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Cannabis sativa (marijuana) is used by millions of people around the world. C.
sativa produces hundreds of secondary metabolites including cannabinoids,
flavones and terpenes. Terpenes are a broad class of organic compounds that
give cannabis and other plants its aroma. Previous studies have demonstrated that
terpenes may exert anti-inflammatory properties on immune cells. However, it is
not knownwhether terpenes derived from cannabis alone or in combination with
the cannabinoid Δ9-THC impacts the function of alveolar macrophages, a
specialized pulmonary innate immune cell that is important in host defense
against pathogens. Therefore, we investigated the immunomodulatory
properties of two commercially-available cannabis terpene mixtures on the
function of MH-S cells, a murine alveolar macrophage cell line. MH-S cells
were exposed to terpene mixtures at sublethal doses and to the bacterial
product lipopolysaccharide (LPS). We measured inflammatory cytokine levels
using qRT-PCR and multiplex ELISA, as well as phagocytosis of opsonized IgG-
coated beads ormCherry-expressing Escherichia coli via flow cytometry. Neither
terpene mixture affected inflammatory cytokine production by MH-S cells in
response to LPS. Terpenes increased MH-S cell uptake of opsonized beads but
had no effect on phagocytosis of E. coli. Addition of Δ9-THC to terpenes did not
potentiate cytotoxicity nor phagocytosis. These results suggest that terpenes
from cannabis have minimal impact on the function of alveolar macrophages.
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Introduction

Cannabis sativa L. (Cannabaceae), commonly referred to as marijuana, is a flowering
plant that has been used by humans for at least 2,500 years because of its psychoactive and
medicinal properties. Today, cannabis is the most-used illicit substance worldwide (Drašar
and Moravcova, 2004). While the psychoactive abilities of cannabis are due to the presence
of the cannabinoid Δ9-tetrahydrocannabinol (Δ9-THC), C. sativa produces hundreds of
additional secondary metabolites including other cannabinoids, flavones, and terpenes.
Terpenes are aromatic organic hydrocarbons produced by a variety of plants and some
insects. Biologically, terpenes protect plants by repelling insects and herbivores and are
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responsible for the odor emitted by plants and fruits (Preteroti M.
et al., 2023). Terpenes are the primary constituents of essential oils,
are used as food additives, and are present in cosmetic products such
as soaps and perfumes (Zhou and Pichersky, 2020). Cannabis
contains over 200 terpenes, mostly monoterpenes and
sesquiterpenes, with differing amounts and variations of the
isoprene unit, a 5-carbon hydrocarbon containing at least one
double bond, arranged in a head-to-tail formation (Kuzuyama
and Seto, 2003). Isoprene is a universal building block and is
thus implicated in many metabolic pathways in most living
organisms; it forms the side-chains of vitamins A, E and K, leads
to the formation of cholesterol, and is a component of the electron
transport chain molecule ubiquinone (Kandi et al., 2015). As such,
there is incredible diversity in terpene variations, making them the
largest group of natural products, with more than 25,000 individual
molecules reported (Gershenzon and Dudareva, 2007).
Monoterpenes, which contain two isoprene units, are the most
common, making up 80% of plant essential oils, and contain well
known terpenes such a limonene and pinene, responsible for the
flavors and scents of lemons and pine trees, respectively.

The biological response of terpenes in cannabis remains poorly
characterized. Most people consume cannabis via inhalation of
smoke from a joint or an aerosol generated from heating the dry
plant. Thus, terpenes are inhaled upon smoking or vaping along
with combustion products. Among the first cells that encounter
inhaled chemicals are alveolar macrophages, an innate immune cell
responsible for protecting the lungs against foreign pathogens (Ince
et al., 2018). Alveolar macrophages are specialized tissue-resident
macrophages derived embryonically from the yolk sac. They are
responsible for patrolling the luminal side of the lung, recycling
surfactant, and protecting against infectious organisms by engulfing
pathogens and releasing cytokines (Mosser et al., 2021). The
phenotypes of macrophages are said to exist on a spectrum that
ranges from inflammatory (classically activated; M1) to anti-
inflammatory (alternatively activated; M2) (Joshi et al., 2018).
M1 macrophages, typically activated by compounds such as
lipopolysaccharide (LPS), release inflammatory cytokines
including tumor necrosis factor (TNF) and interleukins such as
IL-6 and IL-1β. In contrast, the M2 phenotype can be induced by
cytokines IL-4 and IL-13, and these macrophages release anti-
inflammatory counterparts IL-10 and transforming growth factor
beta (TGF- β) (Zhang and An, 2007).

Several studies have demonstrated immunomodulatory
properties of terpenes on macrophage functions, including
phagocytosis, migration and release of pro-inflammatory
cytokines (Chi et al., 2013; Younis, 2020; Schulze-Osthoff et al.,
1997). However, no research has been performed on the effects of
cannabis-derived terpenes on alveolar macrophage function.
Therefore, we investigated whether two mixtures of cannabis
terpenes affected the functional responses of MH-S cells, a
murine alveolar macrophage cell line. Furthermore, terpenes are
claimed to potentiate the biological activity of Δ9-THC, a
phenomenon named the entourage effect. Although a popular
term in the cannabis industry, very little evidence exists to
demonstrate an entourage effect between terpenes and
cannabinoids. Thus, we also sought to understand whether Δ9-
THC influenced the pharmacological properties of terpenes. We
quantified MH-S cell apoptosis, inflammatory mediator production

and phagocytosis in response to cannabis terpene mixtures with and
without Δ9-THC. Our data show that terpenes have minimal effects
on MH-S cell function and did not act synergistically with Δ9-THC.
Thus, claims of the beneficial properties of terpenes need to be
interpreted with caution until additional studies emerge to support
the notion that cannabis-derived terpenes affect biological responses
in the lungs and other organs.

Materials and methods

Cell culture

MH-S cells were obtained from American Type Culture
Collection (ATCC; Manassas, VA, United States) and cultured in
RPMI (Roswell Park Memorial Institute) 1640 media (WISENT Inc,
Saint-Jean Baptiste, Canada) containing 10% fetal bovine serum
(FBS) (WISENT Inc), gentamicin (WISENT Inc), antibiotic-
antimycotic (A/A; WISENT Inc) and 2-mercaptoethanol
(Millipore Sigma, Burlington, MA, United States). Cells were
treated with the following: Terpene Mix A (CRM40755; Sigma-
Aldrich, St. Louis, United States), Terpene Mix B (CRM40937;
Sigma-Aldrich) (Table 1), LPS (LPS 0111: B4; Sigma-Aldrich),
the toll-like receptor 2 (TLR2) agonist Pam3CSK4 (tlrl-pms;
InvivoGen, San Diego, United States), Δ9-THC (ISO60157;
Cayman Chemical, Ann Arbor, United States) or the appropriate
controls which included methanol (MeOH) or serum-free (SF)
RPMI 1640. All cells were incubated in humidified chambers at
37°C and exposed to 21% O2 and 5% CO2.

