined using Games-Howell
post hoc test (n=4, p<0.05). The asterisk (¥)
denotes significant difference relative to M(LPS).
The percent (%) denotes significant difference
relative to 5 uM CBD. The pound (#) denotes
significant difference to 10 uM CBD. The dollar
sign ($) denotes significant difference to 25 uM
CBD. CBD, cannabidiol; LDH, lactate
dehydrogenase; M(LPS), LPS-activated and
untreated control.

TNFa (~ 1.43-fold; p<0.019, ~ 2.13-fold; p<0.001,
and ~4.55-fold; p<0.001, respectively), IL-1f
(~2.17-fold; p<0.001, ~ 5.88-fold; p<0.001, and
~10.0-fold; p<0.001, respectively) (Fig. 3A), and
the chemokine RANTES (~1.45-fold; p<0.001,
~3.85-fold; p<0.001, and ~2.22-fold; p<0.001, re-

spectively) (Fig. 3B). Furthermore, treatments of
25uM CBD and 10uM Dex decreased levels of
TNFa, IL-1f, and RANTES beyond treatment with
10uM CBD (greater than ~ 1.49-fold; p<0.001,
greater than ~2.71-fold; p<0.004, and greater than
~1.53-fold; p<0.024, respectively). Relative levels
of MCP-1 were only reduced by treatment with
Dex (~ 68.5-fold; p<0.001).

Interestingly, relative levels of assessed pleiotropic
and anti-inflammatory markers demonstrated similar
levels of reduction following treatment of CBD
(Fig. 3). Relative to M(LPS), treatment with 10 uM
CBD elicited a modest reduction in both the cytokine
IL-10 (~ 1.45-fold; p < 0.004) (Fig. 3A) and growth fac-
tor VEGF (~ 1.52-fold; p<0.006) (Fig. 3B) secretion,
but did not alter the levels of the cytokine IL-6. How-
ever, 25 uM CBD and 10 uM Dex treatments greatly
reduced expression levels of IL-6 relative to M(LPS)
(>4.17-fold; p<0.001), IL-10 (>4.35-fold; p<0.001),
and VEGF (>2.27-fold; p<0.001). Furthermore, 10 uM
Dex decreased levels of IL-6 and VEGF compared to
25uM CBD treatment (~14.6-fold; p<0.001 and
~3.38-fold, respectively; p<0.001). CBD at 5uM had
no significant effects on any assessed secreted proteins,
relative to M(LPS). Cumulatively, these data suggest
the following: that (1) CBD’s potency in altering expres-
sion of assessed markers is concurrent with increasing
concentrations; (2) treatments with 25 uM CBD act in
an inhibitory manner for the secretion of markers asso-
ciated with both pro- and anti-inflaimmatory states;
and (3) while treatments with 25 uM CBD and 10 uM
Dex display similar suppression of key inflammatory
proteins, the immunological profiles induced by CBD
may be more indicative of an altered polarization state
compared to the more quiescent profile by Dex.

CBD driven alterations to markers of autophagy

and cellular oxidative stress in tMACs

To explore a potential mechanism through which CBD
may confer the observed effects, we then assessed
expression levels of proteins linked to autophagy and
oxidative stress in CBD-treated tMACs (Fig. 4).
p-mTOR $2448, a phosphorylation site correlated
with mTORC] activation,”® was assessed as a proxy
for suppression of autophagic activity. Compared to
the vehicle control CTL, M(LPS) displayed a strong in-
crease in p-mTOR S$2448 expression (~ 3.03-fold;
p<0.004) suggestive of suppressed autophagy. CBD
at 5 and 10 uM did not reduce p-mTOR §2448 levels
compared to M(LPS). However, 25 uM CBD resulted
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FIG. 3. Relative expression levels of (A) cytokines (B) chemokines and growth factor assessed from
LPS-activated, tMAC culture supernatants following 24-h CBD (5-25 M) or Dex (10 uM) treatment. All
groups are shown relative to M(LPS) and in terms of fold-change (pg/pg). Results are from independent
experiments (n=8) for LPS, 5, 10, and 25 uM CBD, and (n=4) for 10 uM Dex. Error bars correspond to the
standard error of the mean. The asterisk (*) denotes significant difference relative to M(LPS). The percent
(%) denotes significant difference relative to 5 uM CBD. The pound (#) denotes significant difference relative
to 10 uM CBD. The dollar sign ($) denotes significant difference relative to 25 uM CBD. Statistical
significance was determined using Tukey (RANTES) and Games-Howell (TNFo, MCP-1, IL-1f, IL-6, IL-10, and
VEGF) post hoc tests (p<0.05). Dex, dexamethasone; IL-1, interleukin-1beta; IL-6, interleukin-6; IL-10,
interleukin-10; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1; RANTES, regulated on
activation, normal T cell expressed and secreted; TNFa, tumor necrosis factor alpha; VEGF, vascular
endothelial growth factor. Color images are available online.

