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Abstract

Background: The increasing availability and abuse of recreational and medical cannabis has been associated with patients presenting with cyclical nausea, vomiting,
intestinal cramps, and other manifestations, referred to as cannabinoid hyperemesis syndrome. An exact etiologic mechanism, especially on the cellular level, remains
unclear. Continual studies are needed to address the effect of cannabinoid activity specifically addressing that which occurs in the gastrointestinal tract.

Methods: Cannabinoids in general, are immiscible in water-based cell culture media. Homogenization was performed to bring a THC/CBD formulation into a workable
state for in vitro testing. The human colon adenocarcinoma (HT-29) epithelia cell line was used throughout this study. Mitochondrial cytotoxicity testing was performed
using a fluorescein conjugated monoclonal antibody to the organelle’s outer membrane protein. Mitochondrial morphology was performed by transmission electron
microscopy utilizing a commercially available cannabidiol product. Cell cultures, incubated with 50 to 125 pug/ml of a THC/CBD formulation for 72-h, were viewed daily for
the appearance of a monolayer degeneration or a cytopathogenic effect.

Results: Cell monolayers treated with non-homogenized THC/CBD in phosphate-buffered saline or utilizing DMSO as analyte diluents, proved unremarkable. However,
homogenization of the cannabinoid formulation at > 50 pg/ml affected a loss of monolayer confluency and mitochondrial membrane surface protein. Treatment of
monolayers with CBD affected a loss of mitochondrial morphology as observed by an absence of organelle cristae and matrix structure. Mitochondrial loss of surface
protein integrity occurred prior to monolayer degeneration.

Conclusion: A cytotoxic effect was realized in colon cell cultures following treatment with a cannabinoid liquid tincture formulation at concentrations > 50 pg/ml. The
degenerative effect by the cannabinoid formulation was directed initially to a marked loss of mitochondrial morphology and loss of [organelle] surface integrity, followed
by a monolayer degeneration. Critically, the immiscible THC/CBD analyte mandated a size distribution of lipid globules to single digit of smaller pM particulates.

Globule reduction was achieved by high speed homogenization. Additional studies in the animal model are needed to further address our findings in the search for an
etiology to cannabinoid hyperemesis syndrome.

Abbreviations PBS: Phosphate-Buffered Saline; DMSO: Dimethyl Sulfoxide;
HT-29: Human Adenocarcinoma of the Colon

THC: A%-Tetrahydrocannabinol; CBD: Cannabidiol; CHS:

Cannabinoid Hyperemesis Syndrome; MT: Mitochondria; TEM:

Transmission Electron Microscopy; IF: Immunofluorescence;

Introduction

The increasing availability and in turn, abuse of recreational
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(and medical) cannabis (marijuana) has been etiologically
linked to patients presenting with but not limited to, cyclical
diarrhea, vomiting, intense gastrointestinal cramps, and
headaches - clinically referred to as cannabinoid hyperemesis
syndrome or CHS [1]. Although once considered rare, CHS has
markedly increased over the last number of years. Data obtained
from two urban hospital Emergency Departments for example,
showed 43% of 494 and 32.9% of 155 cannabis users (viz. 12
and > 20 day use/month, respectively) being diagnosed with
CHS [2,3]. The inordinate use of cannabis is not considered life
threatening, although two CHS-associated mortalities due to
nonspecific electrolyte imbalances, have been reported [4].

The precise mechanism of CHS induction by THC
consumption remains unclear [5]. However, some investigators
have recognized a targeted effect by THC of mitochondrial
physiologic disfunction using bronchopulmonary epithelium
of the human lung (A549) cell cultures and pig brain neuronal
mitochondria [6-8]. A need exists accordingly, to further
investigate the effect(s) of cannabis or cannabis-containing
products as etiologic agents of CHS, especially on the enteric
cellular level.

The purpose of this study was to investigate the effect of
a commercially available THC/CBD liquid tincture formulation
on the viability of an intestinal epithelial cell line as well
as mitochondrial integrity. As a model system, the human
adenocarcinoma of the colon (HT-29) cell line was used
throughout this study. Cellular toxicity was determined by
a loss of HT-29 monolayer viability, mitochondrial (MT)
membrane destruction, and organelle ultrastructural anomaly.

