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SUMMARY

Epidemiological studies reveal that marijuana increases the risk of cardiovascular disease (CVD); however,
little is known about the mechanism. Ag-tetrahydrocannabinol (A°-THC), the psychoactive component of
marijuana, binds to cannabinoid receptor 1 (CB1/CNR1) in the vasculature and is implicated in CVD. A UK
Biobank analysis found that cannabis was an risk factor for CVD. We found that marijuana smoking activated
inflammatory cytokines implicated in CVD. In silico virtual screening identified genistein, a soybean isofla-
vone, as a putative CB1 antagonist. Human-induced pluripotent stem cell-derived endothelial cells were
used to model A°-THC-induced inflammation and oxidative stress via NF-kB signaling. Knockdown of the
CB1 receptor with siRNA, CRISPR interference, and genistein attenuated the effects of A°®-THC. In mice, gen-
istein blocked A°-THC-induced endothelial dysfunction in wire myograph, reduced atherosclerotic plaque,
and had minimal penetration of the central nervous system. Genistein is a CB1 antagonist that attenuates
A®°-THC-induced atherosclerosis.

INTRODUCTION is known to induce endothelial dysfunction, atherosclerosis, car-

diomyopathy, and metabolic dysfunction in animal models

Marijuana is one of the most widely used illicit drugs worldwide
(Thomas et al., 2014). The growing legalization of marijuana is ex-
pected to increase the use of marijuana, highlighting the need to
learn about its adverse effects, particularly those affecting the
cardiovascular systems. Retrospective studies indicate that
marijuana increases the risk of cardiovascular disease (CVD),
including myocardial infarction (Ml), angina, and arrhythmias
(DeFilippis et al., 2018; Thomas et al., 2014). Marijuana exposure
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(Wang et al., 2016; Pacher et al., 2018). Nevertheless, the US
Food and Drug Administration (FDA) has approved two synthetic
cannabinoids for treating chemotherapy-induced nausea and
vomiting and HIV-associated anorexia: dronabinol and nabilone
(Whiting et al., 2015). Synthetic cannabinoids are also associ-
ated with adverse cardiovascular effects (Pacher et al., 2018).
Thus, there is a need to understand the link between marijuana
and CVD.
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Two cannabinoid receptors mediate the effects of A®-tetrahy-
drocannabinol (A°-THC), cannabinoid receptor 1 (CB1/CNR1)
and cannabinoid receptor 2 (CB2/CNR2), which belong to the
G-protein-coupled receptor (GPCR) superfamily (Atakan, 2012;
Hoffman and Lupica, 2013). The most abundant GPCR in the
mammalian brain, CB1, regulates the psychoactive effects of
marijuana. The CB1 receptor is also expressed in other peripheral
tissues such as the heart, vasculature, and smooth muscle. The
CB2 receptor is not only expressed in immune cells, particularly
in macrophages, but also in endothelial cells (Pacher and Me-
choulam, 2011). Cannabinoid receptors have endogenous li-
gands known as endocannabinoids. Endocannabinoid signaling
is important for metabolic regulation, memory, mood, pain, and
immune function (Mackie, 2006). The endocannabinoid ananda-
mide is made on-demand, unlike classical neurotransmitters (Di
Marzo et al., 1994), and causes vasodilation, bradycardia, and
hypotension (Movahed et al., 2005). Previous studies found that
CB1 activation is proatherogenic by promoting inflammation
and oxidative stress that cause endothelial dysfunction and
atherosclerosis, whereas CB2 activation is anti-atherogenic
(Pacheretal., 2018; Ibsen et al., 2017). CB2 agonists are in devel-
opment for vascular disorder (Pacher and Mechoulam, 2011),
and CB1 antagonists are anti-atherogenic (Pacher et al., 2018).

CB1 signaling is also involved in various pathophysiological
processes, including obesity, smoking cessation, diabetes, liver
cirrhosis, and cancer (Sugamura et al., 2009). In 2006, rimona-
bant became the first CB1 antagonist approved for treating
obesity (Després et al., 2005). However, rimonabant was with-
drawn in 2008 due to psychiatric side effects (Onakpoya et al.,
2016; Moreira et al., 2009). In an effort to reduce the psychiatric
side effects, pharmaceutical companies developed peripherally
restricted CB1 antagonists, which may soon enter clinical devel-
opment (Cinar et al., 2020). The development of CB1 antagonists
that lack psychiatric side effects would be clinically significant for
treating obesity, diabetes, metabolic syndrome, and CVD.

The discovery of induced pluripotent stem cells (iPSCs)
based on somatic cell reprogramming has transformed the field
of stem cell biology (Shi et al., 2017). Human iPSCs (hiPSCs)
avoid the ethical dilemmas surrounding the use of human em-
bryonic stem cells (hESCs). Patient-specific hiPSC-derived
cell lineages (i.e., neurons, cardiomyocytes, hepatocytes, and
smooth muscle cells) hold great promise in regenerative medi-
cine and drug discovery for their ability to generate a limitless
supply of differentiated cell lineages for disease modeling.
hiPSC-derived endothelial cells (hiPSC-ECs) contain any given
individual’s genetic information and permit the investigation of
patient-specific causes of vascular disease (Lau et al., 2019),
making them an ideal platform for vascular disease modeling
and drug discovery.

In this study, we found that cannabis users from the UK
Biobank database analysis showed a higher risk of Ml than
non-cannabis users. We recruited volunteer subjects and found
marijuana smoking elevated plasma markers of inflammation
associated with atherosclerosis. Using in silico modeling, we
discovered that genistein, an isoflavone abundantly present in
soybeans, could bind to the CB1 receptor and inhibit its activity.
Complementary in vitro and in vivo studies uncovered that gen-
istein is a neutral antagonist of the CB1 receptor that blocks the
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pathophysiological effects of the CB1 receptor in the vasculature
with minimal central nervous system (CNS) penetration. Thus,
our study reveals that genistein attenuates A°-THC-induced
endothelial dysfunction via CB1 inhibition and can serve as a
CB1 antagonist.

RESULTS

UK Biobank analysis reveals an association between
cannabis use and myocardial infarction

The UK Biobank is the largest prospective cohort study to date,
containing genetic and phenotypic data on 500,000 individuals
aged 40-69 (Bycroft et al., 2018). Participants were recruited be-
tween 2006 and 2010 and serially followed over time. The UK
Biobank provides a unique opportunity to characterize relation-
ships across a wide assortment of phenotypes. Here, we utilized
the UK Biobank to determine the relationship between cannabis
use, MI, and other cardiovascular events (Figure 1A). Prior
studies demonstrating an association between cannabis use
and MI were conducted in individuals who developed MI before
the age of 50 (DeFilippis et al., 2018). When controlling for age,
body mass index (BMI), and sex, we demonstrated that cannabis
use was a statistically significant positive predictor for Ml, using
a logistic regression model.

Inflammation is central in the pathogenesis of atherosclerosis,
so we next investigated for markers of inflammation using an
Olink proteomic analysis of plasma from recreational smokers
(Figure 1B). After smoking a marijuana cigarette, plasma sam-
ples were serially drawn over 180 min. The Olink inflammation
panel analysis revealed that several inflammatory cytokines
were upregulated at 90 min, including TGFB, CCL4, CCL19,
CXCL6, CXCL10, CXCL11, IL-8, MCP2, MCP4, TNF, and
CCL11. These upregulated cytokines are all implicated in ath-
erosclerosis (Chen et al., 2019; Chang et al., 2020; Damas
et al., 2007; Paramel et al., 2020; Heller et al., 2006;
Szentes et al.,, 2018; Cavusoglu et al., 2015; Ardigo et al.,
2007; McKellar et al., 2009; Zernecke and Weber, 2010). FTL3
was downregulated after marijuana smoking, which is also asso-
ciated with accelerated atherosclerosis in FIt3~'~Ldlr~~ mice
(Choi et al., 2011).

Genistein binds to the CB1 receptor and inhibits CB1
activity

The SWEETLEAD chemical database (Moshiri et al., 2020) was
screened against 4 selective CB1 antagonists using the ROCS
software suite (Figure 2A). Ligand-based high-throughput virtual
screening with a chemical database was used to discover new
selective CB1 antagonists (Figure 2B). We found 62 chemical
compounds that were structurally homologous with the 4 selec-
tive CB1 antagonists. To refine our search, a molecular docking
analysis was performed to probe the interactions between the
chemical compounds and the CB1 receptor with the selective
CB1 antagonist AM6538 as a positive control. The Schrédinger
(Portland, OR, United States of America) suite with glide pro-
tein-ligand docking functionality was used to validate that genis-
tein was a ligand for the CB1 receptor (Table S1). We discovered
that genistein, a natural soybean flavonoid, binds to the CB1 re-
ceptor (Figures 2C and 2D). Genistein adopted a similar shape to
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Figure 1. Analysis of the UK Biobank dataset demonstrates the relationship between cannabis and myocardial infarction

(A) Biobank Engine, a tool to search case-control association results from the UK Biobank hospital in-patient health-related outcomes summary information data,
was utilized to obtain insight into the genetic mechanism of cannabis-associated cardiovascular disease. Schematic of the stratification of the UK Biobank
dataset phenotypes for analysis. To determine the population-level/clinical impact of cannabis on cardiovascular events, patient data acquired from the UK
Biobank were analyzed. To identify the relevant study population, self-reported patient surveys collected as part of the UK Biobank dataset were utilized to stratify
the UK Biobank population. A total of 157,331UK Biobank participants were surveyed on whether they have ever used cannabis. A subset of 34,878 individuals
who responded “yes” were subsequently surveyed for the frequency of cannabis use, and 11,914 responded that they utilized cannabis more than 1 time per
month. On the other hand, 122,445 individuals responded “no” to ever taking cannabis. Among these individuals, cannabis use was associated with an increased
incidence of Ml in a logistic regression model with normalized age, sex, and body mass index (odds ratio 1.16 (95% confidence interval 1.00-1.34); p < 0.05).
Cannabis users also showed a higher incidence of premature MI (under the age of 50) than non-users (0.53% versus 0.45%).

(B) Investigating inflammatory cytokine release in response to smoking marijuana. Twenty recreational marijuana smokers were recruited to smoke a single
marijuana cigarette, and serial blood draws were performed to assess the A°-THC levels in blood. Inflammatory cytokine production was assayed using the Olink
proteomic platform. Participants were asked to abstain from using marijuana for 24 h before testing. Two participants did not consent to subsequent testing and
were excluded from the Olink analysis. Plasma was isolated from n = 18 individuals (13 males/5 females) using sodium citrate tubes at 15 min intervals from 0 min
to 180 min after smoking. An Olink inflammation panel with 92 cytokines implicated in inflammation and oxidative stress was used to analyze the blood samples at
0, 90, and 180 min. The Olink panel revealed that several circulating cytokines were upregulated in marijuana smokers as implicated in atherosclerosis.
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Figure 2. Identification of cannabinoid receptor 1 (CB1) inhibitor by high-throughput virtual screening and molecular docking
(A) Query structure of 4 selective CB1 antagonists (rimonabant, otenabant, AM251, and DBPR-211) was used in the ligand-based high-throughput virtual

screening.

(B) High-throughput virtual screening workflow for lead compound identification.

(legend continued on next page)
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the selective CB1 antagonist query structures (Figure 2E). An
in vitro GTPase assay found that genistein functions as a neutral
antagonist (Figure 2F). Radioligand binding assays for predicted
targets of genistein binding (Tables S2 and S3) revealed that
genistein binds human CB1 with an ICsq of 150 nM (Table S4).

A®-THC induces cytotoxicity in human endothelial cells
We next evaluated A°-THC cytotoxicity in three different cell
types: (1) human endothelial cells (human umbilical vein endo-
thelial cells [HUVECs] and human coronary artery endothelial
cells [HCAECs]), (2) human embryonic stem cell-derived cardio-
myocytes (H7 hESC-CMs), and (3) normal human cardiac fibro-
blasts-ventricular (NHCF-V) cells. We observed that AS-THC
induced cytotoxicity in human endothelial cells without any
adverse effect on cardiomyocytes or cardiac fibroblasts (Fig-
ure 3A). Inflammation and oxidative stress cause endothelial
dysfunction (Heitzer et al., 2001), so we investigated the expres-
sion of these genes in HUVECs exposed to A°-THC to uncover
the mechanism of such endothelial cytotoxicity. We observed
that A°-THC induced the expression of inflammation-related
genes and reduced the antioxidant-related gene expression
(Figures 3B and 3C). HUVECs were derived from large pools of
female patients with environmental exposures that might affect
the phenotype with A°-THC. However, hiPSC-ECs are free of
previous environmental exposures. Therefore, hiPSC-EC lines
were generated from 4 healthy individuals through a chemically
defined differentiation protocol (Figure S1A). hiPSC-ECs formed
capillary-like tubes mimicking angiogenesis in vitro (Figure S1B),
and A°-THC also induced cytotoxicity (Figure S1C; key
resource table).

Cannabinoids exert their effects through the CB1 and CB2 re-
ceptors. We, therefore, evaluated the expression of cannabinoid
receptors in hiPSC-ECs using hiPSC-derived neurons and hu-
man erythroblast cells (HEL92.1.7) as positive controls. The
CB1 receptor was expressed in hiPSC-ECs, but CB2 receptor
expression was not detected in our assays (Figure S1D). Thus,
hiPSC-ECs can model the effects of A°-THC on the vasculature
via the CB1 receptor. hiPSC-ECs can also reflect the paucity of
CB2 receptor expression found in adult vascular endothe-
lial cells.