in a substantive reduction in p-mTOR 52448 expres-
sion relative to M(LPS) (~ 3.12-fold; p <0.004) to com-
parable levels to that in CTL. NOS-3, an inducer of
nitric oxide species (NO),”8 was also assessed. M(LPS)
demonstrated a strong increase compared to CTL
(~2.02-fold; p <0.027) suggesting increased NO gener-
ation in the M(LPS) group. A concentration of 25 uM

CBD showed a significant reduction in NOS-3 com-
pared to M(LPS) (~2.34-fold; p<0.011). Although
concentrations of 5 and 10 uM CBD also displayed a
concentration dependent suppressive effect on NOS-3,
this was not statistically significant. Surprisingly, treat-
ment with 25 uM CBD elicited a dramatic increase in
COX-2—a responder to oxidative stress—compared to
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FIG. 4. Relative expression levels of autophagy
and cellular oxidative stress related proteins
p-mTOR 52448, NOS-3, and COX-2 were assessed
from LPS-activated tMAC whole cell lysates
following 24-h treatment with CBD (5-25 uM). All
groups are presented relative to CTL. Results are
from independent experiments (n=4). Error bars
correspond to standard error of the mean. The
ampersand (&) denotes significant differences
relative to CTL. The asterisk (*) denotes significant
difference relative to M(LPS). The percent (%)
denotes significant difference relative to 5 uM
CBD. The pound (#) denotes significant difference
relative to 10 uM CBD. Statistical significance was
determined using one-way ANOVA and Tukey
post hoc tests (p<0.05). ANOVA, analysis of
variance; COX-2, cyclooxygenase 2; p-mTOR,
phosphorylated mammalian target of rapamycin;
NOS-3, endothelial nitric oxide synthase. Color
images are available online.

CTL, M(LPS), and 5 uM CBD (greater than ~ 1.65-fold;
p<0.031). Cumulatively, these data suggest that treat-
ment with 25uM CBD may reverse LPS-induced
mTORCI activation thereby restoring basal autophagic
activity, but these effects may be mediated by non-NO
driven oxidative stress as indicated by the reduction in
NOS-3 accompanied by COX-2 elevation.

Discussion

The present work sought to expand the understanding on
the specific effects of a nonpsychotropic cannabinoid—
CBD—on alterations to secreted cytokines, chemokines,
and growth factors by LPS-activated macrophages
and to explore potential mechanisms which may be re-
sponsible for these alterations. Briefly, human THP-1

monocytes were differentiated to macrophages, simul-
taneously activated with the pro-inflammatory LPS
and treated with a broad range of concentrations of
CBD for 24h. Following this, culture supernatants
were collected and analyzed for secreted proteins and
relative cytotoxicity, and whole cell lysates were col-
lected and analyzed for autophagy and oxidative stress-
related proteins.

Our DNA and LDH results suggest that high con-
centrations of CBD—50 and 100 uM—exhibit a strong
cytotoxic effect on tMACs. While reports of CBD cyto-
toxicity in literature appear to be conflicting across dif-
ferent cell types,”””””® immune cells appear to have
heightened sensitivity to the cytotoxic effects of cannabi-
noids.”>**”* For instance, evaluation of CBD-containing
e-liquid by Muthumalage and Rahman demonstrated
concentrations up to 42.4 uM to be noncytotoxic to
lung epithelial cells and fibroblasts but noted a slight cy-
totoxic effect in RAW264.7 macrophages.” Similarly,
Silva et al. found a slight toxic response at 58 uM CBD
with regards to viability of RAW264.7 macrophages.”®
Furthermore, recent reports documented that immune
responders display variable sensitivity to cannabinoids
associated with a dynamic cannabinoid receptor presen-
tation in different polarization states.******# For exam-
ple, Carlisle et al. found that in murine macrophages,
CB2 was not present in their inactivated state, whereas
it was highly expressed when they are activated with in-
terferon gamma but, to a lesser extent, following activa-
tion with LPS.* Altogether, this suggests that immune
cell-specific cytotoxicity to CBD is affected by multiple
factors, including polarization state at time of CBD ex-
posure and presentation of CBD-sensitive receptors.
Immediate future work will explore macrophage-specific
response to high concentration CBD in alternative polar-
ization states to deconvolute the influence of alterations
to cannabinoid receptor profiles and activation signals.

