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Background: A9-tetrahydrocannabinol (THC) has been shown to decreased intraocular
pressure (IOP). This project aims to define the relationship between plasma THC levels
and IOP in healthy adult subjects.

Methods: Eleven healthy subjects received a single dose of inhaled cannabis that was
self-administered in negative pressure rooms. Measurements of IOP and plasma THC
levels were taken at baseline and every 30 min for 1 h and afterwards every hour for 4 h.
IOP reduction and percent change in IOP over time were calculated. Linear regression
models were used to measure the relationship between IOP and plasma THC levels.
Two line linear regression models with F-tests were used to detect change points in the
regression. Then, Pearson correlations were computed based on the change point.

Results: Twenty-two eyes met inclusion criteria. The average peak percentage decrease
in IOP was 16% at 60min. Percent IOP reduction as well as total IOP reduction
demonstrated a negative correlation with THC plasma levels showing r-values of —0.81
and —0.70, respectively. F-tests revealed a change point in the regression for plasma
levels >20ng/ml. For levels >20 ng/ml, the correlation coefficients changed significantly
with r-values of 0.21 and 0.29 (p < 0.01).

Conclusion: Plasma THC levels are significantly correlated with IOP reduction up to
plasma levels of 20ng/ml. Plasma levels >20ng/ml were not correlated with further
decrease in IOP. More research is needed to determine the efficacy of THC in reducing
IOP for eyes with ocular hypertension and glaucoma.

Keywords: tetrahydrocannabinol (THC), glaucoma, cannabis, intraocular pressure (IOP), treatment

Frontiers in Medicine | www.frontiersin.org

1 January 2022 | Volume 8 | Article 736792


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.736792
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.736792&domain=pdf&date_stamp=2022-01-17
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:andrewks@hs.uci.edu
https://doi.org/10.3389/fmed.2021.736792
https://www.frontiersin.org/articles/10.3389/fmed.2021.736792/full

Mosaed et al.

Plasma THC and IOP Correlation

INTRODUCTION

Although not yet adopted in clinical practice, prior studies have
demonstrated the intraocular pressure (IOP)-lowering effects of
cannabis (1-4). Inhaled marijuana has been shown to decrease
IOP by 25% in some studies while intravenous THC lowered
IOP by 37% (3, 4). Topically applied THC in animal models
and sublingual THC in humans have likewise demonstrated
significant IOP-lowering effects (1, 2). Despite the IOP-lowering
effects of cannabis, clinical adoption of THC for the treatment of
elevated IOP has been limited.

There are several reasons for this, namely that topically
administered pharmaceutical formulations of THC have
historically poor corneal penetration, and hence limited IOP-
lowering effects, and systemic administration is associated
with psychotropic and potential cardiovascular side effects,
thereby limiting use in clinical practice (5-9). Improving corneal
penetration is an area of active research and some have shown
promise through various methods (10-14).

When inhaled, THC is detected in the serum within seconds
after the first puff, achieving peak plasma levels within 3-10 min
(15). The bioavailability of THC varies greatly, with ranges
reported between 2 and 56% (16). This variability is attributed
to the differences in smoking practices and is influenced by the
depth of inhalation, number of puffs, time between puffs as well
as hold time of each user. After stopping inhalation, plasma
levels fall rapidly. For example, when subjects smoked a cigarette
containing 3.55% THC, peak concentrations ranged from 76 to
267 ng/ml but were <5ng/ml within 2h for all subjects (17).
The average plasma clearance has been reported to be 11.8 £
3 L/h for women and 14.9 + 3.7 L/h for men with plasma
half-life ranging from 18.7h to 4.1 days (18, 19). The speed at
which THC leaves the serum is attributed to its wide distribution
into tissues including brain, heart, lungs, and adipose tissue as
well as its metabolism by the liver (20). Metabolism by P450
enzymes in the liver turn the compound into a number of
different metabolites including most prominently THC-COOH
(17). These metabolites are then excreted in the feces and urine.

Recently, the first double-blinded randomized controlled trial
demonstrated that inhaled THC reduced IOP by 16% in healthy
adult subjects (21). This study reports on the correlation between
THC plasma levels and IOP reduction of those patients. This
is the first study to assess the correlation between THC plasma
levels and IOP in adult healthy subjects.

