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Abstract: Delta 9 tetrahydrocannabinol (A-9-THC or THC), the primary psychoactive constituent of marijuana,
has been found to affect the human body in a variety of ways. According to the Substance Abuse and Mental
Health Services Administration (SAMHSA) of the U.S. Department of Health and Human Services, the amount
of THC in marijuana has steadily climbed over the past few decades, with today's marijuana having three times
the concentration of THC compared to 25 years ago. Inhalation is a major route of exposure, allowing
substances to enter the body via the respiratory tract. Therefore, it is imperative to understand the molecular
underpinning of THC exposure in the lung epithelium, as lung cells receive significant amounts of THC during
marijuana smoking. In this study, the transcriptional alterations caused by various concentrations of THC in
non-cancerous human bronchial epithelial cell line (BEAS-2B) were studied. THC exposure (0, 800, 1000, 1200,
and 1500 ng/mL) caused a significant dose-dependent decrease in cell viability after 24-hour exposure.
Transcriptome analysis showed a distinct dose-dependent response. HIF-1 signaling, ferroptosis, AMPK
signaling, and immunogenic pathways were activated by upregulated genes associated with dosing
concentration of THC. Glutathione and fatty acid metabolic pathways were significantly altered by THC-
dependent downregulated genes. and downregulated genes and their associated pathways in BEAS-2B cells.
Ingenuity Pathway Analysis revealed several top canonical pathways altered by THC exposure, among which
ferroptosis, NRF-2 mediated oxidative stress response, caveolar mediated endocytosis (loss of cell adhesion to
the substrate), tumor microenvironment, HIFlalpha signaling, and the unfolded protein response pathways
were the major pathways affected. The top genes that were significantly altered as a result of THC exposure
were HMOX1, CDK7, HLA-C, and SLC39A4. Present results suggested that THC exposure can induce a variety
of effects, including cell death, which may involve ferroptosis and the NRF-2 signaling pathway. Moreover,
the A-9-THC-induced cell death was ameliorated by inhibiting the ferroptosis pathway. In contrast, the
ferroptosis agonist exacerbated the cell death process, suggesting that A-9-THC utilizes the ferroptosis pathway
to induce cell death in bronchial epithelial cells.

Keywords: Delta-9 THC; Bronchial epithelial cells; Transcriptome; in vitro; Ferroptosis

1. Introduction

Marijuana, derived from Cannabis sativa, is one of the most used illicit drugs in the United States
for both medicinal and recreational purposes (1). Although marijuana is one of the oldest multi-usage
cultivated crops, its primary use has always been medicinal (2). This annual herb has gained a lot of
attention recently as many states are legalizing and decriminalizing its use for recreational purposes.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Due to the associated health benefits, extensive research is being conducted on the secondary
components of marijuana, referred to as cannabinoids (3-5). Marijuana is composed of over 400
different chemical compounds with approximately 66 Phyto cannabinoids (6). These
Phytocannabinoids are naturally occurring oxygen-containing aromatic hydrocarbon compounds
found in cannabis sativa. The common cannabinoids that are the active ingredients of marijuana are
Delta 9 tetrahydrocannabinol (A-9-THC) and cannabidiol (CBD). Cannabidiol is the non-
psychoactive constituent of the plant and is known to act as an antagonist of the natural cannabinoid
receptors in the body. Delta 9 tetrahydrocannabinol (A-9-THC), the primary psychoactive
constituent, is a partial agonist of the cannabinoid receptors and mimics the endogenous
cannabinoids of the body, producing a wide range of biological and behavioral responses (7).

The endogenous cannabinoid receptors are part of a larger unit called the endocannabinoid
system, which is composed of cell surface G protein-coupled cannabinoid CB1 and CB2 receptors and
are known to regulate cellular processes such as cell survival, cell death and cell proliferation (8, 9).
The CB1 receptors are located throughout the body and can be found in the brain, liver, kidneys,
ovaries, and the lungs (10-12). The lungs are a major route of exposure as inhalation allows substances
to enter the body and interact with the components of the respiratory tract. Epidemiological studies
have found an increase in the prevalence of symptoms indicative of a wide variety of respiratory
diseases and conditions, such as cough, shortness of breath, acute bronchodilation, wheezing, and
airway obstruction (13-19). Taken together, marijuana exposure to airway cells can have adverse
effects. However, the underlying mechanism is not fully understood.

Human cells or cell lines exposed to THC resulted in cell death, inflammation and oxidative
stress (19-21). Oxidative stress induced by marijuana exposure may also mediate the release of pro-
inflammatory cytokines. In an epidemiological study, patients who had a cannabis dependence
exhibited elevated levels of IL-6 and IL-8, indicating that exposure can induce inflammation in
humans (19). Primary airway epithelial cells that were exposed to A-9-THC showed a decreased
mitochondrial membrane potential as well as cell viability, causing mitochondrial membrane
damage. These findings were consistent with neural studies, showing that neural cells exposed to A-
9-THC induced cell death via DNA damage, caspase activation and cytochrome-c translocation in
neural cells (22). Previous studies have also demonstrated that exposure to cannabinoids induced
oxidative stress (20). Oxidative stress occurs as a result of overproduction of reactive oxygen species
(ROS). The human body has many defense mechanisms to counteract oxidative stress. The
antioxidant glutathione (GSH) and the protein senstrin2 (SENS2) are known to repress and detoxify
ROS. A-9-THC has been found to increase hydrogen peroxide production, which can also lead to
oxidative stress, whereas CBD has been found to decrease ROS by increasing GSH levels (20, 23). The
literature clearly suggests that A-9-THC exposure can result in cell death. However, the mechanism
behind the cell death is not clearly understood.