MTT assay

MH-S cells were plated at 4.7 × 104 cells/cm2 in a sterile, flat-
bottomed 96 well plate (Thermo Fisher Scientific) in RPMI
1640 containing 10% FBS. Forty-eight h later, cells were treated
with SF-RPMI 1640, varying concentrations of Terpene Mix A and
Terpene Mix B in SF-RPMI 1640, MeOH, PBS (positive control),
and 3 μg/mL of Δ9-THC (Sigma Aldrich) with and without Terpene
Mix A and B for 24 h. Then, a 5 mg/mL solution of 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT;
Sigma-Aldrich M-2128) in PBS was prepared and 10 μL of this
solution was added to each well. Following a 4-h incubation period,
the plates were centrifuged at 800 RPM for 5 min, the supernatant
was discarded, and the contents of each well were resuspended in
200 µL of dimethyl sulfoxide (DMSO; Sigma Aldrich). Ten minutes
later, plates were read on an iMark microplate reader (Bio-Rad
Laboratories, Canada) using Microplate Manager Software Version
6 at 570 nm.

Quantitative reverse transcription PCR
(qRT-PCR)

Cells were plated at 4 × 104 cells/cm2 in a 6-well plate (Thermo
Fisher Scientific) and upon reaching 80% confluency, 24–48 h later,
were pre-treated with 1 μg/mL of Terpene Mix A or Terpene Mix B.
One hour later, 0.1 μg/mL LPS was added for 24 h. RNAwas isolated
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using Aurum Total RNA Mini Kit (Bio-Rad Laboratories, Canada)
in accordance with instructions from the manufacturer. RNA was
quantified using Nanodrop 1000 Spectrophotometer Infinite M200
Pro (TECAN, Mannedorf, Switzerland). Reverse transcription was
accomplished with iScript Reverse Transcription Supermix (Bio-
Rad Laboratories, Canada) to a final concentration of 10 ng/mL.
Primer sequences for the genes were: 18S (forward) CGGAAAATA
GCCTTCGCCATCAC, (reverse) ATCACTCGCTCCACCTCA
TCCT; Tnf (forward) CTATGTCTCAGCCTCTTCTC, (reverse)
GGGAACTTCTCATCCCTTT; Il1b (forward) GGACATGAG
CACCTTCTT, (reverse) CCTGTAGTGCAGTTGTCTAA and
Il6 (forward) CCAGAGTCCT TCAGAGAGATACA, (reverse)
CCTTCTGTGACTCCAGCTTATC. qPCR was done by
combining 1 μL of cDNA and 0.25 μL of forward and reverse
primers with SsoFast Evagreen (Bio-Rad Laboratories).
Amplification was performed using a CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories). Thermal cycling was
initiated at 95°C for 3 min followed by 39 cycles of denaturation
at 95°C for 10 s and annealing at 55°C or 52°C for S18/il6 and il1b and
tnf, respectively, for 5 s. RNA expression was calculated using the
ΔΔCt method and results were expressed as the log2 fold change
normalized to housekeeping gene 18S.

Cytokine quantification

Following treatments for 24 h, the cell supernatant was collected
and a Mouse Cytokine Array Proinflammatory Focused 10-plex
(MDF10) Assay was conducted (Eve Technologies, Alberta,
Canada). Only the results are shown for IL-1β, IL-6 and TNF.

Measurement of phagocytosis of opsonized
latex beads

MH-S cells were plated in a 6-well plate (Thermo Fisher
Scientific) and treated with SF-RPMI 1640, 100 ng/mL
Pam3CSK4 (positive control), MeOH (vehicle) or 1 μg/mL of
terpene mixes A or B; 24 h later, IgG-coated beads were added
to each well at a final volume of 10 μL per well (dilution 1:100 in SF-
RPMI 1640) and incubated for 4 h. Medium was then aspirated, cells

were washed 2x with PBS and detached using 1 mL of Accutase Cell
Detachment Solution (Innovative Cell Technologies, United States).
Alveolar macrophages were then stained with Amcyan fixable
viability dye (Thermo Fisher Scientific) for 30 min. Cells were
acquired using a FACSCanto flow cytometer (BD Biosciences,
Canada) and analyzed using FlowJo software version 10.

Preparation of fluorescent mCherry
Escherichia coli

XL1 Gold E. coli containing the replicative plasmid pUC18-
miniTn7T2.1::PA1/04/03-mCherry, which constitutively expresses
mCherry fused to a synthetic Lac promoter (Zhao et al., 2013), was
grown on LB agar plates (Thermo Fisher Scientific) containing 10 mg/
mL gentamicin. The mCherry plasmid was isolated from these colonies
using a plasmid miniprep kit (GeneJet Plasmid Miniprep Kit K0503,
Thermo Scientific) according to the manufacturer’s instructions. The
plasmid concentration was measured using a NanoDrop Microvolume
Spectrophotometer (Thermo Fisher Scientific) and subsequently
transformed into K12 E. coli via electroporation as previously
described (Dower et al., 1988). Electroporated K12 E. coli was then
plated on LB agar containing 10 mg/mL gentamicin for positive
selection. Successful transformation of the mCherry plasmid was
confirmed by measuring the fluorescence at an excitation
wavelength of 587 nm and an emission wavelength at 620 nm as
well as the optical density at 600 nm of 200 μL samples of cultures from
five individual colonies grown in Miller LB broth (Thermo Fisher
Scientific) at 37°C, shaken at a duration of 5 s and an amplitude of 1mm
once an hour for 18 h using the Infinite 200 pro plate reader (TECAN,
Zürich, Switzerland). The colony presenting the highest fluorescence to
optical density ratio was plated on LB agar containing 10 mg/mL
gentamicin for 24 h before storage in LBwith 15% v/v glycerol at −80°C.

Measurement of phagocytosis of
Escherichia coli

MH-S cells were plated in a 6-well plate and treated with SF-
RPMI 1640, MeOH (vehicle) and 1 μg/mL of terpene mixes A or B
with or without 3 μg/mL of Δ9-THC. Twenty-four hours later,

TABLE 1 A list of terpenes in terpene mix A and B; ± represents racemic mixture (equal proportions) of chemical enantiomers.

