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A B S T R A C T   

The oxytosis/ferroptosis regulated cell death pathway is an emerging field of research owing to its pathophys
iological relevance to a wide range of neurological disorders, including Alzheimer’s and Parkinson’s diseases and 
traumatic brain injury. Developing novel neurotherapeutics to inhibit oxytosis/ferroptosis offers exciting op
portunities for the treatment of these and other neurological diseases. Previously, we discovered cannabinol 
(CBN) as a unique, potent inhibitor of oxytosis/ferroptosis by targeting mitochondria and modulating their 
function in neuronal cells. To further elucidate which key pharmacophores and chemical space are essential to 
the beneficial effects of CBN, we herein introduce a fragment-based drug discovery strategy in conjunction with 
cell-based phenotypic screens using oxytosis/ferroptosis to determine the structure-activity relationship of CBN. 
The resulting information led to the development of four new CBN analogs, CP1-CP4, that not only preserve the 
sub-micromolar potency of neuroprotection and mitochondria-modulating activities seen with CBN in neuronal 
cell models but also have better druglike properties. Moreover, compared to CBN, the analog CP1 shows 
improved in vivo efficacy in the Drosophila model of mild traumatic brain injury. Together these studies identify 
the key molecular scaffolds of cannabinoids that contribute to neuroprotection against oxytosis/ferroptosis. They 
also highlight the advantageous approach of combining in vitro cell-based assays and rapid in vivo studies using 
Drosophila models for evaluating new therapeutic compounds.   

1. Introduction 

Neurological disorders, including Alzheimer’s (AD), Parkinson’s 
(PD), and Huntington’s diseases (HD), as well as traumatic brain injury 
(TBI) affect millions of people worldwide [1]. These disorders are highly 
devastating conditions that cause progressive brain impairment and 
cognitive decline with often fatal consequences. Neurological disorders 
place an enormous burden on healthcare systems and their impact on 
society in general will continue to rise over the coming decades as the 
aging population increases throughout the world [1]. To date, there are 
no drugs for any of these conditions that are disease modifying in the 
sense that they prevent, cure, or slow down the progression of the 
neuropathological process [2,3]. This is due, at least in part, to the lack 
of a full understanding of the fundamental origins of these neurological 

disorders [2]. 
Mitochondria are the primary source of energy in cells, and they 

execute complex and crucial tasks in the central nervous system (CNS) to 
keep the brain functioning properly. Growing evidence indicates that 
mitochondrial inefficiency and dysfunction occur in the aging brain and 
are one of the pathophysiological changes associated with neurological 
disorders [4]. Therefore, developing neurotherapeutics by targeting 
mitochondria to treat neurological disorders is highly attractive [5,6]. 

The oxytosis/ferroptosis regulated cell death pathway recapitulates 
many features of mitochondrial dysfunction associated with the aging 
brain and has emerged as a potential key mediator of neurological dis
orders [7,8]. It has thus been proposed that the oxytosis/ferroptosis 
pathway could be used to identify novel drug candidates that act by 
preserving mitochondrial function [9,10]. 

Using cell-based phenotypic assays in the context of oxytosis/ 
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ferroptosis, we recently screened libraries of medicinal phytocannabi
noids including Δ9-tetrahydrocannabinol (THC), cannabidiol (CBD), 
and cannabinol (CBN) from the Cannabis plant, with the goal of identi
fying new natural product-based drug candidates that preserve mito
chondrial function [11,12]. We discovered that cannabinol (CBN), a 
non-psychoactive phytocannabinoid, is a novel and potent neuro
protector that not only protects neurons from oxytosis/ferroptosis in a 
manner that is dependent on mitochondria, but it does so independently 
of cannabinoid CB1/CB2 receptors [12]. Specifically, CBN targets 
mitochondria and maintains mitochondrial homeostasis in neuronal 
cells [12]. Thus, CBN is an excellent lead compound derived from the 
Cannabis plant with high therapeutic potential and so it was selected for 
advancement into the lead optimization process of our drug discovery 
program. 