According to the Substance Abuse and Mental health Services Administration (SAMHSA,
https://www.samhsa.gov/marijuana) of the U.S. Department of Health and Human Services (1), the
amount of THC in marijuana has steadily increased over the past few decades with today's marijuana
having three times the concentration of THC compared to 25 years ago. Given the higher
concentration of THC and increased use of marijuana for medicinal and recreational purposes, it is
imperative to understand the molecular underpinning of THC exposure in the lung epithelium as
lung cells receive significant amounts of THC during marijuana smoking before it goes into other
parts of the body via circulation. The present study aims to determine transcriptional alterations
induced by THC in normal human bronchial cells. We determined dose-responses of A-9-THC
exposure using human relative concentrations on bronchial epithelial cells (BEAS-2B) in vitro and
examined transcriptional responses of bronchial epithelial cells by RNA sequencing followed by gene
ontology enrichment (GO) and pathway analyses. Results revealed a novel cell death pathway caused
by THC exposure in bronchial epithelial cells.
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2. Materials and Methods

2.1. Cell Culture, THC Exposure, and Sample Collection

Immortalized human bronchial epithelial cells (BEAS-2B), obtained from ATCC in Manassas,
Virginia, were used in the present study. Cells were grown in LHC-9 (1x) media and maintained at
37° C in a humidified incubator with 5% CO2 and 95% air in vented T-75 flasks (Corning). Delta-9
THC was purchased from Sigma Aldrich (T4764, Missouri). When cells were 95-100% confluent, they
were seeded in 24 well plates and exposed to 800, 1000, 1200, and 1500 ng/ml of A-9-THC and vehicle
for 24 hours. The cells were harvested after the 24-hour exposure for further downstream analysis.

2.2. Cell Viability Analysis

To determine the cell viability, cells were exposed to a range of concentrations (0.06 ng/ml-2400
ng/ml). After exposure was completed, cells were evaluated for their viability using a 3-(4,5-
Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT) cell proliferation assay (Thermo
Fisher). Briefly, the MTT assay measures the conversion of MTT (3-(4,5-Dimethylthiazol-2-Y1)-2,5-10
Diphenyltetrazolium Bromide) to an insoluble formazan. The MTT stock solution (2 mg/ml of PBS)
was made, diluted to a 1:9 ratio with media, and cells were incubated in it for two hours. After
incubation, the MTT solution was decanted, and cells were rinsed with 1X PBS. Then DMSO was
added and scanned in a Biotek microplate reader at an absorbance of 540nm.

2.3. RNA/DNA Extraction and cDNA Synthesis

According to the user's guide, total RNA was extracted from the cells using the ZR Duet kit
(Zymo Research). Following extraction, cDONA was synthesized from 2ug of total RNA per sample
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Oligo(dT) and
random primer mix were used following the guidelines provided by the user’s guide.

2.4. Library Prep and RNA Sequencing

The RNA-sequencing library was prepared with the NEBNext® Ultra Il RNA Library Prep Kit
for Illumina (E7775, NEB) according to the manufacturer's instructions. RNA was then purified,
fragmented, isolated and primed for double stranded cDNA synthesis. Sequence adaptors and
indexes were then ligated to the end of the dscDNA sample. Polymerase chain reaction was then used
to amplify the sample through 13 cycles. Quality control was then completed by cleaning up,
assessing and quantifying the amplified cDNA on a Bioanalyzer. RNA sequencing was performed
on the HiSeq X ten (Illumina) platform (150bp PE) at Novogene Corporation (Davis, California) at a
target depth of 40 million reads per sample.

2.5. Pathway Analysis

Enrichment analysis of significant genes were performed using Gene Ontology and Ingenuity
Pathway Analysis (IPA). IPA software was also used to reveal the pathways that were most altered
as a result of exposure to different concentrations. Overlapping DEGs between each treatment group
were exhibited by using Venn diagram produced by VENNY
(http://bioinfogp.cnb.csic.es/tools/venny/index.html). Shiney GO (24), and Cytoscape (25) were used
for making disease specific pathways. The TLSEA was used for IncRNA (26) set enrichment.

2.6. Gene Validation by Real-time Quantitative PCR (qPCR)

Real Time qPCR was conducted using PowerUp SYBR TM Green PCR Master Mix (Applied
Biosystems) with a QuantStudio 3 (Applied Biosystems). Primers specific to Ferroptosis (HO1, FTH,
FTL, CHAC1, GCLC and GSH), unfolded protein response (BIP, PERK, ELF2A and SREPB) and the
NRF2 pathway (NRF2, SOD, CAT, GST and SQSTM1), oxidative stress (SENS2, IL8), DNA
Methylation (DNMT and DNMT3a) and a cannabinoid receptor (CB1) were examined.
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2.7. Role of Ferroptosis in Cell Viability Test

To characterize the role of ferroptosis in A-9-THC treated cells, we examined the effects of
inhibiting or enhancing ferroptosis in BEAS-2B cells exposed to A-9-THC. Cells were cultured as
described above. When cells were 95-100% confluent, they were seeded in 24 well plates and exposed
to only 1200 ng/ml A-9-THC, vehicle, ferrostatin-1 (Fer-15uM), erastin (ERA .1 uM) and ERA + FER-
1, for 24hrs days. The cells were harvested after the 24hr exposure. Delta-9 THC (T4764), ferrostatin-
1 (SML0583), and erastin (E7781-1mg) were purchased from Sigma Aldrich (St. Louis, MO). FER-1
and ERA were both dissolved in dimethyl sulfoxide (DMSO) and FER-1 was treated 1 hr before Delta-
9 THC exposure. 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT) cell
proliferation assay (Thermofisher) was used to evaluate cell viability (27).