Materials and methods
Tetrahydrocannabinol (THC)/cannabidiol (CBD)

THC/CBD (medical marijuana sublingual liquid tincture)
was purchased from Columbia Care, Inc., Brooklyn, NY (S.
M. Lipson, NYS registry ID 1-753970197). The extracted
Cannabis product, was fractionated in coconut oil medium-
chain triglycerides (MCT), polysorbate-80, and ethanol, by
the manufacturer as per trade secret. The extracted product
consisted of a 20:1 sublingual tincture ratio of THC to CBD (Zero
point 5ml of the stock preparation consisted of 5 mg THC and
0.25 mg CBD). Less than 5 ml of the commercial preparation
was utilized in the performance of the technologic procedures
described in this study.

Cannabidiol

Cannabidiol (CBD) was purchased at a concentration of
1.0 mg/ml in methanol, analytical standard, for drug analysis
from Millipore-Sigma (St. Louis, MO.; Cat. No. C6395).
Zero point 1, 1.6, and 6.3% of the CBD stock was prepared
in cell culture maintenance medium wherein the lowest
concentration approximated that of the CBD component of the
medical marijuana sublingual liquid tincture formulation. The
negative culture control consisted of maintenance medium but
containing the same concentrations of methanol.

Dulbecco’s Phosphate-Buffered Saline (PBS)

Liquid filter sterilized PBS without calcium chloride and
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magnesium chloride was purchased from Millipore-Sigma (St.
Louis, MO.; Cat. No. D8537).

Cell culture

The human carcinoma of the colon [Homo sapiens colon
colorectal adenocarcinoma (HT-29) cell line was purchased
from the American Type Culture Collection (ATCC-38TM;
Bethesda, MD) and used throughout the study. Cells were
grown in T25% tissue culture flasks and passaged as per
standard procedures. For mitochondria membrane antigen
detection, testing was performed on monolayers which had
been grown in 15 X 45 mm “1 Dram Vial Shell type 1 glass w/
plug* and containing 12 mm diameter cover slips. The growth
medium (GM) consisted of Eagles’ minimal essential medium
supplemented with 10% fetal bovine serum(FBS), 100 ng/ml
streptomycin, 100 units penicillin, 1% L-glutamine, and 1%
amphotericin B. Maintenance medium (MM) was identical to
the GM except that 2% FBS was used in the medium supplement.

Immunofluorescence

The immunostain consisted of an anti-mitochondrial clone
113-1 Alexa Fluor® 488 conjugate mouse monoclonal antibody
recognizing the 60 kDa non-glycosylated surface component
of the intact mitochondria organelle (Cat. # Mab1273A4,
Millipore-Sigma (St. Louis, MO).

Dimethyl sulfoxide

Dimethyl sulfoxide (DMSO) was purchased from Millipore-
Sigma (Cat. No.W387520). The THC/CDB formulation was
suspended in 10 and 20% DMSO (in PBS) to affect concentrations
of 50, 64, 100, and 125 ng/ml. Zero point 25 pl of the THC/CBD
concentrations were inoculated in triplicate onto monolayers of
HT-29 cells grown in “shell vials.” Monolayers were observed
and tested daily for a period of 72-h for any changes in culture
confluency and in immunofluorescence signal, respectively.
The control consisted of cultures treated with DMSO alone.

Homogenization

The THC/CBD liquid tincture formulation is immiscible in
water based systems (viz. cell culture medium), precluding
an accurate execution of in situ testing. Accordingly, THC/
CBD lipid (fat) globules in MM were homogenized on ice to
produce micro-size particles efficacious in the execution of
the experimental protocol. The testing of THC/CBD at neat
and increasing formulation concentrations both before and
after homogenization was performed. Briefly, homogenization
of THC/CBD suspensions were performed using an OMNI
Homogenizer (Model TH; OMNI International, Kennesew, GA)
at a speed of 25,000 to 30,000 rpm for 10 minutes. Particle size
destruction was determined using a slide micrometer at 1 Div. =
0.01mM (AmScope, Los Angeles, CA). Briefly, 25ul of vortexed
homogenized and non-homogenized THC/CBD formulations at
50ug/ml were placed onto the slide microgrid. After placement
of a cover slip cover slip, the slip was read to determine the
approximate diameter of both cannabinoid preparations. The
slip was read at a total magnification of 400X.