MATERIALS AND METHODS

Regulatory Process

This study was approved by the University of California, San
Diego (UCSD) Human Research Protections, and adhered to
the Declaration of Helsinki. The parent study was conducted
under IND 131268, and approved by the Research Advisory Panel
of California. This study was conducted at the University of
California, Center for Medicinal Cannabis Research (CMCR).
Two rooms were specifically outfitted with a negative pressure
system to enable cannabis to be vented to the atmosphere without
contaminating the workspace of others. Cannabis was harvested

at the University of Mississippi under the supervision of the
National Institute on Drug Abuse (NIDA).

Participant Selection

Informed consent was obtained from all participants.
Participants were a consecutive subset of individuals enrolled in
a larger study examining the impact of acute cannabis inhalation
on driving performance. Subjects were recruited from the
community. Eligible participants (healthy adults between 21 and
55 years of age) were scheduled for a baseline session and one,
8-h experimental session at the CMCR.

Patients were included who were older than 21 years, a
licensed driver and driven a minimum of 1,000 miles in the
past year, a regular cannabis smoker (>/=4 times in the
past month), willing to not disclose details of the simulator
and iPad-based assessments, and willing to complete the IOP
tonometer evaluations. Exclusion criteria for this study included
a known history of glaucoma or other eye disorder other than
refractive error, the inability to refrain from contact lens use
on the day of visits, history of traumatic brain injury, an
unwillingness to abstain from cannabis for: 2 days prior to
screening visit (so driving simulation will not be impaired) and 2
days prior to experimental visit (2-3 half-lives of THC), a positive
pregnancy test, a positive result on toxicity screening for cocaine,
amphetamines, opiates, and phencyclidine (PCP). However, a
positive result for a prescribed or recommended drug (cannabis)
was not exclusionary. Individuals with current substance use
disorders as assessed using the Drug Abuse Screening Test
(DAST) and Alcohol Use Disorders Identification Test (AUDIT)
were excluded. Subjects were also excluded for being unwilling
to be transported by cab or have a responsible adult drive them
home after experimental session or inability to complete study
procedures (i.e., poor veins, unwillingness to be transported
home by taxi, or friend).

Study Design
Three-hundred participants were recruited with the intention to
study up to 220 participants who met inclusion/exclusion criteria
and ultimately provide complete data. Eleven participants were
screened and enrolled in the IOP component. At the beginning
of the screening/baseline visit and the experimental visit, subjects
underwent a urine drug screen and breathalyzer for alcohol and
drugs. In addition, an oral fluid sample was run for the presence
of delta-9 THC using a testing device (Draeger 5000) which
identifies THC levels at above vs. below 5 ng. A positive reading
on the Draeger was considered indicative of use within the past
day. Any participants with a positive reading were excluded
(none occurred within the subsample for this study).
Participants were divided into two groups and each received
either a 5.9 or 13.4 w/w % cannabis cigarette at their visits.
Group assignment were assigned using a permuted blocks
randomization with stratification by prior cannabis exposure
[frequent user (>4x per week) vs. occasional user (<4x per
week)]. They were asked to smoke 700 mg cigarettes with either
5.9, or 13.4% (at the beginning of the day, and to measure
IOP, complete driving simulations, iPad-based performance
assessments, and bodily fluid draws [e.g., blood, oral fluid
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(OF) saliva, breath] before the cannabis smoking and over
the subsequent 6h after cannabis smoking. Participants were
instructed to “smoke the joint/cigarette the way you do at home to
get high” (i.e., there was no requirement that they finish the entire
cigarette). Though not mandatory to incinerate the cigarette to
the proximal tip, a minimum of 4 puffs was required for a
participant to remain in the study. They were allowed 10 min
to smoke. The allocation schedule was kept in the pharmacy
and concealed from other study personnel. Patients and assessors
were blinded to group assignments.

Monitoring of Vital Signs

Vital signs were monitored throughout the experiment at
hourly intervals to monitor the subject’s health status as well
as to quantify marijuanas general effects. At any sign of an
adverse reaction (e.g., a change in blood pressure or pulse
rate or development of psychological distress), an investigator
was called. Subjects remained in the laboratory under direct
observation for 7 h after the marijuana smoking inhalations were
completed. At that time, a final vital sign and self-report status
check was made and upon satisfactory readings, the subject
was released and driven back to his/her domicile by taxicab or
prearranged transportation. The return transport procedure was
observed directly by staff to ensure compliance.