Terpene Mix A Terpene Mix B

(R)-(+)-limonene p-Cymene

(−)-α-Cedrene trans-3,7-dimethyl-2,6-octadien-1-ol

(±)-Camphene Dipentene

(+)-Pulegone (−)-Pin-2 (10)-ene

p-mentha-1,4-diene (1S)-3,7,7-Trimethylbicyclo [4.1.0]hept-3-ene

Geranyl acetate Linalool

3,7,7-trimethylbicyclo [4.1.0]hept-3-ene

3,7,11-Trimethyldodeca-1,6,10-trien-3-ol

pin-2 (3)-ene
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mCherry-expressing K12 E. coli was applied to the wells at an MOI of
50. To synchronize phagocytosis, plates were centrifuged at 700 RPM
for 3 min before incubation at 37°C and 5% CO2 for 75 min. After
incubation, cells were washed three times with ice cold PBS to stop
degradation in the phagolysosome and to wash away residual
extracellular bacteria. Cells were then detached with 1 mL Accutase
Cell Detachment Solution, stained with Amcyan fixable viability dye for
30 min, and fixed with 4% paraformaldehyde in PBS (Thermo Fisher
Scientific) for 15 min. Cells were acquired using the LSRFortessa X-20
flow cytometer (BD Biosciences; Canada) and analyzed using FlowJo
software version 10 (Supplemental Figure S1).

Annexin V and propidium iodine (PI) staining

Cells were plated and treated as previously described. Twenty-
four h after treatment, cells were detached with 1 mL Accutase Cell
Detachment Solution and simultaneously stained with 5 μL APC-
Annexin V and 3 μL PI for 15 min. Cells were then acquired using
the FACS Canto flow cytometer (BD Biosciences, Canada) and data
were analyzed using FlowJo software version 10
(Supplemental Figure S2).

Statistical analysis

Unless otherwise stated, statistical analysis was performed using
a one-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test to assess differences between the untreated control
group and any treatment groups. Statistical analyses were performed
on GraphPad Prism 10 (version 10.0.3; GraphPad Software Inc, San
Diego, CA, United States). Results are presented as mean ± standard
error of the mean (SEM). Statistical significance was considered
where the P value <0.05.

Results

Alveolar macrophage inflammatory genes
and proteins are not affected by cannabis-
derived terpenes

Some studies have suggested that terpenes found in cannabis
and other plants are anti-inflammatory (Rufino et al., 2015; Gallily
et al., 2018). Because most people consume cannabis via inhalation,
we hypothesized that cannabis-derived terpenes would dampen the

FIGURE 1
Terpene Mix A does not attenuate inflammatory cytokine production in response to LPS. MH-S cells were pretreated for 1 h with Terpene Mix A
followed by the addition of LPS for 24 h before measurement of (A) mRNA and (B) protein for IL-1β, IL-6 and TNF. Results are expressed as the mean ±
SEM of three independent experiments. Kruskall Wallis multiple comparisons test was applied in panel B due to a protein concentration of 0 for untreated
condition; ns = not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001.
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ability of alveolar macrophages to mount an inflammatory response.
To be sure that any observed effect was not confounded by
alterations in cellular viability, we first determined the maximal
concentration of each terpene mixture that did not significantly
reduce cell survival to be 1 μg/mL (Supplemental Figure S3); this
concentration was used in all subsequent experiments. We then
analyzed these cannabis-derived mixtures on inflammatory cytokine
mRNA and protein expression of MH-S cells in response to LPS as
previously described (Preteroti et al., 2023b). IL-1β, IL-6 and TNF were
selected as our primary outcomes because of their potent transcriptional
induction by LPS as well as their downregulation by Δ9-THC (Rossol
et al., 2011). As expected, LPS significantly increased the mRNA and
protein expression of IL-1β, IL-6 and TNF after 24 h (Figures 1, 2).
Neither Terpene Mix A (Figure 1A) nor Terpene Mix B (Figure 2A)
alone affected the transcription of Il1b, Il6, or Tnf.Neither TerpeneMix
A (Figure 1A) or TerpeneMix B (Figure 2A) affected LPS-induced gene
expression. Although LPS also significantly increased the release of IL-
1β, IL-6, and TNF protein after 24 h, this was not attenuated by either
terpene mixture (Figures 1B, 2B). Further, the protein levels of GM-
CSF, IFNγ, IL-2, IL-4, IL-10, IL-12p70 and MCP-1 were also not
affected by terpene treatment (data not shown). Thus, cannabis-derived
terpenes haveminimal impact on inflammatorymediator production in
response to LPS in MH-S cells.

Terpenes from cannabis cause a ligand-
dependent increase in MH-S cell phagocytic
capability

A primary function of alveolar macrophages is to phagocytose
inhaled pathogens and foreign debris (Joshi et al., 2018). Hence, we
analyzed the phagocytic capability of MH-S cells in response to
treatment with cannabis-derived terpenes. First, we quantified the
percentage of phagocytic cells by using flow cytometry to measure
the uptake of latex beads opsonized with IgG and conjugated to a
phycoerythrin (PE) fluorophore (Figure 3A). As a positive control, we
used Pam3CSK4, a TLR2 agonist which has been previously described
as a potent enhancer of phagocytosis against opsonized ligands (Sigola
et al., 2016). Pam3CSK4 increased the percentage of MH-S cells that
took up the IgG-conjugated beads by approximately 30% (Figure 3B).
While Terpene Mix A did not significantly affect uptake of the
fluorescent beads (Figure 3), Terpene Mix B significantly increased
IgG internalization (Figure 3B). Thus, terpenes can selectively increase
the ability of alveolar macrophages to phagocytose opsonized particles.

Macrophages can recognize and phagocytose multiple types of
pathogens, and opsonized ligands are one type of particle that binds to
the fragment crystallizable receptor gamma (FcGammaR) to stimulate
internalization. Hence, we extended our analysis by using a common

FIGURE 2
Terpene Mix B does not attenuate inflammatory cytokine production in response to LPS. MH-S cells were pretreated for 1 h with Terpene Mix B
followed by the addition of LPS for 24 h before analysis of (A)mRNA and (B) protein for IL-1β, IL-6 and TNF. Results are expressed as the mean ± SEM of
3–4 independent experiments. Kruskall Wallis multiple comparisons test was applied in panel B due to a protein concentration of 0 for untreated samples;
ns, not significant, *P < 0.05, ****P < 0.0001.
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non-virulent laboratory strain of E. coli which is detected by scavenger
receptors on macrophages. We transformed wild type K12 E. coli with a
plasmid encoding for a constitutively expressed fluorescent mCherry
protein to track association of the bacteria to MH-S cells (Supplemental
Figure S4). Because we did not perform a gentamicin treatment following
co-incubation of MH-S cells with bacteria, our assay did not exclude
bacteria stuck to the outside of the MH-S cell membrane, and thus
complete internalization could not be confirmed. However, pretreatment
with either cannabis-derived terpene mixture A or B before incubation
with these bacteria had no significant effect on the ability ofMH-S cells to
phagocytose E. coli (Figures 3A, C). Therefore, these results suggest that
terpenes do not affect the ability of MH-S cells to phagocytose bacteria.