To better understand the roles of the different pharmacophoric ele
ments of CBN that are required for the inhibition of oxytosis/ferroptosis 
and mitochondrial modulation, we herein report a fragment-based drug 
discovery (FBDD) strategy [13] that exploits insights into the 
structure-activity relationship (SAR) of CBN. By applying this valuable 
information, we designed and synthesized four new analogs of CBN with 
improved physiochemical and CNS druglike properties. The neuro
protective activities and phenotypic profiles of each analog were eval
uated using in vitro cell culture neural toxicity models and in vivo efficacy 
was assessed in the Drosophila model of mild traumatic brain injury 
(mTBI). Interestingly, although most of the analogs were highly pro
tective in our in vitro cell culture neuroprotection assays, one of the 
analogs stood out as having beneficial effects in a Drosophila model of 
mTBI. 

2. Material and methods 

Chemicals and Reagents. All solvents and reagents were purchased 
from commercial sources and were used without further purification. 
Analytical scale quantities of CBN, CBD, THC standards, other natural 
and synthetic cannabinoids, and STY-BODIPY (Cat# 27089) were from 
Cayman Chemical (Ann Arbor, MI). Preparative scale quantities of CBN, 
CP1, CP2, CP3, and CP4 were synthesized in-house. Olivetol, 5-(1,1- 
dimethylheptyl)resorcinol, citral, but-2-enal, 3-methylbut-2-enal, n- 
butylamine, ethyl acetate, petroleum ether, toluene, glutamate, RSL3, 
erastin, and ferrostatin-1 were from Sigma-Aldrich (Saint Louis, MO). 
Phenol, catechol, hydroquinone, phloroglucinol, pyrogallol, hydrox
yquinol, resorcinol, 5-methylresorcinol, 5-ethyl-1,3-benzenediol, 5-pro
pylbenzene-1,3-diol, 5-butylresorcinol, 5-heptylresorcinol, 5- 
pentadecylresorcinol, 5-butoxybenzene-1,3-diol, 5-(pentyloxy)benzene- 

1,3-diol, 4-butylresorcinol, 4-hexylresorcinol, 4-butylbenzene-1,2-diol, 
2-methylbenzene-1,4-diol, 2-tert-butylbenzene-1,4-diol, 4-propylphe
nol, 4-pentylphenol, 4-heptylphenol, 3-propylphenol, 3-pentylphenol, 
n-butane, n-pentane, n-hexane, n-heptane, n-octane, 2-methyloctane, 
p-cymene, p,α,α-trimethylbenzyl alcohol, 2-(p-tolyl)propan-2-amine, 
linalool, limonene, α-terpineol, TLC plates, HyperSep silica column 
(Cat# 60108–712), MitoSOX Red Mitochondrial Superoxide Indicator 
(Cat# M36008), and C11-BODIPY Lipid Peroxidation Sensor (Cat# 
D3861) were from Thermo Fisher Scientific (Waltham, MA). Liposomes 
of egg-PC (Cat# 840051P) was from Avanti Polar Lipids Inc (Birming
ham, AL). V-70 (Cat# 001–70078) was from Fujifilm Wako, Japan. 
Seahorse XFe96 FluxPak (Cat# 102416), Seahorse XF Cell Mito Stress 
Test Kit (Cat# 103015), and Seahorse XF Real-Time ATP Rate Assay Kit 
(Cat# 103592) were from Agilent Technologies (Santa Clara, CA). 

General Instrumental Analysis. Optical absorbance and fluores
cence were measured on a SpectraMax M5 Multi-Mode microplate 
reader (Molecular Devices, San Jose, CA). 

Microscopy. Brightfield and phase contrast microscopic images 
were acquired on an IX51 inverted microscope (Olympus Corporation, 
Tokyo, Japan) with an INFINITY3 monochrome CCD camera (Teledyne 
Lumenera, Ontario, Canada). Image processing and analysis were per
formed with ImageJ/Fiji. 

Mass Spectrometry (MS). High-resolution mass spectrometric data 
were obtained on a Thermo Q-Exactive Quadrupole-Orbitrap mass 
spectrometer in positive mode. Samples were diluted with a 1:1 mixture 
of methanol and water containing 0.1% formic acid and then introduced 
by direct electrospray infusion. Accurate masses of all analytes were 
obtained from the pseudo-molecule [M+H]+ and were within 5 ppm 
mass error. Full MS scans were recorded for the 150–750 m/z range. MS/ 
MS fragmentation was achieved by higher-energy collisional dissocia
tion (HCD) at normalized collision energy settings between 10 and 30%. 