Cardiovascular Monitoring
Blood pressure and pulse were assessed pre-smoking, and at
approximately every 30 min for 2h post-smoking session, then
up to every hour for the additional 3 h.

IOP and THC Plasma Monitoring

THC plasma levels were taken prior to smoking, and then at
~12 min after, 40, 80, 120 min, and every hour for the additional
3h after smoking. The average of three IOP readings at each
of these time points were taken for each eye. IOP readings
were obtained by trained research assistants. Measurements
of IOP were taken using the non-contact Ocular Response
Analyzer (Reichert Technologies, Depew, NY). This device is
FDA approved and was used in our protocol in accordance to the
FDA label. Of note, if the participant had high IOP (21 mmHg
or higher) prior to smoking, we recommended follow-up with
an ophthalmologist.

Data Analysis Overview

In this analysis, data from the low-dose and high-dose group were
combined as there were no statistically significant differences in
the plasma levels between the two groups. This is because the
participants were permitted to self-administer the quantity of
puffs until they felt a psychotropic effect. Total IOP reduction in
mmHg was calculated along with the percent reduction for each
participant. The peak THC plasma level was determined for each
participant. Linear regression models were then used to assess
the relationship between IOP and THC plasma levels. Two-line
linear regression models with F-tests were used to detect change
points in the regression models. Pearson correlations were then
calculated for values under and over the change point.

RESULTS

Twenty-two eyes of 11 subjects were included in the analysis.
There are no missing values or outliers in the data. The
IOP was normally distributed. The average peak THC plasma
level was 45 ng/ml and occurred at 12 min. THC plasma levels
spiked reaching peak levels at 12 min and then rapidly declined,
achieving levels of <10 ng/ml by 55 min (Figure 1). THC levels
continued to gradually decline for the remaining time periods.
Average IOP before inhalation was 17.5 mmHg. After inhalation,
IOP percent reduction ranged from 7 to 16% with the greatest
IOP percent reduction of 16% seen at 60 min (Figure 2). This
percent reduction of IOP gradually decreased for the remaining
time periods.

IOP and plasma THC levels showed a strong negative
correlation (Figures 3, 4). Two line linear regression models
revealed a change point at 20 ng/ml. Percent IOP reduction
and THC plasma levels demonstrated a correlation coefficient
of —0.81 for THC plasma levels up to 20ng/ml and 0.21
for levels over 20 ng/ml (F-statistic = 16.93, p < 0.01). Total
IOP reduction and plasma THC showed similar results with
correlation coefficients of —0.70 for THC plasma levels up to
20 ng/ml and 0.29 for values over 20 ng/ml (F-statistic = 7.92,
p <0.01).

DISCUSSION

The results of this study indicate that in healthy adult subjects,
inhaled THC significantly lowers IOP, and that this effect
correlates with plasma THC levels. IOP reduction occurred soon
after inhalation and was reduced by as much as 16%. Both
percent IOP reduction and absolute IOP reduction in mmHg
demonstrated a strong negative correlation with plasma THC
levels. The IOP was lowered significantly for 4 h after inhalation.
Furthermore, increasing plasma levels up to a concentration of
20 ng/ml was strongly correlated with increasing reduction in
IOP. THC plasma levels >20ng/ml were not correlated with
further reduction in IOP.

Consistent with prior descriptions of THC metabolism,
participants demonstrated a rapid spike in plasma THC levels
that quickly decreased (15, 20). At 30 min, IOP reduction was
already at 15%, but this reduction continued ranging from 11
to 16% for 4h despite the fall in THC plasma levels (Figure 2).
Indeed, THC plasma levels are known to decrease quickly as
the lipophilic substance leaves the serum and deposits in the
tissues of the body where it exerts its various effects (16, 17).
As such, IOP reduction continued despite the rapid fall in
serum levels.