(2]
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Inoculation of cell cultures and determination of mono-
layer degeneration

The THC/CBD (cannabinoid) liquid tincture formulation was
diluted in MM and DMSO from neat, 50, 64, 100, and 125 ng/ml
for inoculation into previously seeded shell vials. Testing was
performed using the cannabinoid formulation which has been
suspended in homogenized and non-homogenized MM, and
10 and 20% concentrations of DMSO to determine the effect
of the drug formulation on monolayer confluency and changes
in fluorescence signal. Loss of MT morphology was addressed
using the commercially purchased CBD. To avoid DMSO
toxicity per se, 25 nul of each cannabinoid-DMSO suspension
was inoculated onto monolayers routinely containing 200 pl
MM. Cultures were incubated at 37°C for 72-h and observed
for daily for changes in monolayer confluency and fluorescence
signal intensity. Controls consisted of MM and DMSO in the
absence of the cannabinoid commercial formulation.

Detection of mitochondrial membrane protein

Shell vials were inoculated with concentrations of
homogenized THC/CBD ranging from 50 to 125 pg/ml MM and
incubated at 37°C for 72-h. Cover slips were washed with PBS,
fixed with methanol, removed using a hypodermic needle, and
affixed to glass slides using Permount histological glue (Lipson
et al., 2017). The HT-29 monolayers were fixed in methanol,
immunostained with antibody clone 113-1, and incubated for a
period 37°C for 30 min. The monolayers were again washed and
viewed under a Nikon eclipse E400 fluorescence microscope).

Transmission electron microscopy

Mitochondrial morphology was determined by transmission
electron microscopy (TEM). Briefly, HT-29 cells were seeded
into T-25"tissue culture flasks at a concentration of 1 X105 cells/
ml according to standard procedures [9]. Upon the appearance
of a 95% monolayer confluency, flasks were inoculated with
increasing concentrations of CBD at 0.1, 1.6, and 6.3 ng/
ml MM. After 24 and 48-h, monolayers were dispersed by
trypsinization and fixed in 3% glutaraldehyde with 1% sodium
cacodylate. The cells were dehydrated in ethanol, embedded en
bloc, sectioned, and mounted on grids for examination using a
Hatachi transmission electron microscope [10,11]. The negative
control was treated as the experimental, but methanol was
added to the MM instead of the CBD. Monolayers incubated
with PBS only were tested as described above. The overall
experimental design of this study is presented on Figure 1.

Results and discussion

The consumption of cannabis through ingestion or
inhalation has been proposed to ameliorate pain/discomfort
ranging from neoplastic diseases, administration of
chemotherapy, neuropathy, inflammation, muscle spasticity
and more [12,13]. Despite the absence of clinical trials, an
increasingly large number of states have decriminalized the
possession of marijuana, resulting in its recreational and/or
medical use by the populace. Only three cannabis-containing
drugs are currently FDA approved for clinical use. These drugs
include Epidiolex® (containing CBD) for the treatment of two
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Figure 1: Comparison of methods in the preparation of the cannabis delivery/carrier
medium. The commercially available THC/CBD Cannabis sativa extract forms
immiscible lipid globules in water-based systems [e.g., cell culture maintenance

medium (MM)]. Addition of the extract into MM alone or MM containing DMSO,
proved unremarkable. Homogenization of lipid globules in MM is suggested to
be efficacious in producing a delivery/carrier system capable of traversing the
eukaryotic cell membrane.

forms of childhood epilepsy (Dravet and Lennox-Gastaut
Syndroms), dronabinol and nabilone (both containing THC) for
the treatment of extreme loss of weight caused by AIDS, and
nausea resulting from cancer chemotherapy, respectively [14].
Notwithstanding, long term daily or biweekly [recreational]
use of cannabis, has been found to produce severe intestinal
and related pathologic syndromes (e.g., CHS) opposite from
that which the drug has been touted to remediate.

Two research groups have addressed in situ mitochondrial
functionality by THC using A549 (human lung cancer) and
the BeWo (human placenta choriocarcinoma) cell lines as
model systems. Cannabis IC_ [toxic] concentrations of 7.5 pg/
ml and 5 pM for A549 and BeWo cells respectively, had been
reported [7,15]. However, due to those clinical manifestations
recognized in CHS, it behooved us to investigate any potential
cytotoxic activity imparted by THC to the in situ viability of HT-
29 cells grown in monolayer culture. One of the more widely
used cannabinoid products is the “sublingual liquid tincture”
consisting of a 20:1 ratio of THC to CBD. Inasmuch as most
studies have addressed the activity of pure system THC and
to a larger extent CBD both in vivo and in situ/in vitro, it was
our purpose to evaluate the combined THC/CBD commercial
product but containing the higher ratio of THC to CBD [16,17].