Cells were collected and re-suspended in an ice-cold 50 mm potassium phosphate buffer. The
cell suspension was sonicated (provide parameters and time), followed by centrifugation at 13,000 x
g for 10 minutes at 4°C to remove cell debris. The supernatants were then collected, and protein
concentrations were quantified using the Bio-Rad protein assay (Bradford, Hercules, CA) using
bovine serum albumin (BSA) as the standard. Protein lysate from treated cells was used to measure
total cellular glutathione (GSH) according to the procedures (28). Fluorescence intensity was
measured at an excitation wavelength of 350 nm and an emission wavelength of 420 nm. The sample
GSH content was calculated using a GSH (Sigma-Aldrich) standard curve and expressed as
nanomoles of GSH per milligram of sample protein.

Intracellular reactive oxygen species were determined using an orange dye to quantify ROS.
Cells were stained with the ROS orange working solution and incubated for 60 minutes at 37°C. After
incubation, cells were scanned in a Biotek microplate reader at an absorbance of 540/570nm.

Lipid peroxides were detected as malondialdehyde (MDA) reacting with thiobarbituric acid
(TBA) to form a 1:2 adduct (color complex, TBARS) measurable by spectrofluorometric analysis at
530nm. The concentrations of TBARS were calculated using MDA as a reference standard. The
quantities of TBARS were expressed in terms of amount (pmol) per mg protein.

RNA was isolated from cells and reverse transcribed to cDNA, as described above. Realtime
qPCR was conducted using PowerUp SYBR Green PCR Master Mix (Applied Biosystems) with a
QuantStudio 3 (Applied Biosystems). Expression of ferroptosis-specific (HO-1, FTH, TRFC, SQSTM1)
and ROS-scavenging proteins (NRF2, GCLC) was examined.

2.8. Statistical analysis

The viability and qPCR gene expression data were expressed as mean +SEM. Differences
between the two groups were analyzed using a T-test. Following One-way ANOVA. Dunnett's post-
hoc test was used to compare the three groups. Statistical significance was considered at p<0.05 unless
otherwise stated.

3. Results

3.1A-9-. THC Dose-Dependent Viability of BEAS-2B Cells

As illustrated in Figure 1, varying concentrations of A-9-THC (800, 1000, 1200, 1500, 1800 ng/ml,
and 2400 ng/mL) were treated for a 24-hour period, compared with the control group, the cell viability
was significantly decreased in a dose-dependent manner except for 800 ng/ml treatment group of A-
9-THC. Cell viability was significantly declined in the treatment group of 1000, 1200, 1500, 1800, and
2400 ng/mL of A-9-THC. The 800, 1000, 1200, and 1500 concentrations were further selected for RNA
sequencing.
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Figure 1. BEAS-2B cells treated with A-9-THC for 24 hours. Data represents mean + SEM. Statistical
significance (*** p<0.001).

3.2A-9-. THC Dose-Mediated Global Alterations in Gene Expression Profile, Biomarkers, Transcription
Factors, and Canonical Pathways

To investigate the effect of marijuana exposure on molecular pathways of BEAS-2B cells, RNA-
seq analysis was performed. Ingenuity Pathway Analysis ® (IPA ® v. 9.0) and R scripts were used to
generate and determine the pathway of differentially expressed genes (DEGs) in the different A-9-
THC concentrations and associated heatmaps. To illustrate the closeness of DEGs found in BEAS-2B
mediated by the doses of A-9-THC, vehicle, and media, a dendrogram was plotted. A similar type of
DEGs was found in BEAS-2B cells in the treatment group of 800 ng/mL of A-9-THC THC, media, and
vehicles, while DEGs found in 1200 ng/mL and 1500 ng/mL of A-9-THC treatment group were more
similar but different compared to the rest of the concentrations. (Figure 2A). The Venn diagram was
used to demonstrate the degree of overlap of DEGs among the treatment groups; in BEAS-2B cells,
the most significant number of overlapped DEGs was found in the treatment groups of 1200 ng/mL
and 1500 ng/mL A-9-THC exposure (Figure 2B). The global alteration of gene expression profiles in
BEAS-2B cells associated with the treatment groups of A-9-THC compared to the vehicle was
illustrated in the heatmap (Figure 2C and Supplementary figure 1). Not only in similar DEGs, but
their expression patterns were similar between the vehicle and treatment group of 800 ng/mL of A-9-
THC THC but different compared to other treatment groups.

Transcriptomic biomarkers were identified from RNA-Seq datasets using -2<Log2FC > 3 and
FDR 0.05. MMP1 and IL1RL1 were significantly up-regulated biomarkers in BEAS-2B cells at A-9-
THC doses of 800 ng/mL and 1000 ng/mL in comparison to vehicle control (Supplementary Table 1).
However, HSPA1A, HSPA1B, HSPA6B, and HMOX were identified as biomarker in treatment group
of 1500 ng/mL and 1200 ng/mL of A-9-THC (Supplementary Table 1). To determine the specific
transcription factors associated with aberrant gene expression in BEAS-2B cells controlling the global
gene expression among the various treatment group of A-9-THC, transcription factor networks were
illustrated. In BEAS-2B cells, FOXP3, TPS3, NFKB1 and MYC, ESR1, STAT2, FOXP3 were associated
with 800 ng/mL and 1000 ng/mL of A-9-THC respectively (Figure 2D,E). In addition, SP1, MTF2, E2F4,
and ESR2, MYC, HIF1A, ATF2 were found in BEAS-2B cells to be associated with treatment groups
of 1200 ng/mL and 1500 ng/mL of A-9-THC, respectively (Figure 2F,G). Ferroptosis signaling
pathways and caveolar-mediated endocytosis were found to be commonly triggered in BEAS-2B cells
across all treatment groups of A-9-THC. NRF2-mediated oxidative pathway, and LXR/RXR activation
pathway were found in BEAS-2B cells due to 1000 ng/mL and 1200 ng/mL of A-9-THC treatment
(Figure 2H).
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Figure 2. Global transcriptional alteration in BEAS-2B cell by A-9-THC. (A) Dendrogram visualizing
the hierarchical relationship between concentrations. (B) Venn diagram showing highly significant
DEGs in all treatment groups and their overlap with/among each other. (C) A heatmap showing all
DEGs in BEAS-2B cells in response to various concentrations of THC exposure for 24 hours. List of
transcription factors associated with A-9-THC dosing concentration of (D) 800 ng/mL (E) 1000 ng/mL
(F) 1200 ng/mL and (G) 1500 ng/mL. (H) Canonical pathways activated by A-9-THC in BEAS-2B cells.