Cannabis-derived terpenes do not
potentiate the effects of Δ9-THC in MH-
S cells

Our data above imply that cannabis-derived terpenes have
minimal effect on alveolar macrophage function. However, a
prevailing concept is that cannabis-derived terpenes may exert a
synergistic effect with Δ9-THC, which is commonly referred to as the
entourage effect (Russo, 2011). However, there exists very little
evidence to suggest that terpenes in fact synergize with Δ9-THC
to potentiate its effects, and no information exists for the entourage
effect in alveolar macrophages. Therefore, we utilized Δ9-THC,

FIGURE 3
TerpeneMix B increases phagocytosis against opsonized beads. (A) Representative gating strategies for quantification of phagocytic cells using flow
cytometry. (B) Terpene Mix B increased the percentage of phagocytic macrophages by approximately 30% when challenged with fluorescently labelled
latex beads opsonized with IgG. (C) Neither terpene mixture significantly affected phagocytosis of mCherry-expressing Escherichia coli. Results are
expressed as the mean ± SEM of 3–6 independent experiments. ns, not significant, *P < 0.05.
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together with the cannabis-derived terpene mixtures, and assessed
cell viability and phagocytosis. We used concentrations of 3 μg/mL
and 1 μg/mL Δ9-THC and TerpeneMix A or B (Supplemental Figure
S3) (Preteroti et al., 2023b). When Δ9-THC was included with
Terpene Mix A or B, there was no significant effect on cell
viability when compared to each treatment individually as
measured by MTT assay (Figure 4A). As a complement, we also
performed the Annexin-V/PI staining, which allows the
differentiation between healthy, apoptotic and necrotic cells
(Miller, 2004). Here, there was no difference in apoptosis or
necrosis between cells treated with Δ9-THC and/or cannabis-
derived terpenes (Figures 4B, C). Finally, we measured the
phagocytic capability of MH-S cells. Treatment with Terpene Mix
A nor Δ9-THC alone significantly affected MH-S cell phagocytosis
(Figure 4D). There was also no difference when Terpene Mix A was
combined with Δ9-THC (Figure 4D). These results suggest that
cannabis-derived terpenes do not enhance the effects of Δ9-THC in
MH-S cells. Overall, these results show that terpenes have minimal
impact on the function of alveolar macrophages, resident pulmonary
cells that are important in protecting the lungs against
inhaled pathogens.

Discussion

A growing list of countries, including Canada, Germany and
Mexico, have legalized or decriminalized cannabis for both
recreational and medical use. Many studies attribute the
therapeutic potential of cannabis to the anti-inflammatory
effects of cannabinoids such as cannabidiol (CBD) and Δ9-
THC on immune cell functions (Borrelli et al., 2009;
Carmona-Hidalgo et al., 2021; Jeon et al., 1996; Ribeiro et al.,
2015; Suryavanshi et al., 2022). There is also interest into the
potential biological effects of cannabis-derived terpenes at
alleviating inflammation. However, little is known about the
immunomodulatory effects of terpenes, particularly on the
function of alveolar macrophages, which are among the first
cell types to encounter inhaled cannabis. Alveolar macrophages
are key innate immune cells specialized in responding to
environmental stimuli and protecting against pathogens. In
this study, using a murine model of alveolar macrophages, we
demonstrate that terpenes derived from cannabis do not
significantly modulate the ability of alveolar macrophages to
mount an inflammatory response or phagocytose
foreign bacteria.

Many pulmonary immune pathologies such as chronic
obstructive pulmonary disease (COPD) and cystic fibrosis
(CF) are characterized by excessive and prolonged release of
inflammatory mediators by lung cells such as alveolar
macrophages (Bezerra et al., 2023; Cantin et al., 2015). The
release of inflammatory cytokines can further act on innate
immune cells such as neutrophils, eosinophils and epithelial
cells to produce reactive oxygen species (ROS), which, if not
appropriately regulated, results in oxidative stress which can
damage the lung parenchyma (Moldoveanu et al., 2008).
Further, alveolar macrophages are crucial in limiting the
severity of lung damage caused by inhaled pathogens by
rapidly engulfing bacteria and virus during the early stages of

infection (Pribul et al., 2008; Kooguchi et al., 1998). Thus, any
perturbation of alveolar macrophage function could have
deleterious effects on the host. For these reasons, we evaluated
whether terpenes derived from cannabis could alter the immune
response in MH-S cells, thereby providing insight into the
potential health implications of inhaling cannabis products.
However, we found that terpenes did not suppress the release
of inflammatory mediators induced by LPS and marginally
affected their propensity to phagocytose opsonized ligands. It
is therefore likely that the presence of cannabinoids, particularly
THC and CBD, are the phytochemicals in cannabis that control
immunological function. THC and CBD can dampen the
inflammatory response in numerous cell types, including
alveolar macrophages (Preteroti et al., 2023b; Coffey et al.,
1996; Srivastava et al., 1998). These findings suggest that any
immunomodulatory properties of cannabis on the lungs is likely
not due to the presence of terpenes but are likely due to
cannabinoids or other compounds.