Because antioxidant-related genes were reduced by A°-THC
treatment in HUVECSs, we evaluated those genes in hiPSC-ECs
and found that A°-THC also decreased mRNA expression of
antioxidant-related genes, including superoxide dismutase 1
(SOD1), superoxide dismutase 2 (SOD2), catalase (CAT), and
glutathione peroxidase 1 (GPX1) (Figure 3C). In addition, ROS-
related genes implicated in endothelial dysfunction (Forster-
mann and Sessa, 2012), such as NADPH oxidase 1 (NOX7)
and inducible nitric oxide synthase (NOS2), were upregulated

Cell

in hiPSC-ECs after A°-THC treatment (Figure 3D). Immunofluo-
rescence staining showed that A°-THC treatment of hiPSC-
ECs also induced cellular oxidative stress with increased
hydrogen peroxide (H-O5) levels (Figures 3E and S2A).

A®°-THC induces inflammation and NF-«B activation in
hiPSC-ECs

Media reports have touted the anti-inflammatory effects of
cannabis and A®-THC despite a paucity of data (Nagarkatti
et al., 2009; Klein and Newton, 2007). We, therefore, sought to
add to the literature by investigating the expression of inflamma-
tion-related genes in hiPSC-ECs after treatment with A°-THC.
We observed that proinflammatory cytokines and chemokines
were increased in response to A°-THC (Figure 4A), while | kappa
B (NFKBIA), a specific inhibitor of the NF-«kB transcription factor,
was inhibited by AS-THC (Figure 3A). TNF-o. contributes to
vascular dysfunction (Boesten et al., 2005). After A°-THC treat-
ment, TNF-a. concentration was increased in the cell culture
medium of hiPSC-ECs (Figure 4B). Monocyte adhesion to endo-
thelial cells is associated with the development of atheroscle-
rosis (Mestas and Ley, 2008). We examined the adhesion of
monocytes to hiPSC-ECs after AS-THC treatment and found
that monocytes had increased adhesion to hiPSC-ECs
(Figures 4C and 4D).

The longitudinal effects of A°-THC-induced inflammation were
assessed in hiPSC-ECs using wash-out experiments. After treat-
ment with A®-THC for 48 h, the supernatant in hiPSC-ECs was
replaced with fresh medium. The expression of inflammation-
related genes in hiPSC-ECs was evaluated every other day for
2 weeks. The A®-THC-induced expressions of proinflammatory
cytokines and chemokines were sustained for 8 to 10 days after
the initial exposure (Figure 4E). Thus, A°-THC-induced inflamma-
tion persisted four to five times longer than the initial exposure.

We next sought to elucidate the mechanisms of how A®-THC
causes oxidative stress in the vasculature via CB1. The elevated
levels of TNF-a suggested that NF-«B could cause activation of in-
flammatory genes and promote oxidative stress via the nuclear
translocation of the p65 component of the complex (Mattioli
et al., 2004). The A®-THC-binding activates the mitogen-activated
protein (MAP) kinase pathway, which is known to regulate NF-kB
by increasing transcription of NF-kB and facilitating NF-kB trans-
location to the nucleus (Saha et al., 2007). In hiPSC-ECs, A°-THC
also causes increased phosphorylation of p38 (Figure S2H). The
cellular distribution of NF-kB was subsequently investigated in
hiPSC-ECs after A°-THC treatment. Immunofluorescent staining
revealed that A°-THC induced NF-kB’s nuclear translocation of
NF-kB (Figure 4F) and phosphorylation of NF-kB in hiPSC-ECs.
The A®-THC-mediated phosphorylation of NF-kB was abrogated
by the selective NF-«B inhibitor BAY11-7082 (Figures 4G and S2I).

(C) Docking of the selective CB1 antagonist AM6538 and genistein into the CB1 receptor. The best fit of AM6538 and genistein into CB1 was shown using

Schrédinger molecule docking software.
(D) Molecular structure of hit compound genistein.

(E) Genistein shared structural homology with selective CB1 antagonists in ligand-based virtual screening.
(F) Genistein is a neutral antagonist of the CB1 receptor. GTPase-Glo assay reveals rimonabant and taranabant to decrease GTP turnover compared with Apo and
GTPase without ligand, indicating that they are inverse agonists. Genistein elicits the same GTP turnover as Apo, suggesting that genistein is a neutral antagonist.

CP55490 causes increased GTP turnover consistent with its function as a CB1 agonist. ***p < 0.001 versus Apo;

versus Apo.
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Genistein reverses A°-THC-induced oxidative stress

and inflammation in hiPSC-ECs by inhibiting CB1

The CB1 receptor is implicated in the pathological effects of
AS-THC on the vasculature. We next employed pharmacologic
and genetic inactivation of the CB1 receptor to determine
whether the CB1 receptor plays a role in A°-THC-induced ef-
fects in hiPSC-ECs. The selective CB1 antagonists AM6545,
AM251, and NESS-0327 reversed A°-THC-induced mRNA
expression of inflammation-related genes and oxidative stress
protective-related genes (Figure S3A). The A®-THC-induced
effects were also reversed by the knockdown of CB1 by siRNA
(Figure S3B). Similarly, CRISPR interference (CRISPRI) of CB1
expression reversed A°-THC-induced inflammation and oxida-
tive stress in hiPSC-ECs (Figures 5A and 5B). Genistein is
known to ameliorate TNF-a-mediated inflammation and oxida-
tive stress in endothelial cells (Jia et al., 2013). We, therefore,
tested if the CB1 receptor was required for genistein to block
the effects of TNF-a in hiPSC-ECs using CRISPRI to assess
CB1 expression. We discovered that the CB1 receptor was
required for genistein to attenuate the inflammatory effects
of TNF-a (Figures S3C-S3F).

We next experimentally validated that the putative CB1 antag-
onist genistein prevents vascular dysfunction caused by A°-THC.
We screened a series of antioxidant reagents and found that
genistein was the best at preventing A°-THC-induced oxidative
stress in hiPSC-ECs (Figures 5C and S4A). In hiPSC-ECs, genis-
tein ameliorated the expression profile of antioxidant genes sup-
pressed by A°-THC while also having a salutatory effect on NOS2
and NOX1 expression (Figure 5D).

With an attenuated inflammatory profile, we postulated that
hiPSC-ECs treated with genistein and A°-THC were more likely
to remain quiescent without contributing to the pathogenesis
of atherosclerosis. We tested this hypothesis using monocyte
adhesion assays. Genistein not only reversed A°-THC-induced
monocyte adhesion to hiPSC-ECs but also attenuated NF-xB
phosphorylation (Figures 5E and 5F).

Toll-like receptors (TLRs) are components of the innate im-
mune system that recognize molecular patterns of microbial
components, and TLR4/NF-xB signaling pathways can
contribute to vascular inflammation in endothelial cells (Akira
et al., 2006). We, therefore, investigated the effects of AS-THC
and the anti-inflammatory properties of genistein on the TLR4/
NF-kB signaling pathway. We observed that A°-THC induced
TLR4 expression in hiPSC-ECs, whereas genistein disrupted
its expression (Figures 5F and S4B). Moreover, genistein
reversed the A°-THC-induced mRNA expression of proinflam-
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matory cytokines and chemokines (Figure S4C). Cotreatment
with genistein also shortened the recovery time of AS-THC-
induced inflammation from 8-10 days to 4-6 days (Figure 5G),
and treatment with genistein after AS-THC exposure also
reduced the recovery time to 6-8 days (Figure S4D). These
experimental results indicated that genistein attenuated A°-
THC-induced oxidative stress and inflammation in hiPSC-ECs.

Genistein reverses A°-THC-induced endothelial
dysfunction, oxidative stress, and inflammation in a
mouse model

To evaluate the effects of genistein in vivo, male C57BL/6J mice
were treated with vehicle, A®>-THC, or A°-THC plus genistein (Fig-
ure 6A). While oral ingestion or smoking are more common routes
of ingestion in humans, our mouse model produced a plasma con-
centration of A°-THC of ~100 ng/mL as revealed by LC-MS anal-
ysis, which is comparable to the concentration from smoking a sin-
gle marijuana cigarette (Huestis and Cone, 2004) (Figures S5A and
S5B). Wire myograph revealed that A°%-THC induced endothelial
dysfunction in mice, whereas genistein mitigated the effect
(Figure 6B).

Genistein and the known CB1 antagonist rimonabant amelio-
rated mRNA expressions of inflammation-related genes induced
by A®-THC in mouse thoracic artery tissues (Figures 6C and
S5C). Analysis of C57BL/6J plasma revealed that IL-6, IL-3, and
IL-10, which are associated with an increased risk of atheroscle-
rosis (Ridker et al., 2018; Welsh et al., 2011; Brizzi et al., 2001),
were elevated after treatment with A®-THC, and genistein cotreat-
ment significantly reduced the expression of these inflammatory
cytokines (Figure S5D). Genistein also rescued the oxidative stress
protective-related gene expression (Figure 6D). Expression of
inflammation and oxidative stress protective-related genes was
correlated with vascular relaxation (Figure S5E). NF-kB phosphor-
ylation and SOD expression in mouse serum were also attenuated
with genistein (Figures 6E, 6F, and S5F). A°-THC administration
decreased circulating levels of the antioxidant glutathione, which
was ameliorated with genistein cotreatment (Figures 6G-6J).
Collectively, these results indicated that genistein could reverse
A®-THC-induced effects in vivo.

While genistein had a protective effect on the vasculature, it
did not exhibit any toxicity based on body weight and hematox-
ylin and eosin (H&E) staining of various organs (Figure S5G). We
used engineered heart tissues (EHTs) composed of hiPSC-ECs
and hiPSC-derived cardiomyocytes (hiPSC-CMs) to interrogate
the effects of genistein and A®-THC on contractility in vitro
(Videos S1, S2, and S3). We found A°-THC and genistein

Figure 3. A®-THC-induced cytotoxicity in endothelial cells is associated with inflammation and oxidative stress

(A) The effects of A°>-THC on cell viability of human coronary artery endothelial cells (HCAECs), human umbilical vein endothelial cells (HUVECS), normal human
cardiac fibroblasts-ventricular (NHCF-V), and human embryonic stem cell-derived cardiomyocytes (hESC-CMs). Cells were treated with increasing concentra-
tions of A®-THC for 48 h, and cell viability was measured by the CellTiter-Glo luminescent cell viability assay.

(B and C) (B) The RNA expression of inflammation-related and (C) oxidative stress-related genes in HUVECs. Cells were treated with 5 uM A°-THC for 48 h, and
gene expression was measured by gPCR and normalized to GAPDH.

(D) Oxidative stress-related gene expression in hiPSC-ECs after A°-THC treatment. Cells were treated with 5 uM AS-THC for 48 h, and mRNA expression of
various genes was measured by gPCR analysis and normalized to GAPDH.

(E) hiPSC-ECs were treated with 5 uM A°-THC or 1 uM doxorubicin (positive control) for 48 h and oxidative stress was measured by CellROX oxidative stress
assay. Images were obtained by fluorescence microscopy. The white arrowhead indicates cells producing reactive oxygen species (scale bar, 50 um). Error
bars represent mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; **p < 0.001 versus vehicle; “**p < 0.0001 versus vehicle; ns, not significant versus
vehicle.
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cotreatment had no significant effect on contraction, relaxation,
and peak force (Figures S2B, S2C, and S2F). AS-THC decre-
ased beat rate and increased the contraction-relaxation interval,
and genistein cotreatment did not attenuate these effects (Fig-
ures S2D and S2E). Bulk RNA sequencing analysis of EHT did
not reveal any significant transcriptomic signature implicated in
cardiac function, but some pathways were downregulated in
response to AS-THC treatment compared with vehicle control
(Figure S2G). Reflecting the EHT studies, echocardiographic
analysis of C57BL/6J revealed that AS-THC, genistein, and co-
treatment with genistein did not affect cardiac structure or func-
tion (Figures S6M-S6P), with no significant difference in ejection
fraction (EF), heart rate (HR), left ventricular end-diastolic volume
(LVEDV), and left ventricular end-diastolic mass (LVEDM). The
CB1 antagonist rimonabant, however, reduced HR when used
alone or in cotreatment with A°-THC but did not affect other car-
diac parameters.

Effect of THC and genistein on atherosclerosis

To investigate the effect of A°-THC and genistein in chronic
atherosclerosis formation, LDL receptor knockout mice
(B6.129S7-LdIr'™He) \were fed a high-fat diet (HFD) for
12 weeks and treated with (1) vehicle control, (2) AS-THC, or (3)
AS-THC and genistein (n = 10-12/group) (Figure 6K). All groups
showed an increase in body weight during the HFD period
(Figure S7A). The successful administration of AS-THC was
confirmed in serum by LC-MS at 12 weeks (Figures S7B and
S7C). Neither A°-THC nor cotreatment with A®-THC and genis-
tein affected serum lipid profiles or blood pressure (Figures
S7D and S7E). After 12 weeks of HFD, the mice were euthanized,
and the atherosclerotic lesion area was examined by cross-sec-
tions of the aortic root and an en face analysis of the thoracic
aorta. In the cross-sectional analysis, mice treated with A°-
THC showed significantly increased plaque size, and cotreat-
ment with genistein ameliorated plaque size when stained with
oil red O (Figures 6L and 6M). The improvement of plaque forma-
tion by genistein was also observed in en face analysis of the
thoracic aorta stained with oil red O (Figures S7F and S7G).
Macrophage recruitment in the aortic root was analyzed using
aortic plaque stained with an anti-CD68 antibody. The CD68-
positive area was significantly increased by A°-THC administra-
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tion and rescued by cotreatment with genistein (Figures 6N and
60). These results suggest that A°-THC exacerbated atheroscle-
rosis formation and macrophage recruitment in atherosclerotic
plaques, which were ameliorated by genistein cotreatment.