Problematically, the commercially available THC/CBD
formulation under investigation is immiscible in water-based
systems, specifically the routinely used Eagle’s minimal
essential medium utilized in our in vitro assay system.
Importantly, biochemical/physiologic in vitro cell based assays
commonly require analytes in a soluble form. Accordingly,
experiments were performed to not only identify the effect of
the cannabinoid formulation on cell viability and mitochondrial
structural integrity, but to devise a system to address the
immiscible state of the analyte in question.

Dilution of THC/CBD liquid tincture in Eagle’s minimal
essential medium (plus supplements) resulted in the
formation of relatively large lipid globules. This effect was
readily recognized following inoculation of the cannabinoid
formulation into the HT-29 cells grown in monolayer culture
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(Figure 2). Dose response curves showed an increasing
monolayer obfuscation at a cannabinoid formulation at >125
pg/ml, precluding a definitive reading of monolayers to
determine cytotoxic activity (i.e., cellular granulation, loss of
contact inhibition). Repeated washing of monolayers using
PBS to remove beclouding concentrations of cannabinoid
lipid globules proved ineffective. Notwithstanding, lower
experimental cannabinoid inocula use in MM as the [drug]
carrier/delivery system, proved relatively unremarkable.

A continued effort to bring the test analyte into suspension
was approached using DMSO, a “universal” amphiphilic
organic aprotic molecule capable of dissolving polar and non-
polar molecules. The efficacy of DMSO had been recognized
for decades in numerous disciplines including toxicology,
pharmacology, molecular biology, cryopreservation, and as
an enhancer of tissue penetration. Accordingly, DMSO was
tested in our system as a carrier molecule for the THC/CBD
liquid tincture formulation. Inoculation of HT-29 cells in
monolayer culture with THC/CBD/DMSO preparations showed
no monolayer degeneration nor loss of immunofluorescence
signal. As alluded to above, our use of a markedly reduced
final DMSO concentration in our assay system was not without
consideration, as even single digit concentrations of the organic
solvent had been shown to be toxic to metabolizing cells and
might in turn, skew our findings [18-20].

The latest developments in therapeutic drug administration
has spawned marked interest in the use of nanoparticle carriers
such as, liposomes, polymeric micelles, and microspheres.
Protocols using both chemical and physical methods have been
shown effective in creating such nano-formulations, utilized
in drug delivery systems [21,22]. It became apparent to us that
a reduced particle (lipid globule) size distribution might be
appropriate for use in our cell culture based assay system.

Further experiments were performed to address a potential
loss of cell monolayer integrity and mitochondrial surface
antigen following inoculation with a homogenized THC/CBD
lipid globule suspension (Figures 2,3). Both unadulterated
and homogenized cannabinoid preparations were tested
at concentrations ranging from 50 to 125 pg/ml. Utilizing
identical testing protocols as above, a continual loss of MT
immunostaining and monolayer integrity commenced at a
homogenized cannabinoid formulation > 50 pg/ml. Of note, the
loss of MT 60 kDa membrane signal intensity and organelle
structural integrity within our epithelial cell system proceeded
a monolayer degeneration (Figure 4). TCH/CBD concentrations
> 50 pg/ml in the non-homogenized MM control formulation
failed to affect a clearly discernable monolayer degenerative
effect or loss of immunofluorescence signal.

Particle size distribution of homogenized and non-
homogenized THC/CBD preparations (in MM) were evaluated
using a stage micrometer. Particle size distribution of non-
homogenized preparations ranged from primarily 20 to 1500
pM in diameter. Homogenized preparations ranged from
<10 to primarily single digit pM particles. We suggest that
homogenized microscopic colloidal particles were able to attach
and then traverse the eukaryotic cell membranes through a
nonspecific endocytosis/pinocytosis [13]. Macromolecules of
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Figure 2: Inoculation of HT-29 monolayers with 50 pg/ml THC/CBD liquid tincture
formulation. A, Cannabinoids prepared in MM or MM containing DMSO. Note
the presence of large heterogeneous lipid granules/particles (LG) interspersed
throughout the monolayer culture. B, Monolayers inoculated with 50 pg/ml
homogenized cannabinoid-MM preparation. Note the presence of micro-granules/
particles interspersed throughout the monolayer surface, partially obfuscating the
field of view. A cannabinoid formulation > 125 ug/ml precluded a definitive reading
of monolayers to determine a cytotoxic effect. C, The negative control. Monolayers
inoculated with MM or PBS only, showing the characteristic HT-29 cell growth
pattern (200X).