Nuclear Magnetic Resonance (NMR). 1H, 13C and 2D NMR data 
were collected at 298 K on a 600 MHz Bruker Avance III spectrometer 
fitted with a 1.7 mm triple resonance cryoprobe with z-axis gradients 
using TopSpin 3.6.0. NMR spectra were referenced to the residual sol
vent signal (δH 7.26, δC 77.2 for chloroform-d) with chemical shifts re
ported in δ units (ppm). Resonance multiplicities are denoted s, d, t, q, 
m, and br for singlet, doublet, triplet, quartet, multiplet, and broad, 
respectively. 2D HSQC and HMBC NMR spectra were collected using 
modified versions of the Bruker pulse sequences hsqcedetgpsisp2.3 and 
hmbcctetgpl3ndsp, which incorporated an ASAP module to enable faster 
data acquisition. Spectral widths were 12 ppm for the 1H dimensions, 
160 ppm for the HSQC 13C dimension and 250 ppm for the HMBC 13C 
dimension. For the HSQC spectra 8 scans and 256 t1 increments were 
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used. For the HMBC spectra 32 scans and 512 t1 increments were used. 
Spectra were analyzed using Mnova. 

Fragment-Based Drug Discovery (FBDD). Each fragment com
pound is chemically simple and most of the substructures are commer
cially available. Therefore, a series of fragment chemicals with different 
variants of the substructures were assembled and screened in our cell- 
based phenotypic screening assays in the context of oxytosis/ferropto
sis. Specifically, for the left unit (LU), monoterpenoids with different 
functional groups and/or double-bond substitutions as well as ring ar
rangements were screened. For the central unit (CU), benzene rings with 
different hydroxyl group substitutions were screened. For the right unit 
(RU), different lengths, with or without branches, of the aliphatic hy
drocarbon chains were examined. 

After a number of fragment chemicals were screened, the SAR, basic 
chemical building blocks, and pharmacophores were assessed to deter
mine which, if any, were active alone. This information was then used to 
identify the most active and viable substructure for each fragment. 
Combinations of substructures were used to form optimized CBN ana
logs through organic synthesis. The new CBN analogs were further 
evaluated for their physiochemical properties as well as their potency 
and efficacy in the in vitro and in vivo assays. 

In Silico ADME Prediction. SwissADME tool (Swiss Institute of 
Bioinformatics, http://www.swissadme.ch/) was used to compute 
physicochemical descriptors and predict ADME parameters, pharmaco
kinetic properties, and the druglike nature of small molecules to support 
drug discovery [14]. 

Total Synthesis of CP1 (2,2-dimethyl-7-(2-methyloctan-2-yl)- 
2H-chromen-5-ol). To a stirred solution of 5-(1,1-dimethylheptyl) 
resorcinol (0.50 g, 2.1 mmol), 3-methylbut-2-enal (231 μL, 2.75 mmol), 
and n-butylamine (201 μL, 2.75 mmol) were added in toluene (50 mL). 
The mixture was refluxed for 6 h, and then cooled to room temperature. 
The reaction solution was evaporated to dryness with a rotatory evap
orator. The residue was reconstituted in 5% ethyl acetate/petroleum 
ether and then eluted on a HyperSep silica column (10 g) using the same 
solvents to give CP1 as a yellow oil (0.54 g, 1.8 mmol, 85% total yield). 
The identity and purity of CP1 were confirmed by high-resolution NMR 
and mass spectrometry analyses. 