Correlation between THC plasma levels and its other effects
in the body have been described. The lipophilicity of THC
results in a rapid withdrawal from the serum into the tissues,
causing a situation where THC effects correlate with early
THC plasma levels rather than concurrent THC plasma levels
(22). For example, psychotropic effects have been correlated
with THC plasma levels during the first 4h after inhalation
(23). Furthermore, models for predicting effects on heart rate,
alertness, and psychotropic effects have been developed to predict
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FIGURE 1 | Average THC plasma levels over time.
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FIGURE 2 | Average IOP reduction over time.

the degree of these effects based on THC plasma levels (22). They
suggest plasma levels above which additional effect on the body
are less likely or impactful. This study shows similar results for
IOP, and represents the first analysis to describe IOP reduction as
it correlates with THC plasma levels. It further suggests a plasma
level of 20 ng/ml as a target plasma level above which additional
IOP-lowering is not strongly correlated.

The specific mechanisms by which cannabis lowers IOP
are the subject of active investigation. It is known that
there are cannabinoid receptors located throughout the
eye, in particular in the ciliary muscle, ciliary epithelium,
trabecular meshwork, and Schlemm’s canal (24). These
receptors, part of the endocannabinoid system, result in a
series of varied changes such as ciliary body contraction,
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FIGURE 4 | Peak IOP reduction by THC plasma level.
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widening of Schlemm’s canal, and activation of matrix
metalloproteinase, which enhances outflow of the trabecular
meshwork (25, 26). Moreover, cannabinoids also upregulate
COX-2, potentially increasing the presence of prostaglandin
E2 and metalloproteinases, enhancing the outflow of aqueous
humor, and reducing IOP (27, 28). It has also been suggested

that some cannabinoids lower IOP through adrenergic receptors
within the eye as well as through a mechanism involving
prostaglandins by action of endocannabinoid metabolites
(29-31). Besides any manipulation on ocular blood flow,
the potential role of cannabis in neuroprotection has been
suggested by many studies, although no clear evidence
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of neuroprotection in glaucoma has yet been established
(32, 33).

Given the wide range of systemic considerations, the routine
use of inhaled or ingested cannabis for glaucoma treatment has
not been clinically practical. However, novel compounds with
improved corneal penetration are being developed for topical
administration, thereby mitigating systemic side-effects (10-14,
34). Non-psychotropic cannabinoids and other CBI receptor
targets are being investigated for potential treatments that avoid
systemic effects (35, 36). In addition, formulations are being
developed to improve duration of action (37).

This study is not without limitations. First, the method of
obtaining the IOP data was through a non-contact tonometry
method, thereby facilitating the acquisition of IOP data in contact
lens wearers, and decreasing the invasiveness of measurements
for this pilot study. Future studies would ideally use more
consistently accurate methods of tonometry. In addition, this
study only involved healthy normal adults, and does not
characterize the IOP-lowering effects of marijuana in subjects
with glaucoma, ocular hypertension, or in subjects with
concomitant IOP-lowering medications. Future studies can also
focus on IOP-lowering response based on patient characteristics
such as sex, ethnicity, etc...

In conclusion, the current study demonstrates a strong
correlation between IOP and THC plasma levels. This study
further suggests that a peak THC plasma level above 20 ng/mL
is not correlated with further IOP reduction, and that non-
physiologic IOP levels are not seen with increasing plasma levels
of THC in healthy subjects. Defining the role of cannabis in

REFERENCES

1. Tomida I, Azuara-Blanco A, House H, Flint M, Pertwee RG,
Robson PJ. Effect of sublingual application of cannabinoids
on intraocular pressure: a pilot study. ] Glaucoma. (2006)
15:349-53. doi: 10.1097/01.ijg.0000212260.04488.60

2. Miller S, Daily L, Leishman E, Bradshaw H, Straiker
Tetrahydrocannabinol ~ and  cannabidiol  differentially
intraocular pressure. Invest Ophthalmol Vis Sci. (2018)
11. doi: 10.1167/iovs.18-24838

3. Hepler RS, Frank IR. Marihuana smoking and intraocular pressure. JAMA.
(1971) 217:1392. doi: 10.1001/jama.1971.03190100074024

4. Cooler P, Gregg JM. Effect of delta-9-tetrahydrocannabinol
on intraocular pressure in humans. South  Med J. (1977)
70:951-4. doi: 10.1097/00007611-197708000-00016