3.3A-9-. THC Mediated Enrichment of Long Non-Coding RNA (IncRNA) in BEAS-2B Cells Associated in
Activation of Lung Cancerous Pathways

Global gene expression study identified several types of long non-coding RNA (IncRNA) in the
BEAS-2B cells that were associated with A-9-THC dosage concentration. In BEAS-2B cells, the
percentage of IncRNA compared to protein-coding genes was 4.58%, 5.44%, 3.86%, and 9.70% at A-9-
THC concentrations of 800 ng/mL, 1000 ng/mL, 1200 ng/mL, and 1500 ng/mL, respectively, compared
to vehicle control (Figure 3A-D). To illustrate the distribution of IncRNAs in BEAS-2B cells, a Venn
diagram was plotted (Figure 3E), and three common IncRNAs were identified in the BEAS-2B cells
across all dosing concentrations of A-9-THC. Using the IncRNA pathway enrichment, treatment
groups of 800 ng/mL, 1200 ng/mL, and 1500 ng/mL of A-9-THC in the BEAS-2B cells were linked to
common non-small cell lung cancer (Figure 3F). In BEAS-2B cells, 1000 ng/mL of A-9-THC-driven
IncRNA was found to be associated with malignant glioma development. This finding revealed that
THC-driven IncRNA could activate lung carcinogenesis in humans in a dose-dependent manner.
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Figure 3. Percentage of IncRNA found in the A-9-THC treatment group of (A) 800 ng/mL, (B) 1000
ng/mL, (C) 1200 ng/mL, and (D) 1500 ng/mL. (E) Venn diagram showing highly significant IncRNAs
in all treatment groups and their overlap with/among each other. (F) Pathway enrichment by IncRNA
in each treatment group.

3.4. HIF-1 Signaling, Ferroptosis, AMPK Signaling, and Immunogenic Pathways were Triggered by A-9-
THC Dose-Dependent Upregulated Genes in BEAS-2B Cells

To find common and distinctively expressed upregulated genes in BEAS-2B cells across all
treatment groups of A-9-THC compared to vehicle control, total upregulated genes from RNA
sequencing were plotted in a Venn diagram. A total of fourteen genes were found to be commonly
upregulated in BEAS-2B cells among all experimental dosing concentrations of A-9-THC (Figure 4A),
and those genes were associated with activation of HIF1 signaling, multiple glucose metabolism, and
metabolic pathways (Supplementary Figure 2A). Further, common 100 genes were significantly
upregulated in the treatment groups of 1200 ng/mL and 1500 ng/mL of A-9-THC (Figure 4A).
Compared to vehicle control, upregulated genes in BEAS-2B cells were accountable for activating the
HIF-1 pathway at 800 ng/mL and 1000 ng/mL of A-9-THC (Figure 4B), while the ferroptosis pathway
was enriched by upregulated genes found in BEAS-2B cells by exposure effects at 1000 ng/mL and
1500 ng/mL of A-9-THC (Figures 3E and 4C). AMPK signaling was found to be triggered by 1200
ng/mL of A-9-THC in BEAS-2B cells (Figure 3D). Furthermore, in 1500 ng/mL of the A-9-THC
treatment group, most immunogenic pathways, such as NF-kappa B signaling, TNF signaling, NOD-
like receptor signaling, cytokine-cytokine receptor interaction, and IL-17 signaling, were being
activated by upregulated genes in BEAS-2B cells (Figure 3E). The results indicated that upregulated
genes in BEAS-2B cells were linked to disease-specific molecular pathways, including stress,
immunogenic, and carcinogenic.

doi:10.20944/preprints202406.0598.v1
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Figure 4. (A) Venn diagram showing overlap of upregulated DEGs associated with A-9-THC.
Upregulated DEGs driven pathways in the treatment group of (B) 800 ng/mL (C) 1000 ng/mL (D) 1200
ng/mL and (E) 1500 ng/mL. (F) Venn diagram showing overlap of downregulated DEGs associated
with A-9-THC. Downregulated DEGs driven pathways in the treatment group of (G) 800 ng/mL (H)
1000 ng/mL (I) 1200 ng/mL and (J) 1500 ng/mL.

3.5. Cysteine-Methionine Metabolism, Glutathione Metabolism, Amino Acid Metabolism, and Fatty Acid
Metabolism were Significantly Enriched by THC-Mediated Downregulated Genes in Human Lung Cells

In total downregulated genes, the thirteen genes were commonly downregulated across all A-9-
THC treatment groups compared to the vehicle control in BEAS-2B cells (Figure 4F). Carbon
metabolism, alanine, aspartate and glutamate metabolism, glycine, serine, and threonine metabolism,
and arginine biosynthesis were found to be enriched by commonly expressed downregulated genes
(Supplementary Figure 2B) across the treatment groups. Downregulated genes found in BEAS-2B
cells treated with 800 ng/mL of the A-9-THC were found to be associated with cysteine and
methionine metabolism and glutathione metabolism (Figure 4G). In 1000 ng/mL of the A-9-THC
treatment group, p53 signaling, pyruvate metabolism, and lysine degradation pathways were linked
to downregulated genes found in BEAS-2B cells (Figure 4H). Furthermore, fat metabolism linked to
fatty acid degradation, fatty acid biosynthesis, and PPAR signaling pathways were significantly
perturbed by downregulated genes in the treatment group of 1200 ng/mL dose of A-9-THC (Figure
4]). In the highest concentration (1500 ng/mL), focal adhesion, metabolic pathways, lysosome, and O-
glycan biosynthesis were significantly altered by downregulated genes in BEAS-2B cells (Figure 4J).