Compound Characterization: 1H NMR (600 MHz, CDCl3) δ 6.63 (d, J 
= 9.9 Hz, 1H), 6.43 (d, J = 1.8 Hz, 1H), 6.32 (d, J = 1.8 Hz, 1H), 5.56 (d, 
J = 9.9 Hz, 1H), 1.54–1.49 (m, 2H), 1.46 (s, 6H), 1.26 (m, 2H), 1.21 (s, 
6H), 1.21–1.19 (m, 4H), 1.08 (m, 2H), 0.87 (t, J = 7.2 Hz, 3H). 13C NMR 
(75 MHz, CDCl3) δ 153.3, 152.1, 150.1, 128.4, 116.4, 107.1, 106.9, 
105.9, 76.0, 44.4, 37.7, 31.8, 30.0, 28.8, 28.8, 27.8, 27.8, 24.6, 22.6, 
14.1. HR-MS m/z [M+H]+ 303.2313 (calculated for C20H31O2

+, 
303.2324, − 3.6 ppm error). The purity of CP1 was over 95% as deter
mined by quantitative NMR analysis. 

Total Synthesis of CP2 (2-methyl-7-(2-methyloctan-2-yl)-2H- 
chromen-5-ol). To a stirred solution of 5-(1,1-dimethylheptyl)resor
cinol (0.50 g, 2.1 mmol), but-2-enal (193 μL, 2.75 mmol), and n-butyl
amine (201 μL, 2.75 mmol) were added in toluene (50 mL). The mixture 
was refluxed for 6 h, and then cooled to room temperature. The reaction 
solution was evaporated to dryness with a rotatory evaporator. The 
residue was reconstituted in 5% ethyl acetate/petroleum ether and then 
eluted on a HyperSep silica column (10 g) using the same solvents to 
give CP2 as a yellow oil (0.52 g, 1.8 mmol, 87% total yield). The identity 
and purity of CP2 were confirmed by high-resolution NMR and mass 
spectrometry analyses. 

Compound Characterization: 1H NMR (600 MHz, CDCl3) δ 6.70 (dd, 
J = 9.8, 1.9 Hz, 1H), 6.44 (s, 1H), 6.34 (s, 1H), 5.59 (dd, J = 9.8, 3.2 Hz, 
1H), 4.97 (dq, J = 3.2, 6.8 Hz, 1H), 1.55–1.50 (m, 2H), 1.48 (d, J = 6.8 
Hz, 3H), 1.26 (m, 2H), 1.21 (s, 6H), 1.21–1.19 (m, 4H), 1.08 (m, 2H), 
0.87 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 154.1, 152.2, 
151.1, 124.4, 118.4, 107.7, 106.5, 106.2, 71.3, 44.7, 37.8, 31.8, 30.1, 
28.7, 28.7, 24.7, 22.7, 21.1, 14.1. HR-MS m/z [M+H]+ 289.2155 
(calculated for C19H29O2

+, 289.2168, − 4.3 ppm error). The purity of CP2 
was over 95% as determined by quantitative NMR analysis. 

Total Synthesis of CP3 (2,2-dimethyl-7-pentyl-2H-chromen-5- 
ol). To a stirred solution of olivetol (0.5 g, 2.7 mmol), 3-methylbut-2- 
enal (231 μL, 2.75 mmol), and n-butylamine (201 μL, 2.75 mmol) 
were added in toluene (50 mL). The mixture was refluxed for 6 h, and 
then cooled to room temperature. The reaction solution was evaporated 
to dryness with a rotatory evaporator. The residue was reconstituted in 
5% ethyl acetate/petroleum ether and then eluted on a HyperSep silica 
column (10 g) using the same solvents to give CP3 as a yellow oil (0.62 g, 
2.5 mmol, 91% total yield). The identity and purity of CP3 were 
confirmed by high-resolution NMR and mass spectrometry analyses. 

Compound Characterization: 1H NMR (600 MHz, CDCl3) δ 6.64 (d, J 
= 9.9 Hz, 1H), 6.28 (s, 1H), 6.20 (s, 1H), 5.53 (d, J = 9.9 Hz, 1H), 2.44 (t, 
J = 7.9 Hz, 2H), 1.57 (m, 2H), 1.43 (s, 6H), 1.33–1.24 (m, 4H), 0.91 (m, 
3H). 13C NMR (75 MHz, CDCl3) δ 153.5, 151.4, 144.7, 127.9, 116.7, 
108.9, 108.2, 107.3, 76.0, 35.9, 31.5, 30.6, 27.7, 27.7, 22.5, 14.0. HR- 
MS m/z [M+H]+ 247.1687 (calculated for C16H23O2

+, 247.1698, − 4.5 
ppm error). The purity of CP3 was over 95% as determined by quanti
tative NMR analysis. 