5. Alshaarawy O, Elbaz HA. Cannabis use and blood pressure levels:
United States National Health and Nutrition Examination Survey, 2005-
2012. ] Hypertens. (2016) 34:1507-12. doi: 10.1097/HJH.00000000000
00990

6. Malinowska B, Toczek M, Pedzinska-Betiuk A, Schlicker E. Cannabinoids
in arterial, pulmonary and portal hypertension - mechanisms of action
and potential therapeutic significance. Br J Pharmacol. (2019) 176:1395-
411. doi: 10.1111/bph.14168

7. Singh A, Saluja S, Kumar A, Agrawal S, Thind M, Nanda S, et al

A A9-
regulate
59:5904-

Cardiovascular complications of marijuana and related substances:
a review. Cardiol Ther. (2018) 7:45-59. doi: 10.1007/s40119-01
7-0102-x

8. Green K, Roth M. Ocular effects of topical administration of delta
9-tetrahydrocannabinol in man.  Arch Ophthalmol. (1982) 100:265-
7. doi: 10.1001/archopht.1982.01030030267006

glaucoma treatment requires further studies to better characterize
these effects in different patient populations.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of California, San Diego (UCSD) Human
Research Protections. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

SM, JL, RE TM, RW, and DM contributed to the conception
and design of the study. AS, DG, and ES organized and analyzed
the data as well as performed the statistical analysis. AS wrote
the first draft of the manuscript. SM, ES, and DG wrote the
methods section of the manuscript. All authors contributed to
the revising and editing of the manuscript and approved the
submitted version of the manuscript.

FUNDING

This study was conducted using departmental funds from the
University of California, Irvine, Gavin Herbert Eye Institute.

9. Jay WM, Green K. Multiple-drop study of topically applied 1% delta 9-
tetrahydrocannabinol in human eyes. Arch Ophthalmol. (1983) 101:591-
3. doi: 10.1001/archopht.1983.01040010591012

10. Taskar P, Adelli G, Patil A, Lakhani P, Ashour E, Gul W, et al. Analog
derivatization of cannabidiol for improved ocular permeation. ] Ocul
Pharmacol Ther. (2019) 35:301-10. doi: 10.1089/jop.2018.0141

11. Adelli GR, Bhagav P, Taskar P, Hingorani T, Pettaway S, Gul W, et
al. Development of a A9-tetrahydrocannabinol amino acid-dicarboxylate
prodrug with improved ocular bioavailability. Invest Ophthalmol Vis Sci.
(2017) 58:2167-79. doi: 10.1167/i0vs.16-20757

12. Punyamurthula NS, Adelli GR, Gul W, Repka MA, ElSohly MA,
Majumdar S. Ocular disposition of A8-tetrahydrocannabinol from various
topical ophthalmic formulations. AAPS PharmSciTech. (2017) 18:1936-
45. doi: 10.1208/s12249-016-0672-2

13. Hingorani T, Gul W, Elsohly M, Repka MA, Majumdar S. Effect of ion
pairing on in vitro transcorneal permeability of a A(9) -tetrahydrocannabinol
prodrug: potential in glaucoma therapy. J Pharm Sci. (2012) 101:616-
26. doi: 10.1002/jps.22791

14. Hingorani T, Adelli GR, Punyamurthula N, Gul W, Elsohly MA, Repka
MA, et al. Ocular disposition of the hemiglutarate ester prodrug of A?-
Tetrahydrocannabinol from various ophthalmic formulations Pharm Res.
(2013) 30:2146-56. doi: 10.1007/s11095-013-1072-x

15. Owens SM, McBay AJ, Reisner HM, Perez-Reyes M. 1251 radioimmunoassay
of delta-9-tetrahydrocannabinol in blood and plasma with a solid-
phase second-antibody separation method. Clin Chem. (1981) 27:619-
24. doi: 10.1093/clinchem/27.4.619

16. Huestis MA, Henningfield JE, Cone EJ. Blood cannabinoids. I
Absorption of THC and formation of 11-OH-THC and THCCOOH
during and after smoking marijuana. J Anal (1992)
16:276-82. doi: 10.1093/jat/16.5.276

Toxicol.