Figure 3: Loss of the 60 kDa mitochondrial surface antigen determined by
immunofluorescence (IF) testing. A, Decreased immunofluorescence signal
following monolayer treatment with 50 pg/ml THC/CBD formulation. B, Positive
control. Immunostained HT-29 cells grown in monolayer culture but treated only
with MM or PBS. C, (insert). Unstained HT-29 cells viewed under the florescence
microscope.
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Figure 4: Cannabinoid-associated loss of immunofluorescence (IF) signal vs.
monolayer degeneration. Homogenized preparations of THC/CBD fomulation were
inoculated onto monolayers of colon epithelial cells and monitored for a period
of 72-h. Note the trend in IF signal loss prior to a progressive loss of monolayer

integrity. Loss of monolayer integrity and IF signal is expressed on a scale of 0
through 10, where 10 represents both assay systems at neat and respective
controls (not shown), with decreasing values representing the progressive loss of
IF signal and monolayer integrity as a funtion of cannabinoid concentration. A, IF
signal. O, HT-29 cells grown on monolayer culture.

bacterial dimensions (0.2 to 2 pm in diameter and 2 to 8 um
in length) for example, are capable of traversing the cellular
membrane albeit in the prokaryote cell [23]. We do not suggest
a THC/CBD attachment to HT-29 cellular membranes through
a receptor mediated endocytosis.

[£5]
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The homogenization of THC/CBD lipid globules in
suspensions not only affected a loss of monolayer integrity
and MT surface antigen, but denoted the significance of an
appropriate carrier/delivery system in our assay system.
In support of our work, particle size reduction was effective
in certain discrete [immunologic] cellular pathologies.
Specifically, treatment of peripheral blood leukocyte cultures by
sonicated polybrominated biphenyls or PBB (an environmental
toxicant), negatively affected cell function while increasing
immunoglobulin synthesis. Such findings presented a
model system mimicking a hypergammaglobulinemia [24].
Preliminary testing of commercially prepared non-sonicated
PBB proved benign. The immunologic work parenthetically,
served as a laboratory component of that unique environmental
catastrophe in Michigan, wherein the PBB fire retardant rather
than the livestock nutritional supplement “Nutrimaster”, was
inadvertently introduced into the food chain.

The decision to use maintenance medium (viz. Earle’s
minimal essential medium plus supplements) rather than PBS
in the preparation of our analyte was not without consideration.
MM not only serves as a membrane stabilizing function and as
an in situ [cell] nutritional source, but mediates particle-to-
cell attachment. Specifically, HT-29 cells in monolayer culture
and THC/CBD lipid globules in our assay system present
with net electronegative surface charge potentials [25,26].
Monovalent and primarily divalent cation constituents in
MM mediate a reduction of both monolayer and lipid globule
electrostatic forces of repulsion [24,27]. The resultant latter
effect is suggested to enhance microglobule-colon epithelial
cell attachment through the actions of van der Waals forces
and hydrogen bonding. Microparticle lipid globule passage
through the eukaryotic cell membrane in turn, is proposed
to occur through a clathrin-independent caveolin-mediated
endocytosis [28,29]. The significance of a cation-mediate
particle-to-cell attachment in our homogenized THC/CBD/MM
transport or delivery system should not be underestimated.

One might ascribe those cation-mediated physicochemical
surface effects through a reduction in diameter of the Stern-
Guoy-Chapman electric double layer as proposed in the
Derjaguin, Verwey, Landau, Overbeek (DVLO) theory [21,30,31].
Those interested in a detailed description and analysis of the
DVLO/electric double layer paragon are referred to the concise
overview by G. Trefalt and M. Borkovec, which is beyond the
scope of study [32].