An Apoe~’~ mouse model was also employed to investigate
the effects of A°-THC and cotreatment with genistein on athero-
sclerosis. Partial carotid artery ligation (PCAL) was performed in
Apoe ™~ mice at 10-16 weeks. After PCAL, the Apoe ™'~ mice
were divided into three groups: (1) vehicle control, (2) A°-THC,
and (3) A°-THC plus genistein (n = 5/group). All mice were fed
a HFD for 10 days (Figure 6P). At the end of the treatment proto-
col, the Apoe ™~ mice were euthanized and subjected to histo-
logical analysis. The ligated carotid artery showed increased
fat deposition with oil red O staining compared with the unli-
gated, contralateral vessel (Figure S6J). H&E staining suggested
neointimal thickening, fat deposition, and increased macro-
phage recruitment in ligated carotid atherosclerotic plaques (Fig-
ure 6Q). Oil red O staining found that the plaque area was
increased by A°-THC treatment, whereas A°-THC and genistein
cotreatment ameliorated the plaque size (Figure 6R). Macro-
phage recruitment was tested using the macrophage-specific
F4/80 antibody and CD68 antibody (Figures S6K and S6L). In
the ligated carotid artery, the F4/80-positive area was signifi-
cantly increased by A®-THC administration and decreased by
cotreatment with genistein. Immunohistochemical analysis with
CD68-specific antibody revealed that the CD68-positive area
was significantly increased by AS-THC administration and
reduced by cotreatment with genistein. Consistent with the
LdIr~’~ model findings, the Apoe™~ PCAL mouse model found
increased plaque size and increased macrophage recruitment
with A®-THC, and genistein cotreatment ameliorated these
indices of atherosclerosis in ligated carotid arteries.

Genistein binds to the CB1 receptor and does not

attenuate A9-THC neurobehavioral effects in vivo

After finding that genistein attenuated the vascular dysfunction
caused by AS-THC in both in vitro and in vivo studies, we found
direct evidence of genistein-binding CB1 using fluorescently
labeled genistein (BODIPY517/547-genistein) (Figures 7A and
7B). In CB1 radioligand binding assays, BODIPY517/547-genistein
had an ICso of 375 nM on human CB1 receptors and labeled nearly

Figure 4. A®-THC causes inflammation in hiPSC-ECs, TNF-« release, and monocyte adhesion
(A) RNA expression of inflammation-related genes in hiPSC-ECs after A°-THC treatment for 48 h, as determined by gPCR normalized to GAPDH.
(B) A°-THC promoted the release of TNF-o. from hiPSC-ECs. Cells were treated with 0.5 or 5 uM A®-THC for 48 h, and TNF-o concentration in the cell culture

medium was measured by ELISA.

(C) Monocyte adhesion assays of hiPSC-ECs treated with 5 M AS-THC for 48 h. U937 adherence was observed by a fluorescence microscope.
(D) The intensity of fluorescence-labeled-adherent U937 monocytes was measured.

(E) The effect of A°-THC on the inflammation-related gene expression in hiPSC-ECs. Cells were treated with 5 uM AS-THC for 48 h. The medium was replaced with
fresh cell culture medium, and total RNA was isolated from cells every other day for 14 days. Expression of inflammation-related genes was quantified by gPCR
analysis and normalized to GAPDH. The retention time (Tg) means the time required for the recovery of mRNA basal level.

(F) The effects of A°-THC on p65 nuclear translocation in hiPSC-ECs were determined in co-localization studies. hiPSC-ECs were treated with 5 uM A®-THC for
48 h and then assayed with anti-p65 antibody for localization of p65 (red fluorescence). The nuclei were counterstained with DAPI (blue fluorescence), and cells
were visualized using immunofluorescence microscopy; merged images are shown. The white arrowhead indicates co-localization (purple) of p65 (red) and DAPI
(blue) (scale bar, 50 um).

(G) AS-THC caused p65 phosphorylation in hiPSC-ECs. Cells were treated with 5 uM A®-THC, 1 uM BAY11-7082, or their combination for 48 h. Western blot
analysis was performed on total cell lysates using indicated antibodies (left panel). Images were quantified by Imaged software (right panel). Error bars
represent mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; **p < 0.001 versus vehicle; ****p < 0.0001 versus vehicle; ns, not significant versus
vehicle; ###p < 0.0001 versus A°-THC.
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all hiPSC-ECs cells after 12 hiincubation (Figure 7C). BODIPY517/
547-genistein cotreatment attenuates A°-THC-induced inflamma-
tion-related gene expression and NF-«B phosphorylation and
ameliorates oxidative stress protective-related gene expression,
SOD expression, and glutathione concentration in mouse serum
(Figures S6A-S6). In vivo binding was investigated using intrave-
nously injected BODIPY517/547-genistein in C57BL/6J mice. Af-
ter48h, BODIPY517/547-genistein was detected in the abdominal
viscera, thoracic aorta, heart, and lungs but was minimally de-
tected in the brain (Figures 7D-7G). This is consistent with a previ-
ous report that shows genistein has poor blood-brain barrier (BBB)
penetration (Yang et al., 2012).

We next investigated whether genistein is co-localized with
the CB1 receptor in vivo using confocal microscopy. Thoracic
aortas from mice injected with BODIPY517/547-genistein were
permeabilized and stained with an anti-CB1 receptor antibody
labeled with Alexa Fluor 488. The mice were imaged with
confocal microscopy, and z stacked images revealed co-locali-
zation of Alexa Fluor-488-labeled CB1 receptor and BOD-
IPY517/547-genistein in aortic vascular cells (Figures 7H and
71). The specificity of genistein binding was interrogated by
injecting the selective CB1 antagonist rimonabant before BOD-
IPY517/547-genistein. Rimonabant has a stronger binding affin-
ity for the CB1 receptor and reduced BODIPY517/547-genistein
binding and fluorescence significantly (0.78 + 0.08 versus 0.13 +
0.04, p < 0.00001) (Figure 7J).

Despite BODIPY517/547 having excellent bioavailability (Kwon
etal., 2021), genistein has poor BBB penetration, which compelled
us to interrogate the neurological effects of A°>-THC in the context
of genistein co-administration. The neurobehavioral effects of A°-
THC include decreased mobility, analgesia, hypothermia, and
sedation. These are described as the Billy Martin tetrad (Little
etal., 1988; Fride etal., 2006; Wiley and Martin, 2003). The sedative
and analgesic effects of A°-THC may have therapeutic benefit
(Gurley et al., 1998). While protecting against the detrimental
vascular effects, genistein may antagonize the neurobehavioral
tetrad effects of A°-THC. Therefore, the neurological effects of
A®-THC and genistein co-administration were tested in C57BL/
6J mice treated with vehicle, genistein, A°~THC, or in combination.
The tetrad effects were assessed using an activity chamber for
mobility, a hot plate for analgesia, a rectal probe for hypothermia,
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and the bar test for sedation. A°-THC caused decreased mobility,
analgesia, hypothermia, and sedation in C57BL/6J mice (Figures
S7H-S7K). Genistein alone did not affect tetrad effects, and genis-
tein could not attenuate the A°-THC neurobehavioral effects in
cotreatment.

DISCUSSION

With expanding legalization, marijuana use is expected to increase
(Cerda et al., 2020). The long-term cardiovascular implications of
cannabis are unclear and may take decades to percolate up
through epidemiological studies (Pope et al., 2004). Recently, De-
Fillipis et al. found in a cohort of 2,097 patients that marijuana is
associated with Ml in young adults when controlling for demo-
graphic factors (DeFilippis et al., 2018). In this study, the UK
Biobank data of 34,878 participants also found marijuana to be
associated with MI. Several studies have also identified that the
CB1 receptor mediates increased oxidative stress and inflamma-
tion as implicated in diabetic retinopathy, cardiomyopathy, and
endothelial dysfunction (Bayazit et al., 2017; Mukhopadhyay
et al., 2010; EI-Remessy et al., 2011; Rajesh et al., 2010b, 2012).
CB1 activation occurs via the MAP kinase pathway, which causes
oxidative stress, inflammation, and cell death in human coronary
artery endothelial cells (Liu et al., 2000; Pertwee et al., 2010; Ra-
jesh et al., 2010b; Park et al., 2011). Here, we confirmed that A°-
THC activation of CB1 causes inflammation and oxidative stress
via MAP kinase, TNF-o, and NF-kB pathways (Figures 6C-6E,
S2H,S71, and S7M). Now, for the first time, we show the link be-
tween A®-THC-mediated vascular inflammation and oxidative
stress, endothelial dysfunction, and atherosclerosis using two in-
dependent mouse models. (Figures 6K-6R and S6J-S6P). Using
in silico compound screening combined with wet bench validation,
we discovered that genistein, a neutral CB1 antagonist, attenuates
A®-THC-induced endothelial dysfunction.

A®-THC and CBD are the two principal components of mari-
juana. Our focus is on A°-THC. While CBD can undergo intramo-
lecular cyclization to form A®-THC, CBD does not exert toxicity,
and CBD might have therapeutic benefits (Pacher et al., 2018; Ra-
jesh et al., 2010a). A°-THC and CBD exert divergent responses,
and because both are components of marijuana, their combined
effects on the cardiovascular system merit further investigation.

Figure 5. Inhibition of CB1 or genistein treatment mitigates the effects of A°~THC on hiPSC-ECs

(A) Schematic overview of the CRISPR interference (CRISPRI) in hiPSC-ECs.

(B) hiPSC-ECs were treated with 5 uM A°-THC for 48 h. The mRNA expression of inflammation-related genes and oxidative stress protective-related genes in
hiPSC-ECs treated with sgRNA versus control was quantified by gPCR analysis and normalized to GAPDH.

(C) Compounds that mitigate reactive oxygen species production caused by A°-THC in hiPSC-ECs were screened. The cells were treated with 5 uM AS-THC plus
antioxidant reagent or vehicle control for 48 h, and the level of hydrogen peroxide was measured by ROS-Glo™ H,0, assay.

(D) Expression of oxidative stress protective-related genes in hiPSC-ECs as determined by qPCR analysis. The hiPSC-ECs were treated with 5 uM AS-THC, 10-
uM genistein, or their combination for 48 h, and normalized to GAPDH.

(E) Genistein blocked monocyte adhesion in hiPSC-ECs treated with A%-THC. hiPSC-ECs were treated with 5 uM A®-THC and 10 uM genistein or vehicle (control)
for 48 h. U937 cells adherence to hiPSC-ECs was visualized by fluorescence microscope (left panel) and the intensity was quantified (right panel).

(F) Genistein prevents A°-THC-induced NF-kB phosphorylation in hiPSC-ECs. Cells were treated with 5 uM A®-THC,10 uM genistein, or their combination for 48
h. Total cell lysates were subjected to western blot analysis.

(G) Genistein attenuates A° -THC-induced inflammation in hiPSC-ECs. The cells were treated with 5uM AS-THC and 10 uM genistein for 48 h and then
replaced with fresh cell culture medium. Total RNA was isolated from hiPSC-ECs every other day for 2 weeks. The mRNA expression of inflammation-related
genes was quantified by gPCR and normalized to GAPDH. The retention time (Tg) is the time required for the recovery of gene expression to basal level. Error
bars represent mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; **p < 0.001 versus vehicle; ***p < 0.0001 versus vehicle; ns, not significant
versus vehicle; #*p < 0.01 versus A°-THC; #*#p < 0.001 versus A°-THC; *##p < 0.0001 versus A®-THC.
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Figure 6. Genistein blocks A°-THC-induced endothelial dysfunction

(A) Schematic overview of the wire myograph experimental design in the mouse model.
(B) Isometric tension recordings of isolated mice thoracic aortas were performed using a wire myograph. Vascular concentration-dependent relaxation was
induced by acetylcholine (ACh) in pre-constricted mouse thoracic arteries.
(C and D) (C) The mRNA expression of inflammation-related genes and (D) oxidative stress protective-related genes in thoracic artery tissues from mice is shown
after normalizing to GAPDH.
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CB1 antagonists may have therapeutic effects, but the psychiatric
side effects have largely thwarted their translation to the clinic
(Onakpoya et al., 2016; Moreira et al., 2009). In this study, we
discovered that genistein, a neutral CB1 antagonist, attenuated
the adverse effects of A°>-THC on the vasculature without the psy-
chiatric side effects seen in some other CB1 antagonists. Taken
together, the in vivo binding assay and neurobehavioral analysis
suggest that genistein inhibits CB1 activity peripherally and has
a lower CNS penetration (Gleason et al., 2009).

A pan-assay interference compound (PAIN) or invalid metabolic
panacea (IMP) is a chemical compound that gives false-positive
results in biochemical assays through various mechanisms (Baell
and Holloway, 2010). Genistein is a PAIN and/or an IMP (Bisson
etal., 2016). As such, it can aggregate, act as a membrane disrup-
tor, and interfere with luciferase in luminescence-reporting assays.
Genistein has a protective effect against A°-THC, but we cannot
exclude the possibility that genistein may function via other addi-
tional mechanisms independent of the CB1 receptor pathway.

The enthusiasm for using A°-THC medically in such applica-
tions as sedation, analgesia, or anti-nausea (Hill et al., 2017; Ba-
dowski, 2017; Cotter, 2009; Baron, 2015) should also be
tempered by the awareness of increased cardiovascular risk.
This study shows that A°>-THC might cause adverse cardiovascu-
lar effects based on collective data from the UK Biobank, hiPSC-
ECs, murine model, and increased atherogenic inflammatory
cytokines found in the plasma of marijuana smokers. Clinicians
must balance the therapeutic benefits of marijuana with the po-
tential for adverse cardiovascular consequences mediated by
A®-THC oxidative stress and inflammation. Because of its limited
bioavailability in the brain, genistein could mitigate the adverse
cardiovascular effects of A°-THC and preserve the therapeutic
benefits of marijuana that are thought to be centrally mediated.

In conclusion, our findings indicate that AS-THC induces infl-
ammation, oxidative stress, endothelial dysfunction, and athero-
sclerosis through the CB1-dependent signaling pathway. Thus,

Cell

CB1 antagonists could attenuate A®-THC-induced inflammation
and may prevent atherosclerosis, but the psychiatric effects are
concerning. We show that the neutral CB1 antagonist, genistein,
can attenuate the adverse effects of A°>-THC on the cardiovascular
system while preserving the beneficial central effects of AS-THC.
Further exploration of compounds with homology to genistein is
expected to yield more potent CB1 antagonists with similar safety
profiles as genistein.