Functional Network Analysis and enrichment of mammalian phenotypes associated with DEGs
driven by THC exposure

To investigate the molecular effects driven by DEGs in human lung epithelial cells due to A-9-
THC, molecular function (MF), biological process (BP), and Cellular component (CC) were studied
under Gene Ontology (GO). The biological pathways driven by DEGs in BEAS-2B cells, such as
response to hypoxia (P value 2.408E-04), monosaccharide metabolic process (P value 1.004E-03) were
significantly altered by 800 ng/mL of A-9-THC dosing concentration (Supplementary figure 3A). In
1000 ng/mL of A-9-THC, Protein binding (MF, P value 1.98E-11), programmed cell death (BP, P value
1.455E-06), autophagy, organelle disassembly (BP, P value 9.64E-03), ubiquitin-dependent ERAD
pathway (BP, P value 3.45E-03), and endoplasmic reticulum chaperon complex (CC, P value 2.96E-
03) were significantly perturbed in BEAS-2B cells (Supplementary figure 3B). 2-oxoglutarate-
dependent dioxygenase activity (MF, P value 3.9E-10), cellular response to stress (BP, P value 3.22 E-
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03), autophagy (BP, P value 3.71E-02) were found to be altered by 1200 ng/mL of A-9-THC in BEAS-
2B cells (Supplementary figure 3C). In the highest concentration of A-9-THC (1500 ng/mL), protein
folding chaperone (MF, P value 1.533E-05), response to unfolded protein (BP, P value 9.056E-18),
cellular stress response (BP, P value 4.94E-13), inflammatory response (BP, P value 1.33E-03) were
significantly enriched by DEGs. GO results indicated that A-9-THC dose-dependent disease-specific
pathways were being triggered in lung epithelial cells (BEAS-2B). In lower concentrations of A-9-
THC (800 ng/mL), genes such as ENO2, PGK1, and HK2 were significantly upregulated in activation
of HIF-1 signaling (Figure 5A), glycogen biosynthesis and abnormal muscle fiber morphology as
mammalian phenotype (Supplementary figure 4 and 5). MAP1LC3B, FTH1, GCLC, GCLM, HMOX,
SAT2, and FTL were associated with the activation of the ferroptosis pathway in BEAS-2B cells lung cells
due to 1000 ng/mL concentration of THC (Figure 5B). Furthermore, a significant number of genes
such as TPP1, GFPT1, HSPA5, SERP1, and HYOU1 were found to be associated with IRE1-mediated
unfolded protein response, endoplasmic stress response, and impaired glucose tolerance pathways,
decreased circulating insulin levels were associated with mammalian phenotype in BEAS-2B cells
triggered by 1000 ng/mL of A-9-THC. (Supplementary Figures 6 and 7). In BEAS-2B cells, Impaired
glucose tolerance (Figure 5C), endoplasmic reticulum to Golgi vesicle-mediated transport, SNARE
interaction in vesicular transport, and impaired glucose tolerance were found to be enriched by a
significant number of genes triggered by 1200 ng/mL of A-9-THC (Supplementary figure 8).
Abnormal circulating protein level and decreased cellular hemoglobin content were found to be
linked with mammalian phenotype associated with 1200 ng/mL of A-9-THC (Supplementary figure
9) in BEAS-2B cells. The high A-9-THC (1500 ng/mL) concentration were found to activate significant
number of immunogenic genes such as CXCL2 and 3, IL6, MMP1, MAPK6 with activation of IL17
signaling pathway (Figure 5D) in BEAS-2B cells and common DEGs triggered in RNA seq enriched
with oxidative stress pathway, response to endoplasmic reticulum stress (Supplementary Figure 10).
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Figure 5. Genes associated with (A) HIF-1 signaling pathway triggered in 800 ng/mL, (B) ferroptosis
pathway mediated with 1200 ng/mL, (C) impaired glucose tolerance in 1500 ng/mL, (D) IL17 signaling
pathways 1500 ng/mL of treatment group.

3.6. Cell Viability- Ferroptosis

To characterize the role of ferroptosis in A-9-THC treated cells, cells were treated with 1200
ng/mL, with and without the ferroptosis inhibitor Fer-1 or agonist ERA for 24 hr. As expected, A-9-

do0i:10.20944/preprints202406.0598.v1
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THC alone decreased cell viability at 1200 ng/mL. Treatment with Fer-1 at 5 uM increased cell
viability in the A-9-THC exposed cells but not control (without A-9-THC) levels (Figure 6A). In
contrast, the ferroptosis agonist ERA caused a further reduction in cell viability in A-9-THC exposed
cells but only at 0.1 uM (Figure 6B). At the higher concentrations (0.5 and 1 uM) there was no
significant effect compared to the A-9-THC only control. Overall, these results suggest that the
ferroptosis pathway is at least partially involved in the response of the BEAS-2B cells to A-9-THC
exposure. Our data showed that BEAS-2B cells exposed to A-9-THC + Fer-1, ERA + A-9-THC, and A-
9-THC + Fer-1+ERA did not cause a significant change in cellular GSH levels, as seen in Figure 6C.
However, there was a slight decrease in cells co-treated with ERA + A-9-THC (Figure 6C). To
determine if there was a significant increase in reactive oxygen species due to A-9-THC-induced cell
death, cells were treated with A-9-THC or ferroptosis inhibitors and ferroptosis agonists. As shown
in Figure 6D, ROS levels were not altered in any of the conditions compared to the vehicle control.
The levels of MDA, an indicator of lipid peroxidation, were measured following a 24hr cotreatment
of A-9-THC + ERA and a lhr pretreatment of Fer-1 followed by a 24hr exposure to A-9-THC in
bronchial epithelial cells. A-9-THC exposure did not significantly increase MDA levels compared
(Figure 6E). Furthermore, there was not a significant difference in MDA levels in cells exposed to
THC together with the Fer-1 inhibitor and the ERA agonist.
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Figure 6. The effect of Delta 9 THC 1200ng/ml and Fer-1 cotreatment (A), and Erastin and Delta 9
THC 1200ng/ml cotreatment on bronchial epithelial cells (B). Data represents +SEM. Statistical
significance *** p<0.001(n=3). The effect of A-9-THC, Fer-1(5uM), ERA(.1uM) + A-9-THC and A-9-THC
+ Fer-1+ERA on GSH content (C), ROS level (D) and lipid Peroxidation (E). Data represents +SEM.
Statistical significance *** p<0.001. (n=3).