Our results contrast with published data on the effect of many
terpenes, including limonene, pinene, linalool and caryophyllene,
on immune function. These terpenes, which were also present in
the terpene mixtures we used, have been shown to attenuate the
release of pro-inflammatory cytokines by macrophages of the
peritoneum in vivo, as well as in vitro using the mouse
macrophage cell line RAW264.7 (Rufino et al., 2015; Yoon
et al., 2010; Andrade-Silva et al., 2016; Islam et al., 2020). This
discrepancy between our results and these could be due to various
reasons, including the concentrations of the terpenes. Many
studies have used individual terpenes for treatment with
typical concentrations varying between 10 and 500 μg mL-1.
We chose to utilize lower concentrations of terpene mixtures
at a maximal non-toxic dose of 1 μg mL-1 of each terpene within
the mixture. The differences in concentrations between our study
and others could thereby influence biological outcomes such as
inflammatory mediator production and phagocytosis. In
addition, no previous study has investigated the effects of
terpenes on alveolar macrophages, which have a distinct
phenotype and origin compared to other tissue-resident
macrophages. This could include the expression of proteins
important in controlling macrophage biology. Along these
lines is previous work from our group which revealed that
MH-S cells lack the expression of adenosine receptor A2a,
which is present on other macrophage types including
RAW264.7 cells (Skopál et al., 2023). While adenosine
receptors are typically associated with pain signaling in the
CNS (Zhou et al., 2023), their activation in macrophages has
also been shown to reduce inflammatory cytokine production in
response to LPS (Devi et al., 2023). Although the data is limited,
terpenes limonene, pinene, humulene and geraniol have all been
described as ligands of the A2a receptor (Schwarz et al., 2022;
LaVigne et al., 2021), suggesting that a lack of inflammatory
suppression in our study could be due to the absence of A2aR in
MH-S cells. However, further work must be conducted to
comprehensively elucidate the receptor-mediated effects
of terpenes.

Another aspect of macrophage biology that is important to
consider is phagocytosis. However, available information regarding
the effect of terpenes on the phagocytic capability of macrophages is
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FIGURE 4
Terpenes do not potentiate the effects of Δ9-THC. Treatment of MH-S cells with terpenes in combination with Δ9-THC had no additive effect as
measured by MTT assay (A) or Annexin-V PI staining assay (B). (C) Representative gating strategy for Annexin-V PI assay as measured by flow cytometry.
(D) Terpene Mix A in combination with Δ9-THC did not affect phagocytosis of mCherry-expressing E. coli. Results are expressed as the mean ± SEM of
4–9 independent experiments; ns, not significant.
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equivocal, with evidence suggestive of both increases and decreases
in phagocytosis, a discrepancy that may depend on the terpene itself,
the dose administered as well as the type and origin of macrophage
used in the study (de Carvalho et al., 2021; Hamada et al., 2002; Del
Toro-Arreola et al., 2005; da Franca Rodrigues et al., 2015; Carvalho
et al., 2017; Giovannini et al., 2016). In our study, we report that only
Terpene Mix B, (but not Terpene Mix A), increased the phagocytic
capability of MH-S cells in a target-dependent manner. Terpene-
treated MH-S cells were more phagocytic against beads opsonized
with IgG whereas the internalization of E. coli was not affected.
These data suggest that terpenes such as linalool and p-cymene,
which were present only in Terpene Mix B, may be acting on
receptors whose signaling pathways intersect with processes of Fc-γ
receptor-mediated phagocytosis. An important signalling molecule
involved in Fc-γ receptor-mediated phagocytosis is Rac1, a GTPase
that is responsible for proper cytoskeleton rearrangement necessary
for engulfment of opsonized particles (Uribe-Querol and Rosales,
2020). Agonism of the cannabinoid 2 receptor (CB2R), present on
MH-S cells, has been shown to activate Rac1 (Basu and Dittel, 2011).
Terpenes share structural similarities to cannabinoids and may be
able to activate CB2R (LaVigne et al., 2021; Cavalli and Dutra, 2021).
Hence, CB2R-mediated Rac1 activation by Terpene Mix B could
explain the increase in phagocytosis against IgG-opsonized beads
and could explain why neither terpene mixture induced a change in
phagocytic capability against E. coli.

Although the work done on investigating the immunological
effects of terpenes is important for public health reasons in the
context of cannabis legalization, there are limitations to the
model used in the present work. This includes the fact that
cannabis is most often inhaled from smoking, a process
during which THC is decarboxylated, transforming the
molecule into its biologically active form. The result of
burning or heating cannabis to various temperatures during
its consumption may significantly alter its chemical
composition, including that of the terpenes. In fact, terpenes
react strongly with oxygen, especially at high temperatures, and
the resultant smoke may contain a broad range of isoprenoid
products, many of which are known toxicants (Meehan-Atrash
et al., 2021). Therefore, future studies should utilize inhaled
models of exposure to best reflect the conditions in which
terpenes are consumed by cannabis users.

To conclude, our study demonstrates that terpenes which
reflect the chemical profile of C. sativa have minimal effects on
MH-S cells, a murine model of alveolar macrophages.
Furthermore, they do not act synergistically with Δ9-THC to
impact cell viability or alter phagocytic capability in MH-S cells,
dispelling common claims of an entourage effect existing between
terpenes and cannabinoids. These findings imply that terpenes
are not likely to contribute to pulmonary immune suppression
caused by inhaling cannabis.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

PG: Writing–original draft, Writing–review and editing, Data
curation, Formal Analysis, Investigation, Methodology. JR:
Writing–review and editing, Methodology. GM: Methodology,
Writing–review and editing, Supervision. DN: Methodology,
Supervision, Writing–review and editing. ML: Supervision,
Writing–review and editing, Funding acquisition, Project
administration. DE: Supervision, Writing–review and editing,
Visualization. CB: Supervision, Visualization, Writing–review and
editing, Conceptualization, Funding acquisition, Project
administration, Resources, Writing–original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Canada Foundation for Innovation (CFI),
Natural Sciences and Engineering Research Council of Canada
(NSERC), the Canadian Institutes for Health Research (CIHR),
and the Canadian Quality Assurance and Quality Control for
Cannabis (QAQCC). JR is supported by a scholarship from the
Fonds de recherche du Quebec-Nature et Technologie (FQRNT),
and CB and DN are supported by a salary award from the Fonds de
recherche du Quebec-Sante (FRQ-S).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/ftox.2024.1504508/
full#supplementary-material

Frontiers in Toxicology frontiersin.org09

Greiss et al. 10.3389/ftox.2024.1504508

https://www.frontiersin.org/articles/10.3389/ftox.2024.1504508/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/ftox.2024.1504508/full#supplementary-material
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1504508


References

Andrade-Silva, M., Correa, L. B., Candéa, A. L. P., Cavalher-Machado, S. C., Barbosa,
H. S., Rosas, E. C., et al. (2016). The cannabinoid 2 receptor agonist β-caryophyllene
modulates the inflammatory reaction induced by Mycobacterium bovis BCG by
inhibiting neutrophil migration. Inflamm. Res. 65, 869–879. doi:10.1007/s00011-016-
0969-3

Basu, S., and Dittel, B. N. (2011). Unraveling the complexities of cannabinoid receptor
2 (CB2) immune regulation in health and disease. Immunol. Res. 51, 26–38. doi:10.1007/
s12026-011-8210-5