In this study we found that 10 and 25 uM CBD treat-
ment had a significant effect on decreasing secreted
levels of inflammatory proteins. The reduction in ex-
pression of cytokines associated with strong inflamma-
tory response, such as TNFa and IL-1p, is indicative of
a potentially strong immunosuppressive effect. With
respect to TNFo, our results with tMACs are largely
consistent with other reports which utilized murine
macrophages.****"*® Specifically, Rajan et al. and
Silva et al. reported a reduction in TNFo production
in RAW264.7 murine macrophages for CBD concen-
trations of 2.5 and 5 uM and of 30 and 100 uM, respec-
tively.’**® In contrast, Muthumalage and Rahman
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reported that 21.2 uM CBD treatment increased levels
of TNFa. This discrepancy may be due to their use of
CBD-containing e-liquids containing propylene glycol
or vegetable glycerin, which have been previously im-
plicated in disrupting macrophage function.*> Another
potential explanation for the differences between our
results compared to other works is different levels of
CBD metabolites in our experimental conditions. The
effects of these metabolites on macrophages specifically
remain unexplored but are regarded to be potentially
significant.**% As to the reduction in IL-1p expression,
no previous studies demonstrated this in macrophages
following CBD treatment. However, suppressive effects
of CBD on IL-1f production have been previously
observed in other immune cell types, such as BV-2
microglia, following similar CBD concentrations.*>®’”
Overall, these data allude to CBD having a significant
suppressive effect on typical inflammatory markers
that are major constituents and perpetuators of im-
mune responses.

In terms of chemokine production, our data demon-
strate reduction to RANTES, but not MCP-1, following
CBD treatment. Both MCP-1 and RANTES are chemo-
attractants, and their elevation suggests a recruitment
of immune cells in vivo.***® Despite MCP-1 being
generally described as a pro-inflammatory marker, sev-
eral studies have also reported it to have a robust role
in wound healing.gl_93 In contrast, RANTES, unlike
MCP-1, is generally considered deleterious to the alter-
native noninflammatory roles of macrophages.”**®
Therefore, its suppression appears to be desirable to-
ward altering inflammatory polarization states.

A notable finding in our work was the comparable
suppression of pro-inflammatory markers by CBD, rela-
tive to Dex, without as strong of a reduction in pleiotropic
and anti-inflammatory protein expression. Specifically,
we observed that CBD does not have as stringent effect
on the expression of IL-6, VEGF, and IL-10 as Dex, al-
though not significantly for IL-10. The impact of Dex
treatment is contextualized in reports, which demonstrate
corticosteroid impedance of macrophage-facilitated pro-
cesses, such as wound healing,>'>'® especially given the
significance of VEGF and IL-6 in macrophage-facilitated
wound healing.”**” Future work comparing the impact of
CBD and Dex on macrophage function in wound healing
models, and exploring chronic application of CBD, will
be necessary for supporting CBD’s potential as an alter-
native therapeutic strategy.

A limitation of this work is that it was restricted to
exploring the effects of acute inflammation and coinci-

YEISLEY ET AL.

dent LPS-CBD administration due to the limited life
span of tMACs following PMA withdrawal.”® Further-
more, it is important to note that the concentrations
explored within this study are substantially higher
than blood concentrations seen during typical inges-
tion of CBD or other cannabinoids.” The significant
immunosuppressive effects seen at these high concen-
trations may help inform development of new acute
anti-inflammatory treatment modalities. However,
chronic administration of more typical concentrations
should be explored within future work toward devel-
opment of habitual anti-inflammatory treatments.
Finally, while CBD’s interactions with glucocorticoid
receptors appear negligible,' it is known that CBD
and Dex have opposing effects on cytochrome P450
and could be harmful if taken in conjunction,lol’102
indicating that combinatorial treatments with CBD
and Dex may be potentially inadvisable.