CBD in contrast to THC, is well tolerated, as doses of
700 and 1,500 mg/day among healthy volunteers showed no
serious or minimal “side effects” [16,17]. It should be pointed
out however, that such findings are not necessarily absolute.
Complicating factors such as chronic diseases, patient age,
body size, general constitution, and/or [in vivo] interactions
between THC and CBD, may question one’s taking the
liberty of biological extrapolations [33]. Notwithstanding,
and in complement with our pure system study, it was our
interest to additionally address the effect of CBD per se on MT
integrity/morphology. As shown on Figure 5, CBD imparts a
detrimental effect on MT morphology, as overtly evidenced by
the absence of the organelles’ characteristic wrinkled cristae.
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Figure 5: Electron micrographs depicting degenerated cannabidiol (CBD)-treated
HT-29 cells. HT-29 cells were grown in T25°" flacks and inoculated with increasing
concentrations of CDB, incubated at 37°C for a period of 48-h, dispersed by
trypsinization, fixed, embedded en bloc, and further processed for transmission

electron microscopy. A, Monolayers were treated with PBS only, showing
morphologically normal mitochondrial (MT) morphology. B, Monolayers treated
with 0.1 pg/ml CBD. Note a marked loss of characteristically wrinkled cristae and
the morphologic aberrations of organelles’ matrices.

MT membrane in folding parenthetically, serves the critical
function of increased surface area, allowing optimal capacity
for ATP generation (viz. electron transport, chemiosmosis) and
in turn, cellular homeostasis.

A mechanism associated with our findings may be related
to those events taking place in the endocannabinoid system
(ECS). Specifically, the ECS is not only a constituent of the
central and peripheral nervous systems, but is also present
in organs and tissues throughout the body, including the
gastrointestinal tract [34]. Importantly, cannabinoid CB1 (CB1R)
and CB2 (CB2R) and potentially other receptors of the ECS
bind to both endogenous [e.g., N-arachidonoylethanolamine
(anandamide) and 2-arachidonoylglycerol (2-AG)] as well
as exogenous cannabinoids THC and CBD [35]. Inasmuch
as the ECS contributes to homeostasis through a regulation
of mitochondrial function, it would not be inappropriate to
suggest a deregulation of the energy producing activity of
the mitochondria and in turn, a detrimental effect on overall
cellular integrity [36,37].

As a final point, it was not our intension to duplicate earlier
studies addressing those adverse effects on MT bioenergetics
imposed to either one or more cannabinoid constituents
[6-8,38-42]). Our interest however, was directed to those
potential morphologic aberrations of the MT and early stage
dissolution of organelle membrane integrity within our enteric
epithelial cell culture system. Perhaps of equal significance,
is our recognition and execution of an appropriate transport/
carrier system needed to investigate the effect of immiscible
cannabinoids in an in vitro water-based cell culture assay.

Conclusions

Under the conditions of this study, a commercially available
cannabinoid liquid tincture formulation and CBD per se, proved
detrimental to the viability of HT-29 cells grown in monolayer
culture and mitochondrial morphologic integrity, respectively.
Significantly, and at an experimental dosing regimen from 50
to 125 pg/ml, the THC/CDB formulation affected a loss of MT
antigen/immunofluorescent signal prior to the appearance
of a cell monolayer degeneration. On the ultrastructural
level, CBD alone affected an anomalous MT morphology,
overtly recognized by an absence of organelle membrane in-
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folding and in turn, the characteristic cristae. It would not
be unreasonable accordingly, to suggest a cannabinoid- and/
or cannabidiol-associated deregulation of MT activity and in
turn, the cytotoxic effect.

The THC/CBD liquid tincture formulation is immiscible in
water-based systems. Homogenization of THC/CBD-associated
lipid globules yielded a carrier/transport system detrimental to
the viability of our cell culture system. We suggest a potential
entry of homogenized microparticles into metabolizing HT-
29 cells resulting in an organelle dysfunction followed by a
cellular degeneration.

Our study, on the in-vitro level, draws attention to a
potential link between cannabis intake and gastrointestinal
dysfunction reflective of CHS. The in vitro use of the HT-29 cell
line as a model system directs one’s attention to a potential
mechanism associated with CHS/bowel dysfunction on the
organismic level. Our work further points out the critical need
to recognize and address any potential assay limitations (e.g.,
analyte immiscibility), which might adversely affect a given
test’s negative predictive value. Further studies are needed
in the animal model to further address the mechanism(s) of
cannabinoid activity on gut physiology.
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