Bezerra, F. S., Lanzetti, M., Nesi, R. T., Nagato, A. C., Cpe, S., Kennedy-Feitosa, E.,
et al. (2023). Oxidative stress and inflammation in acute and chronic lung injuries.
Antioxidants 12 (3), 548. doi:10.3390/antiox12030548

Borrelli, F., Aviello, G., Romano, B., Orlando, P., Capasso, R., Maiello, F., et al. (2009).
Cannabidiol, a safe and non-psychotropic ingredient of the marijuana plant Cannabis
sativa, is protective in a murine model of colitis. J. Mol. Med. Berl. 87 (11), 1111–1121.
doi:10.1007/s00109-009-0512-x

Cantin, A. M., Hartl, D., Konstan, M. W., and Chmiel, J. F. (2015). Inflammation in
cystic fibrosis lung disease: pathogenesis and therapy. J. Cyst. Fibros. 14 (4), 419–430.
doi:10.1016/j.jcf.2015.03.003

Carmona-Hidalgo, B., Gonzalez-Mariscal, I., Garcia-Martin, A., Prados, M. E., Ruiz-
Pino, F., Appendino, G., et al. (2021). Δ9-Tetrahydrocannabinolic Acid markedly
alleviates liver fibrosis and inflammation in mice. Phytomedicine 81, 153426. doi:10.
1016/j.phymed.2020.153426

Carvalho, C., Sobrinho-Junior, E., Brito, L., Nicolau, L., Carvalho, T., Moura, A., et al.
(2017). Anti-Leishmania activity of essential oil of Myracrodruon urundeuva (Engl.) Fr.
All.: composition, cytotoxity and possible mechanisms of action. Exp. Parasitol. 175,
59–67. doi:10.1016/j.exppara.2017.02.012

Cavalli, J., and Dutra, R. C. (2021). A closer look at cannabimimetic terpenes,
polyphenols, and flavonoids: a promising road forward. Neural Regen. Res. 16 (7),
1433–1435. doi:10.4103/1673-5374.301011

Chi, G., Wei, M., Xie, X., Soromou, L., Liu, F., and Zhao, S. (2013). Suppression of
MAPK and NF-κB pathways by limonene contributes to attenuation of
lipopolysaccharide-induced inflammatory responses in acute lung injury.
Inflammation 36, 501–511. doi:10.1007/s10753-012-9571-1

Coffey, R. G., Snella, E., Johnson, K., and Pross, S. (1996). Inhibition of macrophage
nitric oxide production by tetrahydrocannabinol in vivo and in vitro. Int.
J. Immunopharmacol. 18 (12), 749–752. doi:10.1016/s0192-0561(97)85557-9

da Franca Rodrigues, K. A., Amorim, L. V., Dias, C. N., Moraes, D. F. C., Carneiro, S.
M. P., and de Amorim Carvalho, F. A. (2015). Syzygium cumini (L.) Skeels essential oil
and its major constituent α-pinene exhibit anti-Leishmania activity through
immunomodulation in vitro. J. Ethnopharmacol. 160, 32–40. doi:10.1016/j.jep.2014.
11.024

de Carvalho, R. C. V., de Sousa, V. C., Santos, L. P., Dos Santos, I. L., Diniz, R. C.,
Rodrigues, R. R. L., et al. (2021). Limonene-carvacrol: a combination of monoterpenes
with enhanced antileishmanial activity. Toxicol. Vitro 74, 105158. doi:10.1016/j.tiv.2021.
105158

Del Toro-Arreola, S., Flores-Torales, E., Torres-Lozano, C., Del Toro-Arreola, A.,
Tostado-Pelayo, K., Ramirez-Dueñas, M. G., et al. (2005). Effect of D-limonene on
immune response in BALB/c mice with lymphoma. Int. Immunopharmacol. 5 (5),
829–838. doi:10.1016/j.intimp.2004.12.012

Devi, V. J., Radhika, A., and Biju, P. G. (2023). Adenosine receptor activation
promotes macrophage class switching from LPS-induced acute inflammatory M1 to
anti-inflammatoryM2 phenotype. Immunobiology 228 (3), 152362. doi:10.1016/j.imbio.
2023.152362

Dower, W. J., Miller, J. F., and Ragsdale, C. W. (1988). High efficiency transformation
of E. coli by high voltage electroporation. Nucleic Acids Res. 16, 6127–6145. doi:10.1093/
nar/16.13.6127

Drašar, P., and Moravcova, J. (2004). Recent advances in analysis of Chinese medical
plants and traditional medicines. J. Chromatogr. B 812 (1-2), 3–21. doi:10.1016/j.
jchromb.2004.09.037

Gallily, R., Yekhtin, Z., and Hanuš, L. O. (2018). The anti-inflammatory properties of
terpenoids from cannabis. Cannabis Cannabinoid Res. 3 (1), 282–290. doi:10.1089/can.
2018.0014

Gershenzon, J., and Dudareva, N. (2007). The function of terpene natural
products in the natural world. Nat. Chem. Biol. 3 (7), 408–414. doi:10.1038/
nchembio.2007.5

Giovannini, D., Gismondi, A., Basso, A., Canuti, L., Braglia, R., Canini, A., et al.
(2016). Lavandula angustifolia Mill. essential oil exerts antibacterial and anti-
inflammatory effect in macrophage mediated immune response to Staphylococcus
aureus. Immunol. Investig. 45 (1), 11–28. doi:10.3109/08820139.2015.1085392

Hamada, M., Uezu, K., Matsushita, J., Yamamoto, S., and Kishino, Y. (2002).
Distribution and immune responses resulting from oral administration of
D-limonene in rats. J. Nutr. Sci. vitaminology 48 (2), 155–160. doi:10.3177/jnsv.48.155

Ince, L. M., Pariollaud, M., and Gibbs, J. E. (2018). Lung physiology and defense. Curr.
Opin. Physiology 5, 9–15. doi:10.1016/j.cophys.2018.04.005

Islam, A. U. S., Hellman, B., Nyberg, F., Amir, N., Jayaraj, R. L., Petroianu, G., et al.
(2020). Myrcene attenuates renal inflammation and oxidative stress in the
adrenalectomized rat model. Molecules 25 (19), 4492. doi:10.3390/molecules25194492

Jeon, Y. J., Yang, K. H., Pulaski, J. T., and Kaminski, N. E. (1996). Attenuation of
inducible nitric oxide synthase gene expression by delta 9-tetrahydrocannabinol is
mediated through the inhibition of nuclear factor-kappa B/Rel activation. Mol.
Pharmacol. 50 (2), 334–341.