Limitations of the study

In the present study, genistein was discovered to be a ligand for
the CB1 receptor using the SWEATLEAD database (Moshiri
etal., 2020), which has been validated with virtual-ligand receptor
modeling using the Schrodinger suite. We have also conducted
wet bench experiments to validate this finding using hiPSC-ECs
and a mouse model. iPSCs are a powerful system for modeling
disease because they can provide a limitless source of tissue.
However, iPSC-ECs are immature, having low eNOS expression
and are a mixture of arterial, venous, and lymphatic ECs. There-
fore, it was imperative to validate the effects observed in the
iPSC-ECs with primary endothelial cells and murine models.

The clinical data from the UK Biobank and the Olink inflamma-
tion panel show an increased incidence of Ml and acute upregula-
tion of inflammatory cytokines associated with CVD. The Olink
data inflammatory markers are associated with Ml and are correl-
ative. The UK Biobank study was carried out between 2000 and
2016 when marijuana smoking was illegal. Despite concerns
about participants not disclosing illicit cannabis use, an increased
incidence of cardiovascular events with a worse prognosis was
observed among cannabis users. While cannabis is an indepen-
dent risk factor when controlled for age and BMI, the confounder
of tobacco abuse could not be addressed due to the sample size
of the UK Biobank cohort and individuals underreporting illicit
cannabis use. The study by DeFilippis et al. showed a significant
association between marijuana and CVD in patients presenting

(E) Effect of A-THC and genistein on NF-kB phosphorylation in mouse thoracic artery. Total cell lysates were prepared, and the expressions of phosphor-NF-«xB

were analyzed by ELISA.
(F) Superoxide dismutase (SOD) activity of serum from mouse.

(G) Reduced glutathione (GSH) levels in the serum samples of mice were detected. Plasma isolated from C57BL/6J mice (n = 5) treated with vehicle control, A®-
THC, genistein, or their combination every day for 30 days was analyzed by the glutathione colorimetric assay kit (BioVision, K261).

(H) Oxidized glutathione (GSSG) levels in the serum samples of mice.
(I) Total glutathione (T-GSH) levels in the serum samples of mice.
(J) The GSH/GSSG ratio in the serum samples of mice.

(K) Schematic overview of the chronic atherosclerosis model. Ldlr '~ mice (9-12 weeks old) were divided into three groups: (1) vehicle control (n = 10), (2) A°-THC
(n = 12), and (3) A%-THC plus genistein (n = 12). A°-THC (1 mg/kg/day) or vehicle (90% saline, 5% ethanol, 5% cremophor) was administered subcutaneously
using osmotic pumps, and genistein (50 mg/kg/day) or vehicle (corn oil 100 pL/d) was orally administered daily. All experimental animals were fed with a high-fat
diet (HFD) for the duration of the treatment protocol. At the end of 12 weeks, the mice were euthanized to determine the extent of atherosclerotic plaque formation.
(L) Oil red O staining of atherosclerotic plaques in cross-sections at the aortic root level with scale bars at 500 um.

(M) Quantitation of atherosclerotic plaques: (1) vehicle control (n = 10), (2) A°>-THC (n = 10), and (3) A°-THC plus genistein (n = 11).

(N) Immunostaining of CD68 in cross-sections at the aortic root level with scale bars at 500 um.

(O) Quantitation of CD68-positive area from (1) vehicle control (n = 10), (2) AS-THC (n = 9), and (3) A°-THC plus genistein (n = 10).

(P) Schematic overview of the experimental design in the Apoe ™~ mouse model. Partial carotid artery ligation (PCAL) was performed in Apoe ™~ mice (10-
16 weeks old). One day after PCAL, Apoe '~ mice were divided into three groups (n = 5/group): (1) vehicle control, (2) A°-THC (1 mg/kg intraperitoneally, twice
daily for a total of 10 days), and (3) A®-THC (1 mg/kg intraperitoneally, twice daily for a total of 10 days) plus genistein (50 mg/kg intraperitoneally, once daily for a
total of 10 days). All experimental animals were fed with a high-fat diet (HFD) following PCAL. After 10 days of HFD and treatment exposure, carotid atheroscle-
rosis plaque burden was assayed in all three groups.

(Q) Carotid artery sections were counterstained with hematoxylin and eosin (H&E), and a representative slide was presented with scale bars at 100 pm.

(R) Oil red O staining of atherosclerotic plaques in cross-section of mouse carotid artery (lower panel) with scale bar at 100 um. The atherosclerotic plaques were
quantified. Error bars represent mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; ***p < 0.001 versus vehicle, ****p < 0.0001 versus vehicle; ns, not
significant versus vehicle; #p < 0.05 versus A%-THC; #p < 0.01 versus A°-THC; ##p < 0.001 versus AS-THC; #*##p < 0.0001 versus A°-THC.
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with index MI (DeFilippis et al., 2018). The confounder of cigarette O Molecular docking analysis
smoking is also noted in the DeFilippis et al. study. However, when O Cell viability assay
adjusted for baseline characteristics including cigarette smoking, O ROS-Glo™ H,0, assay
the DeFilippis et al. study showed that the hazard ratio for mari- O Monocyte adhesion assay
juana and cardiovascular events was higher than smoking tradi- O Tube formation assay
tional cigarettes alone. O Quantitative reverse transcription-polymerase chain
reaction (g-PCR)
STARXxMETHODS O Western blot analysis
O CellROX Deep Red oxidative stress assay
Detailed methods are provided in the online version of this paper O Plaque-size  quantification in  LDL  receptor
and include the following: knockout mice
O Immunofluorescence staining on vascular endothelial
® KEY RESOURCES TABLE cells in mouse thoracic aortas
® RESOURCE AVAILABILITY O Radioligand binding assay for the human CB1 receptor
O Lead contact O Radioligand binding assay for the mouse CB1 receptor
O Material availability O Mouse plasma cytokine analysis
O Data and code availability O Neurobehavioral testing (Billy Martin tetrad)
o EXPERIMENTAL MODELS AND SUBJECT DETAILS O Synthesis of BODIPY517/547-genistein
O Calculation of incidence of myocardial infarction (Ml) O Glutathione levels in the serum of mice treated with A°-
using UK Biobank THC or genistein
O Developing a logistic regression model to predict the O LC-MS analysis of A°-THC in mouse plasma

risk of developing Ml O GTPase-GloTM assay

O Plasma protein analysis ® QUANTIFICATION AND STATISTICAL ANALYSIS
O Cell culture
o Differentiation of hiPSC-ECs SUPPLEMENTAL INFORMATION
O hiPSC-derived engineered heart tissues
O Evaluation of vascular function in small animal models  Supplemental information can be found online at https://doi.org/10.1016/j.cell.
O LDL receptor knockout mice model 2022.04.005.
O Mouse model of partial carotid artery ligation
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O In vivo biodistribution of BODIPY517/547-genistein
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O Knockdown of CB1 using siRNA or CRISPR interfer-
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Figure 7. In vitro validation, in vivo distribution, and confirmation of in vivo binding to the CB1 receptor using fluorescently labeled genistein
(A) Chemical structure of BODIPY517/547-genistein. The core structures of the BODIPY fluorophore are highlighted in red.

(B) Bright-field image (left panel) and fluorescent image (right panel) of BODIPY517/547-genistein were detected by the IVIS Spectrum in vivo imaging system. The
scale bar,5 mm.

(C) The cellular distribution of BODIPY517/547-genistein in hiPSC-ECs. The cells were treated with BODIPY517/547-genistein (5 uM) for 6 or 12 h and subjected
to fluorescence microscopy for BODIPY517/547-genistein (red fluorescence) and DAPI (blue fluorescence). Representative fluorescence images of the cells with
the inset showing higher magnification as indicated with the green-boxed area. The scale bar,100 pm.

(D) The fluorescence images of BODIPY517/547-genistein after intravenous injection into male nude mice. Adult male BALB/c nude mice (n = 5) were intrave-
nously injected with BODIPY517/547-genistein at a dose of 5 mg/kg. The in vivo fluorescence images were detected by the IVIS Spectrum at indicated time
points. All mice were sacrificed at 48 h, and major organs were collected and then fixed using formalin.

(E) The tissue distribution of BODIPY517/547-genistein in mice over 48 h. Fluorescence images were quantified using the IVIS imaging system. The fluorescence
intensity peaked at 24 h. The fluorescence images of BODIPY517/547-genistein were quantified by ImagedJ software.

(F) Images of the brain, heart and lung, thoracic aorta, liver, spleen, kidney, intestine, colon, and blood were obtained from n = 5 mice. BODIPY517/547-genistein
was detected predominately in the intestine and abdominal viscera but with minimal signal in the brain.

(G) BODIPY517/547-genistein accumulated in the small intestine, colon, liver, thoracic artery, heart, and lungbut was minimally detected in the brain. Fluo-
rescence images were quantified using the Imaged software.

(H) En face immunofluorescence staining was performed to observe the localization of BODIPY517/547-genistein and CB1 receptors in vascular endothelial cells
from the mouse thoracic aorta. Mice were either injected with BODIPY517/547-genistein alone or pre-treated with 100 nM rimonabant for 30 min prior to injection
of BODIPY517/547-genistein. Mouse aortas were isolated and permeabilized with Triton X100. The aortas were incubated with anti-CB1 antibody Alexa Fluor
488, green. Fluorescent z stack images were collected at 0.5 pm steps by laser scan confocal microscopy. En face immunofluorescence images of BODIPY517/
547-genistein (red fluorescence) and CB1 receptor (Alexa Fluor 488, green fluorescence) in vascular endothelial cells after treatment with BODIPY517/547-
genistein for 48 h. Scale bar, 20 um.

(l) Scatter plots of co-localization analysis in vascular endothelial cells from mouse thoracic aorta at 48 h (left panel). The x axis represents CB1 receptors
(Alexa Fluor 488, green fluorescence), and the y axis represents BODIPY517/547-genistein (red fluorescence).

(J) Quantification of BODIPY517/547-genistein co-localized with CB1 receptors. The co-localized signal is colored orange. Error bars represent mean + SEM.
*p < 0.05 versus vehicle; **p < 0.01 versus vehicle; ***p < 0.001 versus vehicle; ****p < 0.0001 versus vehicle; ns, not significant versus vehicle.
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Cell

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CD144 (VE-Cadherin) MicroBeads MiltenyiBiotec 130-097-857

anti-phospho-NF-kB p65 antibody
anti-NF-kB p65 antibody

anti-IKB alpha antibody
anti-phospho-IkBa antibody
anti-TLR4 antibody

anti-MyD88 antibody

anti-p38 MAPK antibody
anti-phospho-p38 MAPK antibody
anti-F4/80 antibody

anti-CD68 antibody

anti-beta actin antibody

Cell Signaling
Cell Signaling
Abcam

Cell Signaling
Abcam

Cell Signaling
Cell Signaling
Cell Signaling
Abcam
Bio-Rad
GeneTex

#3033; AB_2341216

#8242; AB_10859369
ab32518; AB_733068

#9246; RRID: AB_2267145
ab89455; RRID: AB_2043061
#3699; RRID: AB_2282236
#8690; RRID: AB_10999090
#9211; RRID: AB_331641
ab111101; RRID:AB_10859466
MCA1957; RRID:AB_322219
GTX109639; RRID:AB_1949572

Bacterial and virus strains

Escherichia coli DH5a competent cells Zymo Research T3007
Chemicals, peptides, and recombinant proteins

AS-Tetrahydrocannabinol (THC) Sigma-Aldrich T-005
Genistein Cayman Chemicals 10005167
Matrigel® Matrix Basement Membrane Corning 356231
Growth Factor Reduced

Matrigel® Basement Membrane Matrix Corning 354234
Y-27632 2HCI (ROCK Inhibitor) Selleck Chemicals S1049
CHIR-99021 (CT99021) HCI 5mg Selleck Chemicals S2924
IWR-1 Selleck Chemicals S7086
B-27 Supplement, minus insulin Thermo Fisher Scientific A1895601
B-27 Supplement (50x), serum free Thermo Fisher Scientific 17504044
Recombinant Human FGF-2 PeproTech 100-18B
Recombinant Human VEGF R&D Systems 293-VE-010/CF
EGM-2 Endothelial Cell Growth Lonza CC-3162
Medium-2 Bullet Kit

Doxycycline Sigma-Aldrich D3072
Polyethylenimine HCI MAX Polysciences 24765-1
Polybrene Santa Cruz Biotechnology sc-134220
Puromycin Cayman Chemical Company 13884

Oil Red O Sigma-Aldrich 00625
BstXI Thermo Fisher Scientific FD1024
Blpl NEB R0585S
DNA ligation kit Takara Bio 6023
Lipofectamine 2000 Thermo Fisher Scientific 11668019
CellTiter-Glo 2.0 Assay Promega G9241
ROS-Glo™ H,0, Assay Promega G8820
GTPase-Glo™ Assay Promega V7681
Cell ROX™ Deep Red Reagent, Thermo Fisher Scientific C10422
for oxidative stress detection

Calcein-AM R&D Systems 4892-010-01
TRIzol™ Reagent Thermo Fisher Scientific 15596026
RIPA buffer Thermo Fisher Scientific 89901
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
NuPAGE 4-12% Mini protein gels Thermo Fisher Scientific NP0321BOX
TagMan™ Universal PCR Master Mix Thermo Fisher Scientific 4305719
TagMan™ Fast Advanced Master Mix Thermo Fisher Scientific 4444557

Deposited data

Olink and Luminex (https://data.mendeley.
com/datasets/s6j8h9yy57/1)

Mendeley Data

(https://doi.org/10.17632/
s6j8h9yy57.1)

Bulk RNA sequencing of EHTs NCBI GSE198578

Experimental models: Cell lines

Human iPSC Line 1 Stanford Cardiovascular SCVI15
Institute (SCVI) Biobank

Human iPSC Line 2 SCVI Biobank SCVI113

Human iPSC Line 3 SCVI Biobank SCVI273

Human iPSC Line 4 SCVI Biobank SCVI274

CRISPRI iPSC line Mandegar et al. 2016 Gen1C and Gen2C

Human coronary artery endothelial cells (HCAEC) The American Type PCS-100-020
Culture Collection (ATCC)