3.7. Aberrant Expression Of Ferroptosis, Autophagy, and ER Response Gene

To validate the gene expression data, we selected several up-regulated targets identified by RNA
seq data and examined their transcript levels by RT-qPCR. A significant up-regulation of the gene
encoding essential ferroptosis enzyme, HO1 (Figure 7A), and the gene encoding iron storage proteins
FTH and FTL (Figures 7B,C) were determined. Furthermore, a significant up-regulation of SQSTM1
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(Figure 7D) and PERK (Figure 7E) in response to autophagy and ER stress, respectively, was also
observed. Gene expression pattern in 1200 A-9-T group, fer-1, era and with the combination of era
with ferlwas examined in HO1, FTH, FTL, SQSTM and percentage of foldchange was insignificant,
but differential expression pattern was observed in each treatment condition (Figure 7E-I).
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Figure 7. Validation of the RNA-seq results by RT-qPCR. The relative expression levels of the DEGs
between the bronchial cells exposed to different concentrations of A-9-THC. Asterisks indicate
statistical significance (* p<0.05, ** p<0.01, *** p<0.001, p<0.0001).

4. Discussion

As the use of marijuana for medicinal and recreational purposes is increasing rapidly, it is
imperative to understand the alterations in the lung epithelium caused by the constituents of
marijuana. The present study investigated the impact of 24-hour exposure to A-9-THC on the
transcriptional profiles of bronchial epithelial cells by RNA sequencing. The cell viability was
confirmed by MTT assay, and A-9-THC exposure resulted in decreased cell viability in a dose-
dependent manner. Bronchial cells exposed to marijuana smoke condensate showed a similar pattern
of decreased cell viability (29). In human lung cancer cells, A-9-THC caused a dose-dependent
decrease in mitochondrial membrane potential (30). This decrease in mitochondrial membrane
potential is tied directly with cell death and a decreased production of ATP, which plays an essential
role in apoptotic cell death (31).

Several top canonical pathways were altered by THC, among which ferroptosis, tumor
microenvironmental, and unfolded protein response pathways were the major pathways. A gene
ontology enrichment analysis showed that the genes significantly altered due to exposure were H01,
CDK7, HLA-C, and SLC39A4. Finally, to validate the gene expression data, RT-qPCR was used to
examine upregulated genes, HO1, FTL, FTH, and PERK which are associated with ferroptosis and
unfolded protein response pathway.

Literature suggests that A-9-THC exposure can lead to cell death in various cell types including
airway cells. A-9-THC caused the initiation of apoptosis in oral cancer cells, cortical neurons as well
as immune cells (32-35). In the present study, bronchial airway cells that are exposed to A-9-THC
concentrations, less than the human relative concentration, resulted in cell death. A-9-THC induced
upregulated genes were associated with immunogenic IL17 signaling pathway, TNF signaling
pathway, and cytokine-cytokine receptor interaction that might trigger cell death mechanism.
Increased levels of IL-17 (36) and TNFa (37) were positively correlated to serum C-reactive protein
levels in chronic obstructive pulmonary disease (COPD) patients. The present study revealed for the
first time a link between A-9-THC and the immunogenic pathway-driven COPD pathogenesis in
human lung epithelial cells.

Ferroptosis is a cell death process that is iron-dependent and characterized by lipid peroxidation.
This process is mediated by phospholipid peroxidation in association with free iron-mediated Fenton
reactions (38-39). A correlation between A-9-THC exposure and cell death has been demonstrated;
however, iron-dependent cell death has not been demonstrated yet. In a study with the same cells
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used in the present study, ferroptosis was found to be one of the major pathways affected by exposure
to cigarette smoke condensate (40). Another study that exposed airway cells to cigarette smoke
showed an up-regulation in HMOXI, as seen in our studies (35). HMOX1, a widely used biomarker
for oxidative stress, plays a critical role in ferroptosis as it processes heme and releases Fe2+ (41).
This is highlighted in a study that used EF24 on osteosarcoma cells and determined cell death, in
which ferroptosis was mediated by HMOX1 (42). When HMOX1 was upregulated, it resulted in
ferroptosis in the osteosarcoma cells and had the exact opposite effect when HMOX1 was knocked
down, thus showing its involvement in ferroptosis. This corresponds with the up-regulation of
HMOX1 in our study, thus showing that ferroptosis is occurring as a result of A-9-THC exposure.

Another key component of ferroptosis is ferritin, which is a major intracellular iron storage
protein that is involved in intracellular iron homeostasis. Ferritin is a heteropolymer, which includes
FTL1 (Ferritin light polypeptide 1) and FTH1 (Ferritin heavy polypeptide 1) that protects cells from
iron-mediated damage (43). In the present study, we saw an increase in both FTHI and FTLI
expression because of exposure to A-9-THC. However, studies by Hou et al. showed a decrease in
FTH levels in the DHA-exposed leukemia cells as a result of the degradation of ferritin by autophagy,
leading to an increase and accumulation of free iron (44). In contrast, as in our studies, FTL expression
was increased in RAW264.7 cells that were exposed to LPS (45). In addition to being an iron storage,
FTL is also known to be an antioxidant. The significant increase in FTL1 gene expression observed in
the present study can be the result of oxidative stress, specifically lipid peroxidation that may be
occurring because of A-9-THC exposure. It is reasonable to assume that if the level of lipid
peroxidation increases, the FTL and FTH proteins may increase, as shown in our study, in a protective
manner. Similar to our study, HeLa cells that were exposed to DOX had an increase in ferritin
mitochondrial expression to reduce the cytotoxicity that occurred as a result (46).