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 736792


https://doi.org/10.1097/01.ijg.0000212260.04488.60
https://doi.org/10.1167/iovs.18-24838
https://doi.org/10.1001/jama.1971.03190100074024
https://doi.org/10.1097/00007611-197708000-00016
https://doi.org/10.1097/HJH.0000000000000990
https://doi.org/10.1111/bph.14168
https://doi.org/10.1007/s40119-017-0102-x
https://doi.org/10.1001/archopht.1982.01030030267006
https://doi.org/10.1001/archopht.1983.01040010591012
https://doi.org/10.1089/jop.2018.0141
https://doi.org/10.1167/iovs.16-20757
https://doi.org/10.1208/s12249-016-0672-2
https://doi.org/10.1002/jps.22791
https://doi.org/10.1007/s11095-013-1072-x
https://doi.org/10.1093/clinchem/27.4.619
https://doi.org/10.1093/jat/16.5.276
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Mosaed et al.

Plasma THC and IOP Correlation

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Huestis MA. Human cannabinoid pharmacokinetics. Chem Biodivers. (2007)
4:1770-804. doi: 10.1002/cbdv.200790152

Cone EJ, Huestis MA. Relating blood concentrations of tetrahydrocannabinol
and metabolites to pharmacologic effects and time of marijuana usage. Ther
Drug Monit. (1993) 15:527-32. doi: 10.1097/00007691-199312000-00013
Karschner EL, Schwilke EW, Lowe RH, Darwin WD, Herning RI, Cadet JL,
et al. Implications of plasma Delta9-tetrahydrocannabinol, 11-hydroxy-THC,
and 11-nor-9-carboxy-THC concentrations in chronic cannabis smokers. J
Anal Toxicol. (2009) 33:469-77. doi: 10.1093/jat/33.8.469

Lemberger L, Silberstein SD, Axelrod J, Kopin IJ. Marihuana: studies on the
disposition and metabolism of delta-9-tetrahydrocannabinol in man. Science.
(1970) 170:1320-2. doi: 10.1126/science.170.3964.1320

Mosaed S, Liu J, Minckler D, Fitzgerald D, Grelotti D, Sones E, et al. The effect
of inhaled cannabis on intraocular pressure in healthy adult subjects. Touch
Ophthalmology. (2020) 15:1. doi: 10.17925/OPHT.2021.15.1.33

Strougo A, Zuurman L, Roy C, Pinquier JL, van Gerven JM, Cohen AF
et al. Modelling of the concentration-effect relationship of THC on central
nervous system parameters and heart rate - insight into its mechanisms of
action and a tool for clinical research and development of cannabinoids. J
Psychopharmacol. (2008) 22:717-26. doi: 10.1177/0269881108089870
Chiang CW, Barnett G. Marijuana  effect and
tetrahydrocannabinol plasma level. Clin  Pharmacol Ther.
36:234-8. doi: 10.1038/clpt.1984.168

Straiker AJ, Maguire G, Mackie K, Lindsey J. Localization of cannabinoid CB1
receptors in the human anterior eye and retina. Invest Ophthalmol Vis Sci.
(1999) 40:2442-8.

Panahi Y, Manayi A, Nikan M, Vazirian M. The arguments for and
against cannabinoids application in glaucomatous retinopathy. Biomed
Pharmacother. (2017) 86:620-7. doi: 10.1016/j.biopha.2016.11.106

Rosch S, Ramer R, Brune K, Hinz B. R(+)-methanandamide and other
cannabinoids induce the expression of cyclooxygenase-2 and matrix
metalloproteinases in human nonpigmented ciliary epithelial cells. ]
Pharmacol Exp Ther. (2006) 316:1219-28. doi: 10.1124/jpet.105.092858
Kozak KR, Rowlinson SW, Marnett L]. Oxygenation of the endocannabinoid,
2-arachidonylglycerol, to glyceryl prostaglandins by cyclooxygenase-2. J Biol
Chem. (2000) 275:33744-9. doi: 10.1074/jbc.M007088200

Rouzer CA, Marnett L]. Endocannabinoid oxygenation by cyclooxygenases,
lipoxygenases, and cytochromes P450: cross-talk between the eicosanoid
and endocannabinoid signaling pathways. Chem Rev. (2011) 111:5899-
921. doi: 10.1021/cr2002799

Green K, Kearse EC, Mclntyre OL.
tetrahydrocannabinol and indomethacin.
33:217-20. doi: 10.1159/000055673

Green K, Podos SM. Antagonism of arachidonic acid-induced ocular effects
by deltal-tetrahydrocannabinol. Invest Ophthalmol. (1974) 13:422-9.

delta-9-
(1984)

Interaction between delta-9-
Ophthalmic  Res. (2001)

31.