Human umbilical vein endothelial cells (HUVEC) ATCC CRL-1730

Human cardiac fibroblasts-ventricular (NHCF-V) Lonza CC-2904

Human erythroleukemia cells (HEL92.1.7) ATCC TIB-180

Human neuroblastoma cells (SK-N-Fl) ATCC CRL-2142

U-937 monocytes ATCC CRL-1593.2

H7 Human embryonic stem cells Wicell WAO07 (H7)

HEK293T packaging cells Takara Bio 632180 Lenti-X™

293T Cell Line

CB1-expressing Chem-1 cells EMD Millipore HTS019RTA

Experimental models: Organisms/strains

Mouse: wild type The Jackson Laboratory C57BL/6J

Mouse: LDLR knockout The Jackson Laboratory B6.129S7-LdIr<tm1Her>/J

Mouse: C57BL/6-Apoe em1Narl/Narl (Apoe knockout mice) National Laboratory Animal RMRC13302
Center (Taiwan)

Mouse: BALB/cAnN.Cg-Foxn1nu/CrINarl (Nude mice) National Laboratory Animal RMRC12005
Center (Taiwan)

Oligonucleotides

Protospacer sequences of sgRNAs: Addgene #83969 N/A

GGACTAAGCGCAAGCACCTA (control sgRNA);

GACAGCGCGAGCGGAGGGAG (CB1 sgRNA#1);

GCGCGGGAGACAAGAAGAGG (CB1 sgRNA#2)

ON-TARGET plus Human CNR1 (1268) siRNA-SmartPool: Dharmacon L-004711-00-0005

GCGAGAAACUGCAAUCUGU (CB1 siRNA#1);

GACCAUAGCCAUUGUGAUC (CB1 siRNA#2);

GGACAUAGAGUGUGUUUCAUG (CB1 siRNA#3);

CAAGAGCACGGUCAAGAUU (CB1 siRNA#4)

ON-TARGETplus Non-targeting Control Pool Dharmacon D-001810-10-20

Recombinant DNA

sgRNA backbone plasmid Addgene #60955

psPAX2 (Lentiviral packaging plasmid) Addgene #12260

pMD2.G (VSV-G envelope expressing plasmid) Addgene #12259

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

R version 3.5.3

The R Project

https://www.r-project.org/
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
BROOD version 3.0 Open Eye Scientific Software N/A
ROCS version 2.3 Open Eye Scientific Software N/A
Other
High fat diet (40% fat, 1.25% cholesterol) Research Diets, Inc D12079B, modified
Osmotic pumps Alzet Model 2006
Feeding needle Fine Science Tools 18065-20
Non-invasive blood pressure system Kent Scientific Corporation CODA-HT4
Silicone rack EHT Technologies C0001
Teflon spacer EHT Technologies C0002
Measurement of lipid profiles in mice Stanford N/A
Animal Diagnostic Lab
SWEETLEAD SWEETLEAD Database N/A
(Stanford University)
UK Biobank UK Biobank N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Dr. Joseph C. Wu (joewu@
stanford.edu).

Material availability
This study did not generate new reagents.

Data and code availability

Raw data from the Olink and Luminex analysis were deposited on Medeley https://data.mendeley.com/datasets/s6j8h9yy57/1 and
are publicly available as of the date of publication. The RNA sequencing data was deposited at the NCBI (GSE198578). Any additional
information required for reanalysis is available upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Calculation of incidence of myocardial infarction (Ml) using UK Biobank

We first determined the number of individuals in the UK Biobank who were cannabis users versus non-cannabis users (http://biobank.
ctsu.ox.ac.uk/crystal/field.cgi?id=20453). We identified individuals who responded “no” to having never used cannabis as non-cannabis
users. The remaining responses were then segregated based on cannabis frequency use. We identified individuals who responded “yes”
to cannabis use more than once a month as cannabis users. We then identified the number of cannabis users and non-cannabis reported
as having a previous episode of myocardial infarction (Ml). The phenotype of Ml was defined according to previously published analyses
and criteria. The incidence of Ml in cannabis and non-cannabis users was then determined by taking the ratio of cannabis users who
developed Ml to the total number of cannabis users and the ratio of non-cannabis users who developed MI to the total number of
non-cannabis users. To determine the incidence of Ml in cannabis and non-cannabis users under the age of 50, we followed the
same procedure as described above but only analyzed cannabis and non-cannabis users under the age of 50 at the time of the survey.

Developing a logistic regression model to predict the risk of developing Mi

To develop a logistic regression model, we created a dataset from the UK Biobank of individuals who had developed Ml versus those
who had not developed MI. Each individual in the dataset was then annotated with information regarding their cannabis use, sex,
BMI, and age. The dataset was then used to fit a logistic regression model using the “glm()” function, which fits generalized linear
models including logistic regressions, in R version 3.5.3. Coefficients of the model included cannabis use, sex, BMI, and age. Using
the p-value, we then identified coefficients that had a statistically significant predictive factor on the development of MI. The analyses
were performed using the UK Biobank data as of April 2021.

Plasma protein analysis

Twenty recreational marijuana smokers were previously recruited to smoke a single marijuana cigarette and had serial blood draws to
assess for A°-THC levels in plasma (Lynch et al., 2019). Patient demographics were previously reported (Lynch et al., 2019).
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Participants abstained from using marijuana for 24 hr before testing. Two participants were excluded from subsequent plasma
analyses because they did not consent to the study. The remaining participants gave consent. Plasma was isolated from 18 individ-
uals using sodium citrate tubes at 15 min intervals from 0 min to 180 min and frozen at -80 °C. The Olink Target 96 Inflammation panel
was used to identify changes in the production of 92 common inflammatory cytokines (Sun et al., 2018) from the blood samples at
0 min, 90 min, and 180 min. The Olink platform is based on proximity extension assay (PEA) following target recognition by antibodies
and was performed by the Stanford Human Immune Monitoring Core following the manufacturer’s protocols. Internal and external
controls were included to establish detection limits. Data were measured as the Olink normalized protein extension (NPX) values, and
proteins with missing values or below the limits of detection in >33% of samples were excluded. Differential protein abundance was
compared using limma (Ritchie et al., 2015) with subject and time as factors. Proteins with adjusted p values <0.1 at 90 min vs. 0 min
were considered statistically significant.

Cell culture

We obtained the following: human umbilical vein endothelial cells (HUVECs), human coronary artery endothelial cells (HCAECs),
normal human cardiac fibroblasts-ventricular (NHCF-V) cells, human erythroleukemia (HEL 92.1.7), and human neuroblastoma cells
(SK-N-FI) from the American Type Culture Collection (ATCC). The human embryonic stem cell-derived cardiomyocytes (RESC-CMs)
were differentiated from the Wicell H7 line. The hiPSC-derived neurons were provided by Dr. Thomas Sudhof (Department of Molec-
ular and Cellular Physiology, Stanford University). TNFo and genistein treatment of hiPSC-ECs were performed on hiPSCs from
healthy control line 1 or CRISPRi knockdown of CNR1. The hiPSCs were differentiated into hiPSC-ECs and treated with vehicle,
10 ng/ml TNFa, or 10 uM genistein. Gene expression was quantified using quantitative real-time PCR (QRT-PCR).

Differentiation of hiPSC-ECs

hiPSC lines were obtained from the Stanford Cardiovascular Institute Biobank. Patients were enrolled under the Stanford Institutional
Review Board and StemCell Research Oversight Committee guidelines. All volunteers gave consent. hiPSCs were generated from
peripheral blood mononuclear cells (PBMCs) from 4 anonymous healthy individuals (age range from 26 to 51; 3 males and 1 female)
using Sendai virus (CytoTuneTM-iPS 2.0 Sendai Reprogramming Kit, Thermo Fisher Scientific) (Key Resource Table). hiPSCs were
dissociated using 0.5 mM EDTA/PBS (Innovative Cell Technologies, CA) and plated as single cells in E8 medium supplemented with
ROCK inhibitor Y-27632 (Selleck Chemicals) on Matrigel to a final density of 20,000-30,000 cells/cm?. hiPSC-ECs were differentiated
using a protocol previously described in our lab (Paik et al., 2018). Briefly, the hiPSC monolayers were cultured to 85% cell conflu-
ency. Cells were then treated for 2 days with 6 uM CHIR99021 (Selleck Chemicals) in RPMI medium plus B27 supplement without
insulin (Life Technologies). On day 2, cells were treated for 2 days with 2 uM CHIR99021 in RPMI plus B27 supplement without insulin.
On day 4, cells were treated with 10 ng/ml recombinant human fibroblast growth factor-2 (rhFGF-2) (PeproTech) and 20 ng/ml
vascular endothelial growth factor (VEGF) (R&D Systems) for EC expansion for 8 days. On day 12, cells were harvested by Trypsin
solution (Sigma-Aldrich) and sorted using anti-CD144 MicroBeads (Thermo Fisher Scientific). The differentiation efficiency was
calculated by the number of CD144-positive cells. hiPSC-ECs were cultured in gelatin-coated (Sigma Aldrich) 6-well plates in
EGM-2 medium (Lonza).

hiPSC-derived engineered heart tissues

Beating cardiomyocytes generated from hiPSC lines SCVI 854 and SCVI 951 (at day 22 of differentiation culture) were washed twice
with PBS and digested with TrypLE™ Select (Thermo Fisher Scientific, A1217703) for 10 min at 37 °C (5% CO.). The dissociated cells
were washed (PBS without Ca®* or Mg?*; centrifugation at 300 x g for 5 min) and re-suspended in RPMI/B27 medium and cell con-
centration adjusted to 1 x 10° cells/ml. Similarly, hiPSC-ECs from both lines frozen at passage 1 (P1) were thawed and
expanded on 0.2% gelatin-coated dishes with EGM-2 medium. The cell types were mixed in a 7:3 ratio to a final cell concentration
of 2 x 10° cells/ml. Fibrin-based human engineered heart tissues (EHTs) were generated using commercially available Teflon spacers
and EHT silicone racks (EHT Technologies GmbH). In brief, casting molds were generated with 2% agarose in sterile DI water in
24-well plates (Nunc, 122475). Teflon spacers were introduced into the molten agarose to form the casting mold. Cells (final concen-
tration 2 x 10° cells/ml) were mixed with 100 pl/ml Matrigel (BD Bioscience, 256235), 5 mg/ml bovine fibrinogen (200 mg/ml in NaCl
0.9% [Sigma, F4753], with 50:50 RPMI/B27 and EGM-2 medium mix). EHTs were generated with 80 pl per EHT (1 x 10° cells) and
3 U/mlthrombin. The cell mix was pipetted into agarose casting molds, and silicone posts were carefully dipped into the gelation mix.
After fibrin polymerization (37 °C, 2 hr), the silicone racks with attached fibrin gels were transferred to new 24-well plates and cultured
at 37 °C, 5% CO,. The culture medium was changed every 3 days and consisted of RPMI/B27 and EGM-2 (80:20), 1% penicillin/
streptomycin, and 15 pg/ml aprotinin. After 5 days in culture, human EHTs displayed spontaneous coherent, regular beating deflect-
ing the silicone posts, thus allowing for video-optical contraction analysis.

Evaluation of vascular function in small animal models

Seven-week-old male C57BL/6J mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). All small animal experiments
were performed by protocols approved by the Institutional Animal Care and Use Committee (IACUC) at Stanford University. The mice
were treated with vehicle, A>-THC, or AS-THC plus genistein (n=5/group) for 30 days and then sacrificed. Organs were collected,
weighed, and fixed with 4% paraformaldehyde (PFA). The thoracic aortas (TAs) were surgically dissected out and cleaned from
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the surrounding connective tissue for all groups. The TAs were transferred to ice-cold Krebs’-Henseleit solution (in mM: 133 NaCl, 4.6
KCl, 2.5 CaCl,, 16.3 NaHCO3, 1.75 NaH,PQO,, 0.6 MgSQ,, 10 glucose) and cut into segments of 2 mm. The artery segments were
mounted in wire-myograph chambers for isometric tension recordings (DanishMyo Technology [DMT]).The chambers contained
Krebs’-Henseleit solution. All chambers were aerated with 95% O, / 5% CO,, and the temperature was kept constant at 37 °C to
mimic physiological conditions. After a manual stabilization and normalization procedure, we used the PowerLab4/25-Chart7 acqui-
sition systems (AD Instruments Ltd) to record force and convert it into tension. The TA segments were pre-constricted using either 1-
3 uM 5HT serotonin (5HT) or U46619. A cumulative application of acetylcholine (1-10 uM) was performed, and the induced vascular
dilatations were measured. Subsequently, concentration-response relationship curves were established for each group of 3 mice.
Time-matched dimethylsulfoxide (DMSQ) application was performed in a separate chamber as the control for all experiments.

LDL receptor knockout mice model

LDL receptor knockout mice (B6.129S87--d"mHer) yere purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were
housed in specific pathogen-free animal facilities maintained by the Stanford University School of Medicine. The diet was switched to
a high-fat diet (HFD; Research Diets, Inc) containing 40% fat and 1.25% cholesterol (modified D12079B) from 9-12 weeks of age for
12 weeks to accelerate atherosclerotic plaque formation. A°-THC (1 mg/kg/d) or vehicle (90% saline, 5% ethanol, 5% Cremophor)
was administered using osmotic pumps (Alzet, model 2006). To achieve continuous administration of A°-THC, the mice underwent
implantation of the first pumps one day before HFD was started, and in 6 weeks, they received the second pumps. Genistein (50 mg/
kg/d) or vehicle (corn oil 100 uL/d, Sigma-Aldrich, C8267) was orally administered daily using a feeding needle (Fine Science Tools,
18065-20). Mice were euthanized at 12 weeks of HFD, and the aorta, heart, liver, and serum were harvested. Serum lipid profiles were
measured at Stanford Animal Diagnostic Lab. Blood pressure was measured with CODA Non-Invasive Blood Pressure System (Kent
Scientific). All experiment procedures were performed in compliance with guidelines set forth by the National Institutes of Health Of-
fice of Laboratory Animal Welfare and approved by the Stanford APLAC protocol.