Concurrent to its effects on inflammatory proteins,
CBD treatment was observed to alter the expression
of p-mTOR $2448—an indicator of mTORCI activa-
tion and subsequent autophagic suppression®*—and
the expression of NOS-3 and COX-2—a generator of
NO and responder to oxidative stress,'>'** respec-
tively. Our observed CBD results suggested induction
of autophagy—through decrease in p-mTOR S$2448
expression—in agreement with literature. For example,
10 uM CBD treatment of breast cancer cell lines—
MDA-MB-231, MCEF-7, SK-BR-3, ZR-75-1—and
human umbilical vein endothelial cells was, respec-
tively, reported by Shrivastava et al. and Béckman
and Hinz to induce autophagy,®* specifically with co-
incident suppression in p-mTOR S$2448 expression in
the report by Shrivastava et al.®" Both these reports
also demonstrate a CBD-induced upregulation of oxi-
dative stress response. The discrepancy between these
reports and our observations with respect to NOS-3 re-
duction may be explained by the contribution of non-
NO-derived cellular oxidative stress response. This is
further supported by our observed increase in COX-2
expression by CBD given the role COX-2 plays as a
responder to oxidative stress. This warrants further in-
vestigation given previous reports of CBD being an an-
tioxidant.'®> Altogether, these data provide preliminary
evidence of a link between CBD-driven alterations to
inflammatory proteins and oxidative stress and auto-
phagic induction. Overall, our data are in support of
CBD’s potential as an anti-inflammatory treatment
modality, corroborating a growing body of literature
exploring CBD treatments.”>'°%1%7
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Conclusions

Our results compared the efficacy of CBD to the com-
monly prescribed corticosteroid, Dex, in altering the se-
creted protein landscape of LPS-activated macrophages.
Our initial data indicated increased cytotoxicity and
decreased macrophage viability following treatment with
CBD concentrations greater than 25 uM. As observed,
CBD concentrations—10 to 25 uM—attenuated the
expression of pro-inflammatory proteins similarly
to treatments with Dex. In contrast, CBD suppres-
sion of pleiotropic and anti-inflammatory markers
was less severe than what was observed following
treatment with Dex. Future studies will be needed to
expand on CBD’s ability to promote macrophage in-
flammatory responses conducive to improved wound
healing and inflammation resolution. Finally, we pro-
vide some initial evidence suggesting that these
anti-inflammatory effects are potentially driven by
CBD suppressing mTORC1 concomitantly inducing
autophagy. Future work holistically characterizing
the effects CBD has on the PI3K/Akt/mTOR path-
ways, cellular oxidative stress response, and how
this relates to inflammation machinery is neces-
sary to understand the mechanisms through which
CBD acts.
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Abbreviations Used
Akt = protein kinase B
ANOVA = analysis of variance
CB1 = cannabinoid receptor 1
CB2 = cannabinoid receptor 2
CBD = cannabidiol
COX-2 = cyclooxygenase 2
Dex = dexamethasone
DMSO = dimethyl sulfoxide
eCBS = endocannabinoid system
HSD = honestly significant difference
IL-1p = interleukin-1beta
IL-6 = interleukin-6
IL-10 = interleukin-10
LDH = lactate dehydrogenase
LPS = lipopolysaccharide
MCP-1 = monocyte chemoattractant protein-1
MFI = median fluorescence intensity
M(LPS) = LPS-activated and untreated control
mTORC1 = mammalian target of rapamycin complex 1
NOS-3 = endothelial nitric oxide synthase
pCB = phytocannabinoid
p-mTOR S2448 = phosphorylated mammalian target
of rapamycin Ser2448
PI3K = phosphoinositide 3-kinase
PMA = phorbol 12-myristate 13-acetate
RANTES = regulated on activation, normal T cell expressed
and secreted
ROS = reactive oxygen species
SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel
electrophoresis
tMACs = THP-1 derived macrophages
TNFo = tumor necrosis factor alpha
VEGF = vascular endothelial growth factor
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