It was previously reported that BEAS-2B airway cells, when exposed to A-9-THC, resulted in
cytotoxicity, oxidative stress, and cell death (39, 47-48). To further evaluate the mechanism behind
cell death and involvement of ferroptosis in A-9-THC -induced cytotoxicity, BEAS-2B cells were
treated with FER-1 (5uM) to ameliorate A-9-THC induced effects. When airway cells were pretreated
with Fer-1 for one hour and then immediately treated with A-9-THC for 24 hours, there was a
significant increase in cell viability compared to treatment with A-9-THC alone. These observations
supported previous studies in that Fer-1 prevents oxidative lipid damage and ferroptosis in auditory
hair, neuronal, and airway cells (49-51). Ferroptosis is a form of non-apoptotic cell death primed by
lipid peroxidation. Fer-1 is a potent ferroptosis inhibitor that prevents lipid peroxidation. Recent
studies have shown that Fer-1 has ROS scavenging capabilities, particularly scavenging alkoxyl
radicals (52). Our results indicate that A-9-THC could induce ferroptosis in airway cells, and Fer-1, a
potent inhibitor of ferroptosis, can inhibit cell death associated with A-9-THC. These findings provide
insight into the cell death pathway associated with A-9-THC -induced cytotoxicity and suggest that
ferroptosis is involved.

Erastin (ERA) is an inducer of ferroptosis as it inhibits cystine import, thus depleting GSH,
decreasing GPX4 expression. GPX4 is a key regulator of ferroptosis as it mediates lipid peroxidation.
In this study, when airway cells were cotreated with A-9-THC and ERA for 24 HRs, there was a
noticeable decrease in cell viability compared to exposure solely to A-9-THC. However, this decrease
was not significant. Similar to our results, human pancreatic, neuroblastoma, and airway cells, when
exposed to ERA, as the exposure, led to an increase in cell death and ferroptosis (53-54). The visible
decrease in viability in BEAS-2B cells cotreated with ERA (0.1uM), and A-9-THC resulted in a
significant increase in viability when pretreated with Fer-1, again supporting the notion that
ferroptosis is the underlying mechanism related to A-9-THC induced cytotoxicity.

Literature suggests that A-9-THC exposure can lead to cell death in various cell types, including
airway cells. Specifically, it causes the initiation of apoptosis in oral cancer cells, cortical neurons, and
immune cells (39). Induction of apoptosis has been found in colon cancer cells, glioma cells, and
prostate cancer cells that were exposed to cannabinoids (55-58). Cannabinoids-induced apoptosis
seems to occur in a ceramide-dependent manner, activating caspase and resulting in cell death (59,
60). In contrast, lung cancer cells exposed to marijuana smoke and THC exhibited signs of induction
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of necrosis but inhibition of apoptosis. Specifically, marijuana smoke and THC exposure led to
inhibition of caspase-3 and an increase in reactive oxygen species (56).

Deregulation of ferroptosis has been linked to Chronic obstructive pulmonary disease (COPD)
in airway cells exposed to cigarette smoke extract (41). Despite ferroptosis, a number of other
interesting findings in our study aligned with COPD pathogenesis, including aberrant regulation of
glycogen biosynthesis, glycolysis, gluconeogenesis, impaired glucose tolerance as well as abnormal
muscle fiber morphology. Although glycogen is being synthesized by the liver and skeletal muscle,
chronic COPD patients experience muscle weakness and inadequate cellular energy supplements
linked with disturbance in glucose metabolism (61, 62). Taken together, we speculate that A-9-THC
exposure may lead to ferroptosis and abnormal glucose metabolism, which may play a role in COPD
pathogenesis.

In the present study, we observed an opposing relationship between the NRF2 and osteoarthritis
pathway. Osteoarthritis is characterized by the death of chondrocytes and the increase of oxidative
stress and inflammation (63-64). These results were consistent with a study in IL-13-stimulated
human chondrocytes, which showed that the overexpression of NRF2 resulted in a decrease in
oxidative stress and apoptosis markers, which are both upregulated in osteoarthritis (65).
Comparably, a similar study showed IL-13-stimulated human chondrocytes that were treated with
eriodictyol, which has antioxidant and anti-inflammatory properties, inhibited the anti-inflammatory
pathway, and activated the NRF2 signaling pathway (66). Thus elucidating the connection between
the upregulation of the NRF2 pathway attenuating the inflammation and oxidative stress drive
osteoarthritis pathway. We can assume that A-9-THC is working in the same manner, upregulating
NRF2 expression, leading to a decrease in inflammatory expression in bronchial cells exposed to A-
9-THC. NRF2 (nuclear factor E2-related factor 2) pathway is an inducer of cytoprotective enzymes
such as HMOX1, GSH, FTH1, and FTL1, which are all major components in the ferroptosis pathway
and are highlighted in our study. NRF2 is activated by oxidative stress, resulting in an increase in
antioxidants that detoxify and eliminate reactive oxidants (67-68). A-9-THC has been shown to induce
oxidative stress in different cell types, such as human placental, neuron, and glioma cells (20, 69-70).
NRE2 plays a significant role in the mitigation of ferroptosis and lipid peroxidation (71). Specifically,
NREF2 activates the antioxidant-responsive element-dependent genes that counteract and balance
oxidative mediators to restore and maintain cellular redox homeostasis (72). NRF2 also mediates the
Hepatic Fibrosis/ Hepatic Stellate Cell Activation Pathway, which is characterized by a net
accumulation of extracellular matrix and scar resulting from chronic liver injury (73). This process is
mediated by several novel pathways, such as oxidative stress, autophagy, and endoplasmic reticulum
stress (74). NRF2 can also induce the unfolded protein response pathway, which was upregulated in
our studies, via activation of PERK (75). In accordance with NRF2-mediated oxidative stress,
downregulated genes induced by A-9-THC were found to be linked with glutathione metabolism.
Excessive ROS accumulation and failure of proper scavenging mechanisms by glutathione could
have triggered cell death (76). The results from this study suggest that A-9-THC induces the NRF2
pathway in lung epithelium. NRF2, which is typically upregulated as a response to stress, may be
playing an essential role and as demonstrated from previous studies, NRF2 regulates many pathways
in the body. This leaves us to believe that A-9-THC is dysregulating many pathways, as demonstrated
by the results of this study, and in response to this, NRF2 is possibly becoming activated and
responding accordingly.