Mouse model of partial carotid artery ligation

Apolipoprotein E knockout (Apoe™) mice (C57BL/6-ApoE®™"Na"/Naif) were purchased from the National Laboratory Animal Cen-
ter (Taipei, Taiwan). An accelerated carotid atherosclerosis model was generated by performing partial carotid artery ligation
(PCAL) in Apoe™ mice fed a HFD (Nam et al., 2009). Briefly, anesthesia was induced in Apoe™ mice by intraperitoneal injection
of 2,2,2-tribromeethanol (250 mg/kg i.p.). After shaving, a ventral midline incision (4 to 5 mm) was made in the neck. The left
carotid artery (LCA) was exposed by blunt dissection. Three of four caudal branches of LCA including the left external carotid
artery, left internal carotid artery, and occipital artery were ligated while the superior thyroid artery was left intact. The incision
was then closed, and mice were monitored in a chamber on a heating pad following surgery until fully recovered. One day after
PCAL, the mice were treated with vehicle, A°-THC, or A°-THC plus genistein (n=5/group) for 10 days. After sacrificing and pres-
sure perfusion, the aorta and the carotid arteries were isolated and fixed in 4% PFA for 10 min. The aorta and carotids were
immersed in a 30% sucrose solution for 24 hr and subsequently incubated in a 1:1 ratio of an optimal cutting temperature
(OCT) compound and 30% sucrose solution for 1 h. The samples were embedded in OCT. Frozen embedded samples were
sectioned with a cryostat in 8 um thickness and stained with an Oil Red O Staining Kit (ScienCell Research Laboratories,
CA, USA) according to manufacturer’s instructions. The plaque areas were calculated using ImageJ software. The extent of
the carotid atherosclerosis was presented as plaque areas quantified on each carotid artery section.

In vivo biodistribution of BODIPY517/547-genistein

To evaluate the in vivo biodistribution, BODIPY517/547-genistein (50 mg/kg) or rimonabant 100 nM followed 30 min later by BOD-
IPY517/547-genistein (50 mg/kg) was intravenously injected into adult male BALB/c nude mice (n=5) and observed via the IVIS Spec-
trum In Vivo Imaging System (Xenogen) at 0.25, 1, 12, 24, and 48 h after injection. After 48 h, mice were sacrificed, and the main or-
gans were collected for IVIS observation, including the brain, heart, lung, thoracic aorta, liver, spleen, kidney, intestine, colon, and
whole blood. Regions of photon intensity were quantified using the IVIS Image software.

METHOD DETAILS

High-throughput virtual screening assay

The structures of 4 selective CB1 antagonists (rimonabant, otenabant, AM251, and DBPR-211) were used as lead compound
candidates for high-throughput virtual screening. The selective CB1 antagonists were stripped of salts, and query structures were
generated by BROOD (version 3.0, OpenEye Scientific Software). ROCS (version 2.3, OpenEye Scientific Software) was used for
the high-throughput virtual screening with the SWEETLEAD cheminformatics database as the chemical library (https://simtk.org/
projects/sweetlead). The top hits were ranked by combo Tanimoto and were selected from each CB1 antagonist.

Knockdown of CB1 using siRNA or CRISPR interference (CRISPRi) technology

The plasmids and SmartPool siRNA (Dharmacon) were transfected with Lipofectamine 2000 according to the manufacturer’s proto-
col. Briefly, 50% confluentcells in 6-well plates were transfected with plasmid or siRNA in 1 mL of serum-free medium for 6 h at 37 °C.
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Then, 1 mL of mediumcontaining 20% FBS was added to the transfection mixture. After 48 h, cells were treated with AS-THC for48h,
and the mRNA expression of various genes was measured by gPCR. mRNA expression was normalized to GAPDH. The single guide
RNA sequences for CRISPRi were adapted from Human Genome-wide CRISPRi-v2 Libraries (Addgene #83969). The lentivirus ex-
pressing sgRNAs was generated with pMD2.G (Addgene #12259), psPAX2 (Addgene #12260), and a sgRNA plasmid (Addgene
#60955) in HEK293T packaging cells (Takara Bio, 632180 Lenti-X™ 293T Cell Line), and infected into the CRISPRIi hiPSCs (Mandegar
et al., 2016). Then, sgRNA-positive cells were selected with puromycin (0.5 ng/ml) for 14 days. The hiPSCs were subsequently differ-
entiated into endothelial cells. The CRISPRI system was induced by treating with doxycycline (2 uM) for 48 h. Afterward, cells were
treated with A°-THC for 48 h, and the mRNA expression of various genes was measured by gPCRanalysis and normalized to GAPDH.

Molecular docking analysis

Protein-ligand docking studies were performed on the crystal structure of the human CB1 receptor (PDB: 5TGZ). The X-ray structure
of CB1-AM6538 was taken from the Protein Data Bank (PDB ID: 5TGZ) (Friesner et al., 2006). The Schrodinger suite was used to
prepare the protein by adding hydrogens and performing a restrained minimization using the default settings. The default force field,
OPLS_2005, was used for all minimizations. The Glide module was used to dock the flexible ligands to the rigid binding site without
constraints using the default settings (Halgren et al., 2004). The resulting GlideScores were used to estimate and rank the binding
energy of the ligands.

Cell viability assay

Cells were seeded at 3,000 cells/well in 96-well plates, maintained for 14-16 h, and then treated with test compounds. After 48 h, cells
were washed with PBS, and then the medium containing CellTiter-Glo® Reagent (Promega) was diluted 1:1 with culture medium for
30 min at room temperature. The relative luminescence units (RLU) were recorded with a plate reader (Promega GloMax Multi Detec-
tion System). The half-maximal inhibition concentration (IC5) of cell viability was calculated by SigmaPlot software (Systat Software).

ROS-Glo™ H,0, assay

Cells were seeded at 3,000 cells/well in 96-well plates, maintained for 14-16 h, and then treated with the test compound. The H,O,
substrate solution was added to the supernatant. The plate was returned to the incubator for an additional 6 h of treatment. ROS-Glo
Detection Solution was added to each well and then incubated for 20 min at room temperature. Reactive oxygen species (ROS) ac-
tivity was measured with a plate reader (Promega GloMax Multi Detection System).

Monocyte adhesion assay

U937 monocytes were fluorescence-labeled using Calcein-AM (100 uM, 1 x 10° cells; R&D Systems). Endothelial cells were seeded
at 3,000 cells/well in 96-well plates and maintained for 14-16 h, then treated with test compounds. After 48 h, monocytes were added
and co-cultured with hiPSC-ECs for 30 min at 37 °C. The wells were washed three times with PBS to remove non-adherentcells. Cells
were viewed with fluorescence microscopy, and spectrofluorometric quantification was performed at 492 nm (excitation) and 535 nm
(emission) on a 96-well plate reader (BioteckCytation 5).

Tube formation assay

Cells were seeded in 6-well plates and maintained for 14-16 h, and treated with test compounds. After 48 h, trypsinized cells were
cultured at a density of 1x10° on Matrigel basement membrane matrix, and tube formation was analyzed after 12 h. Cumulative tube
length was quantified from microscopic images taken from 3 random fields for each condition. Quantification was performed with
Wimasis image analysis software.

Quantitative reverse transcription-polymerase chain reaction (q-PCR)

Total RNA was isolated by Trizol reagent. Reverse transcription reaction was performed by 2 pg of total RNA, which was reverse
transcribed into cDNA using oligo-dT. gPCR analysis was performed with cDNA samples using the ABI Prism 7900 Sequence Detec-
tion System (Applied Biosystems). mRNA expression was normalized to GAPDH.

Western blot analysis

Cells were lysed using RIPA buffer, and lysates were centrifuged at 13,000 rpm for 15 min at 4°C and then subjected to SDS-PAGE
using polyacrylamide gels. Western blot was done as described previously (Lee et al., 2019). Immunoblotting was performed using
specific antibodies to evaluate the expression of different proteins.

CellROX Deep Red oxidative stress assay

Cells were seeded at 3,000 cells/well in 96-well plates and maintained for 14-16 h, then treated with test compounds. After 48 h,
CellROX® Reagent was added at a final concentration of 5 M, and the plate was returned to the incubator for 30 min. The medium
was removed and washed times with PBS. The cells were fixed with 3.7% formaldehyde, stained with DAPI for 15 min, and were
viewed using a Zeiss LSM 780 microscope. The results were analyzed using LSM version software.
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Plaque-size quantification in LDL receptor knockout mice

Atherosclerotic lesions were quantified by cross-sectional analysis of the aortic root and en face analysis of the thoracic aorta (Yun
et al., 2017; Baba et al., 2021). The heart, thoracic aorta, and abdominal aorta were collected and fixed in 4% PFA overnight. For
cross-sectioning of the aortic root, the samples were cut at the mid-ventricle level and above the aortic root, incubated in 40% su-
crose overnight, and then embedded in OCT. The OCT-embedded aortas were sectioned using a cryostat, and 20-um sections were
obtained at the aortic root level in which three valve leaflets are observed. For Oil Red O staining of the aortic-root sections, the sec-
tions were pretreated with 100% propylene glycol (1,2-Propanediol; Sigma-Aldrich, 398039) for 2 min, incubated with 0.5% Oil Red O
solution (Sigma-Aldrich, 00625) for 10 min at room temperature, washed with 85% propylene glycol and distilled water, and then
counterstained with Mayer’s Modified Hematoxylin solution. For en face analysis of the aorta, the thoracic aortas were pretreated
with 100% propylene glycol for 15 min, incubated with 0.5% oil red O solution for 3 h at room temperature, washed with 85% pro-
pylene glycol, and then washed with PBS. After staining, aortas were placed between 2 transparent sheets and imaged with a ste-
reomicroscope and a digital camera.

Immunofluorescence staining on vascular endothelial cells in mouse thoracic aortas

Adult male BALB/c nude mice (n=5) were treated with BODIPY517/547-genistein (50 mg/kg) for 48 h and then sacrificed. En face immu-
nofluorescence staining of vascular endothelial cells in mice was performed as previously described (Li et al., 2019). Briefly, the thoracic
aortas were isolated and permeabilized by Triton X-100 for 10 min at room temperature. Next, tissues were blocked with 10% normal
goat serum in TBS buffer containing 2.5% polysorbate 20 for 1 h at room temperature. Tissues were then exposed to an anti-CB1 anti-
body (Cayman Chemical) for 12 h at 4 °C and then exposed to Alexa Fluor 488 secondary antibody for 1 h at room temperature. The
tissues were then placed on a coverslip with the luminal surface downward and moved slowly to the antifade mounting solution previ-
ously dropped on the coverslip. Fluorescence images were viewed by a confocal microscope system (Zeiss LSM 780), and tissues were
observed through a series of z-stack images. The results of co-localized pixels were analyzed using LSM version software.

Radioligand binding assay for the human CB1 receptor

The radioligand binding assay on the human CB1 receptor was performed by Eurofins Discovery (St Charles, MO). Briefly, human
recombinant Chem-1 cells were used, and cells were incubated with 2 nM [3H] SR141716A, 2.4 nM [3H] WIN-55,212-2, or
0.5 nM [3H] Estradiol for 90 min at 37 °C. Non-specific binding was estimated in the presence of 10 uM CP-55,940, 10 uM R(+)-
WIN-55,212-2, or 1 uM diethylstilbestrol. Test compounds were prepared in assay buffer 20 mM HEPES, pH 7.0, 0.5% BSA) with
serial dilution. Membranes were filtered and washed four times, and the filters were counted to determine specifically bound radio-
ligand. IC5q values were determined by a non-linear, least squares regression analysis using the MathlQTM statistical software (ID
Business Solutions Ltd., UK). The inhibition constants (Ki) values were calculated by the Cheng-Prussoff equation using the observed
ICso of the tested compound, the concentration of radioligand employed in the assay, and the historical values for the dissociation
constants of the ligand.

Radioligand binding assay for the mouse CB1 receptor

The radioligand assay for the mouse receptor was performed by Gifford Biosciences Limited (Birmingham, UK).

Membrane preparation

Frozen tissues were homogenized in ice-cold lysis buffer (50 mM Tris-HCI; 5 mM MgCl,; 5 mM EDTA,; protease inhibitor cocktail) and
centrifuged at 100 x g for 2 min at 4 °C to remove large debris. Supernatants were centrifuged at 13,000 x g for 10 min at 4 °C to isolate
pellets containing the membranes. The membranes were resuspended in wash buffer (50 mM Tris-HCI; 5 mM MgCl,; 5 mM EDTA),
centrifuged at 13,000 x g for 10 min at 4 °C, and the pellet was resuspended in 0.4 ml wash buffer containing 10% sucrose and stored
at 80 °C. Protein content was analyzed using the Sigma® BCA assay. On the day of the assay, the membrane preparations were
thawed, and the pellet resuspended in the final assay buffer.

Assay protocol

Filtration binding assays were carried out in 96-well plates in a final volume of 250 pL per well. Each well had 150 uL. membranes,
50 pL of the competing unlabeled compound or buffer, and 50 pL radioligand solution (*H]CP55940; 108.45 Ci/mmol
(PerkinElmer, 2795349). The plate was incubated at 25 °C for 60 min with gentle agitation. The incubation was stopped by vacuum
filtration onto presoaked (buffer with 1% BSA) GF/C filters using a 96-well FilterMate™ harvester and subsequently washed five times
with ice-cold wash buffer. Filters were then dried under a warm air stream, sealed in polyethylene, scintillation cocktail added, and the
radioactivity counted in a Wallac® TriLux1450 MicroBeta counter.

Data analysis

For each drug concentration, non-specific binding was subtracted from total binding to give specific binding. Data were fitted using
the non-linear curve fitting routines in Prism® (Graphpad Software Inc) to obtain IC5q values. Ki was calculated from the ICsq values
using the Cheng-Prusoff equation.