32.

33.

34.

35.

37.

Hudson BD, Beazley M, Szczesniak AM, Straiker A, Kelly ME. Indirect
sympatholytic actions at B-adrenoceptors account for the ocular hypotensive
actions of cannabinoid receptor agonists. ] Pharmacol Exp Ther. (2011)
339:757-67. doi: 10.1124/jpet.111.185769

Nucci C, Bari M, Spand A, Corasaniti M, Bagetta G, Maccarrone M, et al.
Potential roles of (endo)cannabinoids in the treatment of glaucoma: from
intraocular pressure control to neuroprotection. Prog Brain Res. (2008)
173:451-64. doi: 10.1016/S0079-6123(08)01131-X

Rapino  C,  Tortolani D,  Scipioni L,  Maccarrone M.
Neuroprotection by (endo)cannabinoids in glaucoma and retinal
neurodegenerative  diseases. Curr  Neuropharmacol. ~ (2018)

16:959-70. doi: 10.2174/1570159X15666170724104305

Goyal H, Awad HH, Ghali JK. Role of cannabis in cardiovascular disorders. J
Thorac Dis. (2017) 9:2079-92. doi: 10.21037/jtd.2017.06.104

Miller S, Kulkarni S, Ciesielski A, Nikas SP, Mackie K, Makriyannis A, et
al. Controlled-deactivation cbl receptor ligands as a novel strategy to lower
intraocular pressure. Pharmaceuticals. (2018) 11:50. doi: 10.3390/ph11020050
Szczesniak AM, Maor Y, Robertson H, Hung O. Kelly ME. Nonpsychotropic
cannabinoids, abnormal cannabidiol and canabigerol-dimethyl heptyl, act at
novel cannabinoid receptors to reduce intraocular pressure. ] Ocul Pharmacol
Ther. (2011) 27:427-35. doi: 10.1089/jop.2011.0041

Sweeney C, Dudhipala N, Thakkar R, Mehraj T, Marathe S, Gul W,
et al. Effect of surfactant concentration and sterilization process on
intraocular pressure-lowering activity of A’-tetrahydrocannabinol-valine-
hemisuccinate (NB1111) nanoemulsions. Drug Deliv Transl Res. (2020)
11:2096-107. doi: 10.1007/s13346-020-00871-9

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.

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.

Copyright © 2022 Mosaed, Smith, Liu, Minckler, Fitzgerald, Grelotti, Sones,
Weinreb and Marcotte. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 736792


https://doi.org/10.1002/cbdv.200790152
https://doi.org/10.1097/00007691-199312000-00013
https://doi.org/10.1093/jat/33.8.469
https://doi.org/10.1126/science.170.3964.1320
https://doi.org/10.17925/OPHT.2021.15.1.33
https://doi.org/10.1177/0269881108089870
https://doi.org/10.1038/clpt.1984.168
https://doi.org/10.1016/j.biopha.2016.11.106
https://doi.org/10.1124/jpet.105.092858
https://doi.org/10.1074/jbc.M007088200
https://doi.org/10.1021/cr2002799
https://doi.org/10.1159/000055673
https://doi.org/10.1124/jpet.111.185769
https://doi.org/10.1016/S0079-6123(08)01131-X
https://doi.org/10.2174/1570159X15666170724104305
https://doi.org/10.21037/jtd.2017.06.104
https://doi.org/10.3390/ph11020050
https://doi.org/10.1089/jop.2011.0041
https://doi.org/10.1007/s13346-020-00871-9~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	The Relationship Between Plasma Tetrahydrocannabinol Levels and Intraocular Pressure in Healthy Adult Subjects
	Introduction
	Materials and Methods
	Regulatory Process
	Participant Selection
	Study Design
	Monitoring of Vital Signs
	Cardiovascular Monitoring
	IOP and THC Plasma Monitoring
	Data Analysis Overview

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