Joshi, N., Walter, J. M., and Misharin, A. V. (2018). Alveolar macrophages. Cell.
Immunol. 330, 86–90. doi:10.1016/j.cellimm.2018.01.005

Kandi, S., Godishala, V., Rao, P., and Ramana, K. (2015). Biomedical significance of
terpenes: an insight. Biomedicine 3 (1), 8–10. doi:10.12691/bb-3-1-2

Kooguchi, K., Hashimoto, S., Kobayashi, A., Kitamura, Y., Kudoh, I., Wiener-
Kronish, J., et al. (1998). Role of alveolar macrophages in initiation and regulation
of inflammation in Pseudomonas aeruginosa pneumonia. Infect. Immun. 66 (7),
3164–3169. doi:10.1128/IAI.66.7.3164-3169.1998

Kuzuyama, T., and Seto, H. (2003). Diversity of the biosynthesis of the isoprene units.
Nat. Product. Rep. 20 (2), 171–183. doi:10.1039/b109860h

LaVigne, J. E., Hecksel, R., Keresztes, A., and Streicher, J. M. (2021). Cannabis sativa
terpenes are cannabimimetic and selectively enhance cannabinoid activity. Sci. Rep. 11
(1), 8232–8315. doi:10.1038/s41598-021-87740-8

Meehan-Atrash, J., Luo, W., McWhirter, K. J., Dennis, D. G., Sarlah, D., Jensen, R. P.,
et al. (2021). The influence of terpenes on the release of volatile organic compounds and
active ingredients to cannabis vaping aerosols. RSC Adv. 11 (19), 11714–11723. doi:10.
1039/d1ra00934f

Miller, E. (2004). Apoptosis measurement by annexin v staining. Cancer cell culture:
methods and protocols, 191–202.

Moldoveanu, B., Otmishi, P., Jani, P., Walker, J., Sarmiento, X., Guardiola, J., et al.
(2008). Inflammatory mechanisms in the lung. J. Inflamm. Res. 2, 1–11. doi:10.2147/jir.
s4385

Mosser, D. M., Hamidzadeh, K., and Goncalves, R. (2021). Macrophages and the
maintenance of homeostasis. Cell. and Mol. Immunol. 18 (3), 579–587. doi:10.1038/
s41423-020-00541-3

Preteroti, M., Wilson, E. T., Eidelman, D. H., and Baglole, C. J. (2023a). Modulation of
pulmonary immune function by inhaled cannabis products and consequences for lung
disease. Respir. Res. 24 (1), 95. doi:10.1186/s12931-023-02399-1

Preteroti, M. W., Traboulsi, H., Greiss, P., Lapohos, O., Fonseca, G. J., Eidelman, D.
H., et al. (2023b). Receptor-mediated effects of Δ9-tetrahydrocannabinol and
cannabidiol on the inflammatory response of alveolar macrophages. Immunol. Cell
Biol. 101 (2), 156–170. doi:10.1111/imcb.12614

Pribul, P. K., Harker, J., Wang, B., Wang, H., Tregoning, J. S., Schwarze, Jr, et al.
(2008). Alveolar macrophages are a major determinant of early responses to viral lung
infection but do not influence subsequent disease development. J. virology 82 (9),
4441–4448. doi:10.1128/JVI.02541-07

Ribeiro, A., Almeida, V. I., Costola-de-Souza, C., Ferraz-de-Paula, V., Pinheiro, M. L.,
Vitoretti, L. B., et al. (2015). Cannabidiol improves lung function and inflammation in
mice submitted to LPS-induced acute lung injury. Immunopharmacol. Immunotoxicol.
37 (1), 35–41. doi:10.3109/08923973.2014.976794

Rossol, M., Heine, H., Meusch, U., Quandt, D., Klein, C., Sweet, M. J., et al.
(2011). LPS-induced cytokine production in human monocytes and
macrophages. Crit. Reviews™ Immunol. 31 (5), 379–446. doi:10.1615/
critrevimmunol.v31.i5.20

Rufino, A. T., Ribeiro, M., Sousa, C., Judas, F., Salgueiro, L., Cavaleiro, C., et al. (2015).
Evaluation of the anti-inflammatory, anti-catabolic and pro-anabolic effects of
E-caryophyllene, myrcene and limonene in a cell model of osteoarthritis. Eur.
J. Pharmacol. 750, 141–150. doi:10.1016/j.ejphar.2015.01.018

Russo, E. B. (2011). Taming THC: potential cannabis synergy and phytocannabinoid-
terpenoid entourage effects. Br. J. Pharmacol. 163 (7), 1344–1364. doi:10.1111/j.1476-
5381.2011.01238.x

Schulze-Osthoff, K., Ferrari, D., Riehemann, K., and Wesselborg, S. (1997).
Regulation of NF-κB activation by MAP kinase cascades. Immunobiology. 198 (1-3),
35–49. doi:10.1016/s0171-2985(97)80025-3

Schwarz, A. M., Keresztes, A., Bui, T., Hecksel, R., Peña, A., Lent, B., et al. (2022).
Terpenes from Cannabis sativa induce antinociception in a mouse model of chronic
neuropathic pain via activation of adenosine A2A receptors. Pain 10, 1097. doi:10.1097/
j.pain.0000000000003265

Sigola, L. B., Fuentes, A.-L., Millis, L. M., Vapenik, J., and Murira, A. (2016).
Effects of Toll-like receptor ligands on RAW 264.7 macrophage morphology and
zymosan phagocytosis. Tissue Cell 48 (4), 389–396. doi:10.1016/j.tice.2016.
04.002

Skopál, A., Ujlaki, G., Gerencsér, A. T., Bankó, C., Bacsó, Z., Ciruela, F., et al. (2023).
Adenosine A2A receptor activation regulates niemann–pick C1 expression and
localization in macrophages. Curr. Issues Mol. Biol. 45 (6), 4948–4969. doi:10.3390/
cimb45060315