Mouse plasma cytokine analysis

This assay was performed by the Human Immune Monitoring Center at Stanford University using a Mouse 48 plex ProcartaPlex ™ kit
(Thermo Fisher Scientific, EPX480-20834-901) according to the manufacturer’s instructions. Briefly, beads were added to a 96-well
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plate and washed in a Biotek ELx405 washer. Mouse EDTA Plasma samples were diluted 3-fold, added to the plate containing the
mixed antibody-linked beads, and incubated overnight at 4 °C with shaking. Following overnight incubation, plates were washed in a
Biotek ELx405 washer. Then biotinylated detection antibody was added for 1 h at ambient temperature (22°C) with shaking, followed
by washing and the addition of streptavidin-PE, incubation for 30 min, and a final washing. Each sample was measured in duplicate
on a Flex Map FM3D instrument with a lower bound of 50 beads per sample per cytokine and with the aid of custom Assay Chex
control beads (Radix BioSolutions). Output MFI data were transformed to concentration in pg/ml using standards serially diluted
and run in the assay. The resulting concentrations for cytokines/chemokines measured are reported here, and values below the
detection limits in >33% of samples were excluded. Select cytokines’ differential protein abundance was compared using a two-
sample Wilcoxon test in R v.3.6.3.

Neurobehavioral testing (Billy Martin tetrad)

Animals

Group housed, 6-7 weeks old, male C57BI/6J mice from Jackson Laboratory were used in the study. Mice were ordered at 5-6 weeks
old and handled for 3 days before testing. The mice were housed in a Stanford University animal facility with a 12:12 h light/dark cycle
(8:30 am light off, 8:30 am light on) and had free access to water and food. All behavioral tests were conducted during the animals’
dark cycle. All procedures followed National Institute of Health guidelines and were approved by the Institutional Administrative Panel
on Laboratory Animal Care (APLAC).

Dosing

The mice were randomized into different dosing groups based on their body weight. AS-THC (20 mg/kg i.p.) and genistein (50 mg/kg
p.o.) were used in the study. The vehicle for A°-THC was 5% ethanol, 5% Cremophor EL, and 90% saline (1:1:18 ratio). The vehicle for
genistein was corn oil. Vehicle, A°-THC, and genistein were dosed at the same time according to their treatment groups: Group 1: n=8
Vehi.p.+ Veh p.o.; Group 2: n=9 THC (20 mg/kg i.p.) + Veh p.o.; Group 3: n=8 Veh i.p.+ Genistein (50 mg/kg p.o.); and Group 4: n=9
THC (20 mg/kg i.p.) + Genistein (50 mg/kg p.o.).

Body temperature measurement and open field activity chamber

Body temperature and locomotor activity were measured on the same day. The body temperature was taken using a Rodent Rectal
Temperature Probe-For Mouse with lubricant (Animal Temperature Controller, World Precision Instrument, Model ACT-2000) before
dosing and 60 min post-dose. The locomotor assessment took place in an Open Field Activity Arena (Med Associates Inc., St. Albans,
VT. Model ENV-515) mounted with three planes of infrared detectors within a specially designed sound-attenuating chamber (Med
Associates Inc., St. Albans, VT. MED-017M-027). The arena was 43 cm (L) x 43 cm (W) x 30 cm (H) and the sound-attenuating cham-
ber was 74 cm (L) x 60 cm (W) x 60 cm (H). The mice were dosed and immediately placed in the corner of the testing arena. They were
allowed to explore the arena for 10 min under tracking by an automated tracking system. Parameters, including distance moved,
velocity, rearing, and time spent in the periphery and center of the arena, were analyzed. The periphery was defined as the zone
5 cm away from the arena wall. The arena was cleaned with a 1% Virkon solution at the end of each trial.

Hot plate test

A Hot Plate apparatus (IITC Inc. Model 39) set to 55 °C was used in the study. Mice were tested before dosing and 20 min post-
dosing. The mice were placed on the hot plate and covered by a transparent glass cylinder that was 25 cm in height and 12 cm
in diameter. A 30 sec maximum trial duration was used during the test to minimize the exposure of animals to painful stimuli and pre-
vent permanent tissue damage from the heat. A remote foot-switch pad was used to control the start/stop/reset function. The latency
to hind paw licking, flicking, or jumping was recorded.

Bar test

The Bar test is the most commonly used test in psychopharmacological induced catalepsy, a condition characterized by a lack of
response to external stimuli and muscular rigidity, wherein the limbs remain in whatever position they are placed (Sanberg et al.,
1988). A typical catalepsy test involves putting an animal in an unnatural position and recording the time it takes for the animal to
correct itself. A small metal rod (0.7 cm diameter, 10 cm long) was suspended 3-5 cm above the table, and the forepaws of the mouse
were placed on the bar. The total duration the mice spent with one or both paws on the bar in a catalepsy state was recorded for a
total of 60 sec. If the mouse jumped over the bar, it was placed in the original position on the bar a maximum of 4 times. A score of zero
second was assigned to the mice if they jumped over the bar a fifth time. Mice were tested once before dosing and 60 min post-dose.

Synthesis of BODIPY517/547-genistein

All the reagents were commercially available and used without further purification unless indicated otherwise. All solvents were anhy-
drous grade unless indicated otherwise. All non-aqueous reactions were carried out in oven-dried glassware under a slight positive
argon pressure unless noted otherwise. Reactions were magnetically stirred and monitored by thin-layer chromatography on silica
gel. Flash chromatography was performed on silica gel of 60-200um particle size. Yields were reported for spectroscopically pure
compounds. Melting points were recorded on a Fargo MP-2D melting point apparatus. 1H, 13C, and 31P NMR spectra were re-
corded on Bruker AV 600 (600 MHz), Bruker AV 500 (500 MHz), and Bruker AVIII 400 (400 MHz) spectrometers. Chemical shifts
are given in d values relative totetramethylsilane (TMS, 3H = 0); coupling constants J are given in Hz. Internal standards were
CDCI3 (3H = 7.24), CD30D (3H = 3.31) or DMSO-d6 (d3H = 2.49) for 1TH NMR spectra and CDCI3 (3C = 77.0, central line of triplet),
CD3OD (3C = 49.0, central line of septet) or DMSO-d6 (3C = 39.5, central line of septet) for 13C NMR spectra. The splitting patterns
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are reported as s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet), br (broad), and dd (double of doublets). High-resolution
electrospray ionization (ESI) and fast atom bombardment (FAB) mass spectra were recorded on a JMS-T100LP AccuTOF LC-
plus 4G mass spectrometer.

Glutathione levels in the serum of mice treated with A°-THC or genistein

Male C57BL/6J mice were treated with A°-THC, genistein, or their combination every day for 30 days (n=5/group). According to the
manufacturer’s instructions, all mice were sacrificed on day 30, and plasma was collected and analyzed by the Glutathione colori-
metric assay kit (BioVision, K261). Briefly, a serial dilution of reduced glutathione (GSH) and oxidized glutathione (GSSG) stock so-
lutions was prepared as standards. Glutathione level was measured by the periodic reaction of 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB). The plate reader measured the absorbance with a wavelength of 405 nm after 10 min with ELISA. The detected reduced and
oxidized GSH levels were normalized to the total serum content of the respective serum samples. Total glutathione level
(GSH+GSSG) and the ratio of reduced GSH to oxidized GSH (GSH/GSSG ratio) were calculated.

LC-MS analysis of A°-THC in mouse plasma

Mice were treated with vehicle, genistein, A®-THC, or combination for 30 days and then sacrificed. Blood was collected with a cardiac
puncture and plasma isolated using 5 mM EDTA. A 100 pl aliquot of plasma was transferred to a 1.5 ml microtube. The LC-MS anal-
ysis was performed by the Forensic and Clinical Toxicology Center at National Taiwan University. Briefly, protein precipitation was
performed to remove the interference of proteins in serum samples by adding 20 pL 50% methanol (MeOH), and 60 pL IS solution in
acetonitrile to 20 pL serum samples. 40 puL of supernatants were collected after centrifugation at 12,000 RCF for 10 min and dried with
steam nitrogen. The resulting residues were reconstituted with 80 pL 50% MeOH and transferred to autosampler vials before LC-MS
analysis. Analytical standards were prepared in MeOH as a stock solution at a concentration of 1000 png/ml. Calibrators were pre-
pared with series dilutions and spiked into a blank sample matrix. Calibration curves were constructed in a serum blank matrix
with analytical ranges from 3.125 to 100 ng/ml. LC-MS analysis was performed with Agilent 1290 LC-Sciex 6500 QqQ system.
A Biphenyl column was employed as an analytical column (100 x 2.1 mm, 2.6 um, Phenomenex, Torrance, CA).

GTPase-GloTM assay

CB1 and Gi1 were purified as described previously (Krishna Kumar et al., 2019). The GTP turnover assay was performed using a
modified protocol of the GTPase-GloTM assay (Promega) as described previously (Gregorio et al., 2017) with the following modifi-
cation. The final reaction buffer consisted of 20 mM HEPES pH 7.5, 100 mM sodium chloride, 10 mM magnesium chloride, 100 uM
TCEP MNG/CHS (0.01%/0.001%), and 10 uM GTP. Before the reaction was started, CB1 (250 nM) was incubated in reaction buffer,
at room temperature, in the presence of 20 uM agonist (CP 55,490), 20 uM inverse agonists (rimonabant or taranabant), or 100 uM
genistein. Simultaneously, Gi1 protein 250 uM (in DDM) was incubated with 1 % MNG on ice. After 60 min, Gi1 was added to the
reaction buffer to a final concentration of 250 nM together with CB1 to a final concentration of 125 nM. After incubation for 1 hr,
reconstituted GTPase-Glo reagent supplemented with 10 mM ADP was added to the sample and incubated for 30 min at room tem-
perature. Luminescence was measured after the addition of detection reagent and incubation for 10 min at room temperature using a
SpectraMax Paradigm plate reader. Percentage GTP turnover was calculated with receptor alone as 0 and CP 55490 as 100%. The
curves were analyzed using GraphPad Prism.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data shown were from at least three independent biological replicates. Quantitative data were presented as mean with standard error
of the mean (SEM). The SPSS program (SPSS Inc.) or Prism was used for statistical analysis, including Student’s t-test, one-way

ANOVA with multiple testing, and Tukey correction for multiple testing where appropriate. Statistical significance defined as
p<0.05 (* or #), p<0.01 (** or ##), and p<0.001 (**or ###).
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Figure S1. Assessment of the effects of A°-THC on cytotoxicity in hiPSC-ECs, related to Figure 3

(A) Endothelial cell differentiation protocol by sequential administration of chemicals and growth factors. Initially, hiPSC differentiation was blocked with a 5 pM
Rho kinase inhibitor (ROCKi). When hiPSCs were 80% confluent, differentiation to cardiac mesoderm was facilitated with 6 uM small molecule inhibitor
CHIR99021 (CHIR). On day 2, CHIR concentration was reduced to 2 pM. Cells were differentiated to hiPSC-ECs by transitioning from RPMI to EGM2 media
with the addition of vascular endothelial growth factor (VEGF) (25 ng/mL), fibroblast growth factor (FGF2) (8 ng/mL), and the small molecule transcription growth
factor B1 inhibitor (SB431542) (10 uM).

(B) hiPSC-ECs formed tube-like structures on Matrigel (scale bar, 50 um).

(C) Cells were treated with various concentrations of AS-THC for 24 or 48 h, and the CellTiter-Glo luminescent cell viability assay measured cell viability. The red
arrowhead indicates the concentration used in this study.

(D) CB1 and CB2 expression levels in various cells were measured by qPCR analysis and normalized to GAPDH. Error bars represent mean + SEM. *p < 0.05
versus vehicle; **p < 0.01 versus vehicle; **p < 0.001 versus vehicle; ***p < 0.0001 versus vehicle; ns, not significant versus vehicle; N.D., not detected for
40 cycles by qPCR.
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Figure S2. Assessment of A°-THC effects on the expression of inflammation-related genes and oxidative stress protective-related genes in
hiPSC-ECs and human-engineered heart tissues (EHTSs), related to Figures 3 and 4

(A) A®-THC induced hydrogen peroxide (H,O.) production in hiPSC-ECs. hiPSC-ECs were treated with 0.5 or 5 uM A®-THC for 48 h, and ROS-Glo™ H,0, assay
measured the level of hydrogen peroxide.

(B) Engineered heart tissues (EHTs) were fabricated using human iPSC-derived endothelial cells and cardiomyocytes. EHTs were incubated in (1) vehicle, (2) 5 pM
AS-THC, or (3) 5 uM AS-THC and 10 uM genistein and assayed for 48 h. After treatment exposure, EHT contractility was measured using the Sony imaging
platform. There was no significant difference in EHT contractility after exposure to AS-THC or cotreatment with A°-THC and genistein for 48 h.

(C) EHTs showed no significant change in relaxation at 48 h with A°-THC or cotreatment with A°-THC and genistein.

(D) The beat rate is decreased by A°-THC and not ameliorated by genistein cotreatment in EHTs.

(E) The contraction-relaxation (CR) interval was increased in EHTs after A°>-THC, and cotreatment with genistein did not attenuate this effect.

(F) There was no significant difference in EHT peak force at 48 h after A®-THC treatment or A°-THC and genistein cotreatment.

(G) Gene set enrichment analysis (GSEA) of pathways affected by A%-THC treatment in EHTs. Pathways are more skewed in log fold change (logFC) distribution
than expected by chance in A°-THC (THC) versus vehicle control (CTRL) and are downregulated in AS-THC-treated EHTs.

(H) Genistein decreased A°-THC-induced p38 phosphorylation in hiPSC-ECs. Cells were treated with 5 uM A°-THC, 10 uM genistein, or their combination for
48 h. Total cell lysates were subjected to western blot analysis with anti-p38 antibody and anti-p38 phospho-Thr180/Tyr182 (p38 pThr180/Tyr182) antibody.
Densitometry of p38 phospho-Thr180/Tyr182 expression was normalized to pan p38 expression.