Unfolded protein response is another pathway that was up-regulated because of exposure to A-
9-THC. Unfolded protein response (UPR) is a cellular stress pathway that is associated with
endoplasmic reticulum (ER) stress. When a cell undergoes UPR, an increase in the expression of PERK
can be expected as it is one of the primary signal transducers of the UPR pathway. This was displayed
in our studies, which showed an increase in PERK expression as a result of bronchial epithelial cells
exposed to A-9-THC. The ferroptosis and unfolded protein response pathways are connected as half
of the lipids in the cells are in the endoplasmic reticulum (56), and therefore, the ER may play a major
role in the initiation of ferroptosis. PERK is a known mediator of ferroptosis as it has been shown to
have a direct impact on NRF2, causing phosphorylation and increasing levels of HMOXI, thus
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activating ferroptosis (49). The unfolded protein response is also known to be activated and
upregulated in the tumor microenvironment which is a pathway that was upregulated in our studies
(49). The tumor microenvironment is the environment that surrounds the tumor and consists of
surrounding blood vessels, fibroblasts, immune cells, signaling molecules, lymphatic cells, and the
extracellular matrix (57-80). This environment has been shown to be modulated in response to
cigarette smoke exposure, not only resulting in phenotypic changes and inducing autophagy but also
contributing to aggressiveness in vitro as well as in vivo (81-82). Ferroptosis has also been shown to
contribute to the tumor microenvironment by driving the polarization of macrophages in the tumor
microenvironment (83). In addition to the tumor microenvironment, bronchial cells also activate the
caveolar-mediated endocytosis pathway. The caveolar-mediated endocytosis pathway is responsible
for internalizing, uptake, and regulating signaling organelles and bulk membranes (83). As a result
of cigarette smoke exposure, airway cells have been shown to induce the caveolar-mediated
endocytosis pathway, with the increase of this pathway being associated with lung infections in
smokers (84). Similarly, overexpression of HIF1- alpha has been associated with lung cancer, which
is correlated with cigarette smoke (85). Specifically, genes linked to the HIf1- alpha signaling pathway
are shown to have a significant impact on lung carcinogenesis and genomic instability (86). Moreover,
activation and overexpression of the HIfl-alpha signaling pathway have also been linked to COPD
and decreased lung function (87). Relatedly, the LXR/RXR activation pathway also has a negative
impact on lung function. The LXR/RXR activation pathway was slightly increased in most
concentrations in our studies. This pathway regulates cholesterol homeostasis and lipid and
carbohydrate metabolism (88-89). When cells are dying, there is typically an increase in lipid
production in which the LXR/RXR pathway breaks down and removes this surplus of lipids (90).
LXR/RXR activation pathway also can induce airway inflammation and airway hyperresponsiveness,
as researchers who used an agonist against the LXR/RXR activation pathway were able to attenuate
airway inflammation, asthma, and pulmonary emphysema in-vivo in murine and rat models (91-92).
The glucocorticoid signaling pathway is another pathway that was deregulated because of A-9-THC
exposure. Glucocorticoids, which are a class of corticosteroids, are typically prescribed to treat
chronic inflammation and asthma in the respiratory tract (93-94). However, research shows that an
increasing number of people do not respond to glucocorticoid administration to treat inflammation
associated with asthma, and glucocorticoid inhibitors may decrease this associated inflammation, but
studies are still ongoing (95). Studies are now trying to find new therapeutic strategies to treat
different types of inflammation. A recent study combined glucocorticoid with ferroptosis-inducing
agents in order to find a novel therapy for eosinophilic airway inflammation; the results showed the
induction of ferroptosis-like cell death relieved the allergic airway inflammation in mice eosinophils
(96). As a result of that study subsequent studies are looking into this pathway to cell death as a novel
pathway in drug abuse.

In summary, the transcriptome analysis of bronchial epithelial cells exposed to A-9-THC
revealed genes with distinctly altered patterns of expression, particularly those specific to ferroptosis,
unfolded protein response, and tumor microenvironment pathways. The extent of the gene
deregulation was dependent on the concentration of A-9-THC. To our knowledge and based on
literature, the ferroptosis pathway is likely a novel pathway associated with A-9-THC -induced
cytotoxicity in bronchial epithelial cells. The present findings also show that Fer-1, an inhibitor of
ferroptosis, ameliorates airway cells from A-9-THC induced cell death, suggesting ferroptosis is one
of the mechanisms behind cell death. Many pathways were highlighted in this study due to A-9-THC
exposure, and many were seen across multiple concentrations (97). However, with the cell death
phenotype in the A-9-THC exposed airway cells, the follow-up study will focus on the ferroptosis
pathway and the mechanism behind A-9-THC-induced cell death.

Supplementary Materials: The following supporting information can be downloaded at:
Preprints.org.
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