Frontiers in Toxicology frontiersin.org10

Greiss et al. 10.3389/ftox.2024.1504508

https://doi.org/10.1007/s00011-016-0969-3
https://doi.org/10.1007/s00011-016-0969-3
https://doi.org/10.1007/s12026-011-8210-5
https://doi.org/10.1007/s12026-011-8210-5
https://doi.org/10.3390/antiox12030548
https://doi.org/10.1007/s00109-009-0512-x
https://doi.org/10.1016/j.jcf.2015.03.003
https://doi.org/10.1016/j.phymed.2020.153426
https://doi.org/10.1016/j.phymed.2020.153426
https://doi.org/10.1016/j.exppara.2017.02.012
https://doi.org/10.4103/1673-5374.301011
https://doi.org/10.1007/s10753-012-9571-1
https://doi.org/10.1016/s0192-0561(97)85557-9
https://doi.org/10.1016/j.jep.2014.11.024
https://doi.org/10.1016/j.jep.2014.11.024
https://doi.org/10.1016/j.tiv.2021.105158
https://doi.org/10.1016/j.tiv.2021.105158
https://doi.org/10.1016/j.intimp.2004.12.012
https://doi.org/10.1016/j.imbio.2023.152362
https://doi.org/10.1016/j.imbio.2023.152362
https://doi.org/10.1093/nar/16.13.6127
https://doi.org/10.1093/nar/16.13.6127
https://doi.org/10.1016/j.jchromb.2004.09.037
https://doi.org/10.1016/j.jchromb.2004.09.037
https://doi.org/10.1089/can.2018.0014
https://doi.org/10.1089/can.2018.0014
https://doi.org/10.1038/nchembio.2007.5
https://doi.org/10.1038/nchembio.2007.5
https://doi.org/10.3109/08820139.2015.1085392
https://doi.org/10.3177/jnsv.48.155
https://doi.org/10.1016/j.cophys.2018.04.005
https://doi.org/10.3390/molecules25194492
https://doi.org/10.1016/j.cellimm.2018.01.005
https://doi.org/10.12691/bb-3-1-2
https://doi.org/10.1128/IAI.66.7.3164-3169.1998
https://doi.org/10.1039/b109860h
https://doi.org/10.1038/s41598-021-87740-8
https://doi.org/10.1039/d1ra00934f
https://doi.org/10.1039/d1ra00934f
https://doi.org/10.2147/jir.s4385
https://doi.org/10.2147/jir.s4385
https://doi.org/10.1038/s41423-020-00541-3
https://doi.org/10.1038/s41423-020-00541-3
https://doi.org/10.1186/s12931-023-02399-1
https://doi.org/10.1111/imcb.12614
https://doi.org/10.1128/JVI.02541-07
https://doi.org/10.3109/08923973.2014.976794
https://doi.org/10.1615/critrevimmunol.v31.i5.20
https://doi.org/10.1615/critrevimmunol.v31.i5.20
https://doi.org/10.1016/j.ejphar.2015.01.018
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.1016/s0171-2985(97)80025-3
https://doi.org/10.1097/j.pain.0000000000003265
https://doi.org/10.1097/j.pain.0000000000003265
https://doi.org/10.1016/j.tice.2016.04.002
https://doi.org/10.1016/j.tice.2016.04.002
https://doi.org/10.3390/cimb45060315
https://doi.org/10.3390/cimb45060315
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1504508


Srivastava, M. D., Srivastava, B. I., and Brouhard, B. (1998). Delta9 tetrahydrocannabinol
and cannabidiol alter cytokine production by human immune cells. Immunopharmacology 40
(3), 179–185. doi:10.1016/s0162-3109(98)00041-1

Suryavanshi, S. V., Zaiachuk, M., Pryimak, N., Kovalchuk, I., and Kovalchuk, O.
(2022). Cannabinoids alleviate the LPS-induced cytokine storm via attenuating
NLRP3 inflammasome signaling and TYK2-mediated STAT3 signaling pathways
in vitro. Cells 11 (9), 1391. doi:10.3390/cells11091391

Uribe-Querol, E., and Rosales, C. (2020). Phagocytosis: our current
understanding of a universal biological process. Front. Immunol. 11, 1066.
doi:10.3389/fimmu.2020.01066

Yoon, W.-J., Lee, N. H., and Hyun, C.-G. (2010). Limonene suppresses
lipopolysaccharide-induced production of nitric oxide, prostaglandin E2, and pro-
inflammatory cytokines in RAW 264.7 macrophages. J. oleo Sci. 59 (8), 415–421. doi:10.
5650/jos.59.415

Younis, N. S. (2020). D-Limonene mitigate myocardial injury in rats through MAPK/
ERK/NF-κB pathway inhibition. Korean J. Physiology and Pharmacol. 24 (3), 259–266.
doi:10.4196/kjpp.2020.24.3.259

Zhang, J.-M., and An, J. (2007). Cytokines, inflammation and pain. Int. Anesthesiol.
Clin. 45 (2), 27–37. doi:10.1097/AIA.0b013e318034194e

Zhao, K., Tseng, B. S., Beckerman, B., Jin, F., Gibiansky, M. L., Harrison, J. J., et al.
(2013). Psl trails guide exploration and microcolony formation in Pseudomonas
aeruginosa biofilms. Nature 497 (7449), 388–391. doi:10.1038/nature12155

Zhou, F., and Pichersky, E. (2020). More is better: the diversity of terpene metabolism
in plants. Curr. Opin. Plant Biol. 55, 1–10. doi:10.1016/j.pbi.2020.01.005

Zhou, M., Wu, J., Chang, H., Fang, Y., Zhang, D., and Guo, Y. (2023). Adenosine
signaling mediate pain transmission in the central nervous system. Purinergic Signal. 19,
245–254. doi:10.1007/s11302-021-09826-2

Frontiers in Toxicology frontiersin.org11

Greiss et al. 10.3389/ftox.2024.1504508

https://doi.org/10.1016/s0162-3109(98)00041-1
https://doi.org/10.3390/cells11091391
https://doi.org/10.3389/fimmu.2020.01066
https://doi.org/10.5650/jos.59.415
https://doi.org/10.5650/jos.59.415
https://doi.org/10.4196/kjpp.2020.24.3.259
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1038/nature12155
https://doi.org/10.1016/j.pbi.2020.01.005
https://doi.org/10.1007/s11302-021-09826-2
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1504508

	The effect of cannabis-derived terpenes on alveolar macrophage function
	Introduction
	Materials and methods
	Cell culture
	MTT assay
	Quantitative reverse transcription PCR (qRT-PCR)
	Cytokine quantification
	Measurement of phagocytosis of opsonized latex beads
	Preparation of fluorescent mCherry Escherichia coli
	Measurement of phagocytosis of Escherichia coli
	Annexin V and propidium iodine (PI) staining
	Statistical analysis

	Results
	Alveolar macrophage inflammatory genes and proteins are not affected by cannabis-derived terpenes
	Terpenes from cannabis cause a ligand-dependent increase in MH-S cell phagocytic capability
	Cannabis-derived terpenes do not potentiate the effects of ∆9-THC in MH-S cells

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