(I) Cells were treated with 5 uM A%-THC, 1 uM BAY11-7082, or their combination for 48 h. The mRNA expression of inflammation-related genes in hiPSC-ECs was
quantified by gPCR analysis and normalized to GAPDH. Error bars represent mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; ***p < 0.001 versus
vehicle; ***p < 0.0001 versus vehicle; ns, not significant versus vehicle; *p < 0.05 versus AS-THC; *p < 0.01 versus A°-THC; *#p < 0.001 versus A°-
THC;*##5 < 0.0001 versus A°-THC.; N.D., not detected for 40 cycles by gPCR.
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Figure S3. Inhibition of CB1 mitigates the effects of A°~THC on hiPSC-ECs, related to Figure 5

(A) The selective CB1 antagonists AM6545, AM251, and NESS-0327 blocked the expression of inflammation-related genes and oxidative stress protective-
related genes. Gene expression of inflammation-related genes and oxidative stress protective-related genes in hiPSC-ECs were quantified by gPCR analysis.
hiPSC-ECs were treated with 5 uM A°-THC and either 3 uM AM6545, 3 uM AM251, or 1 uM NESS-0327, or their combination of 5 uM A°-THC and CB1 antagonist
for 48 h, and the gene expression was normalized to GAPDH.

(B) The effect of siRNA-mediated knockdown of CB1 on A®-THC-induced inflammation and oxidative stress in hiPSC-ECs. The hiPSC-ECs were treated with
5 uM A®-THC for 48 h. The mRNA expression of inflammation-related genes and oxidative stress protective-related genes was quantified by gPCR analysis and
normalized to GAPDH.

(C) Wild-type (WT) hiPSC-ECs and CRISPRI edited hiPSC-ECs were incubated with 0 or 10 ng/mL TNF-a either alone or in the presence of 10 uM genistein. The
expression of IL1A decreased with cotreatment of TNF-a and genistein in WT hiPSC-ECs but increased significantly in CB1 CRISPRi hiPSC-ECs.

(D) The expression of IL6 increased with TNF-a. for WT and CRISPRi hiPSC-ECs but was attenuated by cotreatment with genistein in the WT hiPSC-ECs.

(E) The expression of CXCRS8 increased with TNFa for WT and CRISPRI hiPSC-ECs but was attenuated in WT hiPSC-ECs.

(F) The expression of SOD1 increased in response to TNF-a and was not attenuated by genistein in either WT or CB1 CRISPRi hiPSC-ECs. Error bars represent
mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; ***p < 0.001 versus vehicle; ***p < 0.0001 versus vehicle; ns, not significant versus vehicle;
#p < 0.05 versus A®-THC; *p < 0.01 versus A°-THC; *#p < 0.001 versus A°-THC; *#p < 0.0001 versus A°-THC.
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Figure S4. Assessment of the effects of antioxidants on A°-THC-induced oxidative stress and inflammation in hiPSC-ECs, related to Figure 5
(A) hiPSC-ECs were treated with 5 uM A®-THC and various antioxidant reagents for 48 h, and CellROX oxidative stress assay measured the level of oxidative
stress.

(B) Genistein attenuated the effects of A-THC on TLR4/NF-kp-related genes. Cells were treated with 5 uM A°-THC, 10 uM genistein, or a combination of both for
48 h, and the mRNA expressions of TLR4/NF-kB-related genes were measured by qPCR analysis. The levels of MRNA were normalized to GAPDH.

(C) Genistein prevented A°-THC-mediated inflammation-related genes in hiPSC-ECs.

(D) Genistein attenuated A°-THC-induced inflammation in hiPSC-ECs. The cells were treated with 5 uM AS-THC for 48 h, then replaced with fresh cell culture
medium, and 10 uM genistein was added. Total RNA was isolated from hiPSC-ECs every other day for 2 weeks. The mRNA expression of inflammation-related
genes was quantified by gPCR and normalized to GAPDH. The retention time (Tg) is the time required to recover gene expression to the basal level. Error bars
represent mean + SEM. *p < 0.05 versus vehicle; **p < 0.01 versus vehicle; “**p < 0.001 versus vehicle; ***p < 0.0001 versus vehicle; ns, not significant versus
vehicle; #p < 0.01 versus A°-THC; ##p < 0.001 versus AS-THC; ##p < 0.0001 versus A°-THC.
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Figure S5. Assessment of the effects of genistein on A°-THC-induced effects in C57BL/6J mouse model, related to Figure 6

(A) Liquid chromatography and mass spectrometry (LC-MS) analysis of mouse plasma with the reference standard for A°-THC is shown. Male C57BL/6J mice
were treated with (1) vehicle control, (2) genistein, (3) A°-THC, or (4) A°-THC plus genistein (n = 5/group). All mice were sacrificed after 30 days, and plasma was
isolated using 5 mM EDTA. Isolation of A%-THC (retention time [tR] = 4.64 min) was performed by LC analysis. The desired fraction (tR = 4.64 min) was collected
and subjected to the MS analysis.

(B) A-THC concentration (ng/mL) of mouse plasma was measured by the LC-MS analysis for each treatment group.

(C) The mRNA expression of inflammation-related genes and oxidative stress protective-related genes. The C57BL/6J mice (n = 5/group) were treated with (1)
vehicle control, genistein, (2) AS-THC, (3) A°-THC plus genistein, or (4) A°-THC plus rimonabant.

(D) Luminex analysis of inflammatory cytokines in plasma of C57BL/6J mice treated with vehicle control, A>-THC, or A°-THC plus genistein. IL-6, IL-10, and IL-3
levels were elevated after treatment with A®>-THC. Genistein cotreatment significantly reduced the expression of these cytokines (p values are shown).

(E) Arterial relaxation is correlated with the expression of oxidative stress protective-related genes and inflammation-related genes.

(F) The effect of AS-THC on NF-kB phosphorylation in mouse thoracic artery tissues (n = 5). Total cell lysates were prepared, and the expressions of NF-kB,
phosphorylated NF-«kB, and B-actin were analyzed by western blot analysis.

(G) Three sections of each organ were counterstained with H&E, and one representative slide was presented. Scale bars, 250 pm.
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Figure S6. Assessment of the effects of BODIPY-genistein and genistein on A°-THC-induced effects in multiple mouse models, related to
Figures 6 and 7

(A) BODIPY-genistein blocked A°-THC-induced inflammation and oxidative stress in vivo. Schematic overview of the experimental design in the mouse model.
(B and C) (B) The mRNA expression of inflammation-related genes and (C) oxidative stress protective-related genes in thoracic artery tissues from mice is shown
after normalizing to GAPDH.

(D) A®-THC increased and BODIPY-genistein attenuated NF-kB phosphorylation in mouse thoracic artery. Total cell lysates were prepared, and the expression of
phosphorylated NF-kB and NF-«B was analyzed by western blot analysis (left panel). Immunoblots were quantified by ImagedJ software (right panel).

(E) Superoxide dismutase (SOD) activity of serum from the mouse.

(F) Reduced glutathione (GSH) levels in the serum samples of mice were detected. Plasma isolated from C57BL/6J mice treated with (1) vehicle control, (2) A®-
THC, or (3) A®-THC plus BODIPY-genistein every day for 30 days and were analyzed by the glutathione colorimetric assay kit (BioVision, K261).

(G) Oxidized glutathione (GSSG) levels in the serum samples of mice.

(H) Total glutathione (T-GSH) levels in the serum samples of mice.

() The GSH/GSSG ratio in the serum samples of mice.

(J) Gross images of carotid arteries after oil red O staining are shown (left panel). The scale bar represents 1 mm. A diagram of partial ligation of the carotid artery is
shown (right panel). The left common carotid artery (LCA), external carotid artery (ECA), internal carotid artery (ICA), and superior thyroid artery (STA) were ligated,
leaving the occipital artery (OA) open. The right subclavian artery (RSA), right common carotid artery (RCA), and left subclavian artery (LSA) were unligated and
remained patent.

(K) Carotid artery sections were immunostained with an anti-F4/80 antibody, and one representative experiment was presented. High-magnification images of
the green-boxed area are shown. The scale bar represents 250 pm. Quantification of F4/80-positive area within carotid artery sections.

(L) Carotid artery sections were immunostained with an anti-CD68 antibody, and one representative experiment was presented. High-magnification images of the
green-boxed area are shown with the scale bar at 250 um. Quantification of CD68-positive area within carotid artery sections is shown.

(M) Left ventricular systolic function is normal in C57BL/6J treated with vehicle control, A®-THC (1 mg/kg i.p.); genistein (50 mg/kg p.o.); A®-THC (1 mg/kgi.p.) and
genistein (50 mg/kg p.o.); rimonabant (3 mg/kg p.o.); or imonabant (3 mg/kg p.o.) and A°-THC (1 mg/kg i.p.). Mice were anesthetized with 1%-2% isoflurane, and
images were acquired in the parasternal long-axis (PLA) and parasternal short axis (PSA) on a Visualsonic Vevo 2100 platform. The ventricular (LV) dimensions
were traced offline, and the ejection fraction (EF) was calculated using Simpson’s biplane method of discs.

(N) The heart rate measured at the time of echocardiography did not vary between vehicle, genistein, AS-THC, or A°-THC plus genistein.

(O) Left ventricular end-diastolic volume (LVEDV) of mice did not significantly differ in either treatment group.

(P) Left ventricular end-diastolic mass (LVEDM) of mice treated was comparable similar among treatment groups. Error bars represent mean + SEM.
*p < 0.05 versus vehicle; **p < 0.01 versus vehicle; **p < 0.001 versus vehicle; p < 0.0001 versus vehicle; ns, not significant versus vehicle;
#p < 0.05 versus A°-THC; *p < 0.01 versus A°-THC; **#p < 0.001 versus A°-THC; *#p < 0.0001 versus A®-THC.
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Figure S7. The LdlIr /- mouse model of atherosclerosis and in vivo neurobehavioral testing for the CB1 antagonist genistein, related to
Figures 6 and 7

(A) The body weights of Ldlr’~ mice after exposure to (1) vehicle control (n = 10), (2) A°-THC (n = 12), or (3) A°-THC plus genistein (n = 12).

(B and C) Serum concentration of AS-THC in Ldlr~'~ mice measured by LC-MS analysis for Ldlr~'~ mice after exposure to (1) vehicle control (n = 7;) [B], upper
panel), (2) A%-THC (n = 7; [B], middle panel), or (3) A°-THC plus genistein (n = 8; [B], lower panel). Quantification of A°-THC in Ldlr/~ mice by LC-MS analysis (C).
(D) Lipid profiles of serum samples of Ldlr~'~ mice at 12 weeks after mice after exposure to (1) vehicle control (n = 10), (2) A>-THC (n = 12), or (3) A>-THC plus
genistein (n = 12).

(E) The blood pressure of Ldlr~ mice after exposure to (1) vehicle control (n = 3), (2) A%-THC (n = 4), or (3) A®-THC plus genistein (n = 4) for 30 days measured by
tail-cuff.

(F) Gross images of oil red O stained Ldlr /'~ thoracic aorta are shown.

(G) Quantification of plaque size by en face analysis of thoracic aorta after exposure to (1) vehicle control (n = 10), (2) AS-THC (n = 12), or (3) A°-THC plus genistein
n=12).

(H) Spontaneous activity was impaired by A°-THC and not attenuated by genistein. C57BL/6J mice were exposed to (1) vehicle control (intraperitoneal [i.p.],
vehicle and oral [p.o.], vehicle [n = 8]), (2) AS-THC at 20 mg/kg i.p. and p.o. vehicle (n = 9), (3) genistein at 50 mg/kg p.o. and i.p. vehicle (n = 8), and (4) combination
of AS-THC at 20 mg/kg i.p. and genistein at 50 mg/kg p.o. (n = 9). Spontaneous activity was assessed by the total distance moved in an activity chamber and was
reduced with A°-THC treatment. Genistein did not affect distance moved either alone or in combination with A°-THC.

(I) Genistein did not affect hypothermia induced by A°-THC. Hypothermia was assessed by measuring body temperature using a rectal probe before and 60 min
after treatment. A°-THC caused a significant decrease in temperature, and genistein did not affect temperature and could not ameliorate hypothermia induced by
AS-THC.

(J) Genistein did not impair catalepsy after A°-THC treatment. The bar test measures the time a mouse remained immobile on the bar. Pre-exposure time showed
no differences between groups. However, mice treated with A°-THC remained immobile longer than control, and genistein did not improve immobility.

(K) Analgesia induced by A°-THC is not affected by genistein cotreatment. Analgesia was measured by placing mice on a hot plate and recording the time for the
mouse to withdraw or lick. Mice treated with AS-THC had greater withdrawal or lick latency than control or genistein treatment. Genistein cotreatment did not
affect AS-THC mediated analgesia.

(L) Schematic of A°-THC-induced endothelial dysfunction. A°-THC causes endothelial dysfunction with the induction of inflammation and oxidative stress.
A°-THC activates the CB1 receptor and causes inhibition of adenylyl cyclase, which reduces cAMP levels and protein kinase A (PKA) phosphorylation, and thus,
A®-THC-binding inactivates gene expression via PKA. A°-THC also increases phosphorylation of MAP kinase and translocation of NF-kf to the nucleus. Hence,
A® -THC-binding activates the expression of inflammation-related genes and inhibits the expression of oxidative stress protective-related genes.

(M) Schematic of genistein attenuating A°-THC-induced endothelial dysfunction. Genistein, a soybean flavonoid, can attenuate A°-THC-induced side effects
in vitro and in vivo. Genistein occupies the same binding site at A>-THC and is a neutral antagonist for the CB1 receptor. Genistein binding does not affect
downstream signaling but prevents A°-THC binding, thus preventing activation of genes implicated in inflammation and repression of oxidative stress protective
genes. Created with BioRender.com.
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