Total Synthesis of CP4 (2-methyl-7-pentyl-2H-chromen-5-ol). To 
a stirred solution of olivetol (0.5 g, 2.7 mmol), but-2-enal (193 μL, 2.75 
mmol), and n-butylamine (201 μL, 2.75 mmol) were added in toluene 
(50 mL). The mixture was refluxed for 6 h, and then cooled to room 
temperature. The reaction solution was evaporated to dryness with a 
rotatory evaporator. The residue was reconstituted in 5% ethyl acetate/ 
petroleum ether and then eluted on a HyperSep silica column (10 g) 
using the same solvents to give CP4 as a yellow oil (0.58 g, 2.5 mmol, 
92% total yield). The identity and purity of CP4 were confirmed by high- 
resolution NMR and mass spectrometry analyses. 

Compound Characterization: 1H NMR (600 MHz, CDCl3) δ 6.79 (dd, 
J = 10.0, 2.1 Hz, 1H), 6.38 (d, J = 2.3 Hz, 1H), 6.26 (d, J = 2.3 Hz, 1H), 
5.61 (dd, J = 10.0, 3.4 Hz, 1H), 4.98 (m, 1H), 2.47 (t, J = 7.7 Hz, 2H), 
1.59 (m, 2H), 1.49 (d, J = 7.7 Hz, 3H), 1.41–1.28 (m, 4H), 0.95 (m, 3H). 
13C NMR (75 MHz, CDCl3) δ 153.8, 151.4, 144.8, 123.9, 118.4, 108.7, 
108.6, 108.1, 71.3, 35.9, 31.4, 30.6, 22.5, 20.8, 14.0. HR-MS m/z 
[M+H]+ 233.1531 (calculated for C15H21O2

+, 233.1542, − 4.5 ppm 
error). The purity of CP4 was over 95% as determined by quantitative 
NMR analysis. 

Cell Culture. HT22 mouse hippocampal nerve cells and MC65 
human nerve cells were cultured in high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM) (Invitrogen, Cat# 11995065, Carlsbad, CA) 
supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, 
CA) and 1% antibiotics including penicillin and streptomycin (Invi
trogen Cat# 10378016, Carlsbad, CA). Cell cultures were incubated at 
37 ◦C in a fully humidified atmosphere containing 10% CO2. 

Oxytosis Assay. The assay procedure was previously described [15]. 
HT22 cells were seeded at 3,000 cells/well in 96-well tissue culture 
plates in DMEM plus 10% FBS and 1% antibiotics. After 24 h of plating, 
the cells were pretreated with different concentrations of the test com
pounds or a vehicle control for 1 h followed by addition of 5 mM 
glutamate to initiate the cell death cascade. After 16 h of treatment, cell 
viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) assay. Optical absorbance was measured 
at 570 nm on a SpectraMax M5 microplate reader. Samples were 
analyzed in four independent replicates. Results are presented as % 
neuroprotection or half maximal effective concentrations (EC50). Results 
were verified by visual inspection of the cells under a microscope. 

Ferroptosis Assay. The assay procedure was previously described 
[15]. HT22 cells were seeded at 3,000 cells/well in 96-well tissue cul
ture plates in DMEM plus 10% FBS and 1% antibiotics. After 24 h of 
plating, the cells were pretreated with different concentrations of test 
compounds or a vehicle control for 1 h followed by addition of 50–100 
nM RSL3 or 500 nM erastin to induce the cell death cascade. After 16 h 
of treatment, cell viability was measured by the MTT assay. Optical 
absorbance was measured at 570 nm on a SpectraMax M5 microplate 
reader. Samples were analyzed in four independent replicates. Results 
are presented as % neuroprotection or half maximal effective 
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concentrations (EC50). Results were verified by visual inspection of the 
cells under a microscope. 

Intracellular Amyloid Toxicity Assay. The assay procedure was 
previously described [16]. Accumulation of intracellular amyloid beta 
peptide (Aβ) is considered by many as being a primary toxic event in AD. 
The human nerve cell line MC65 conditionally expresses the C99 frag
ment of the amyloid precursor protein (APP) leading to the accumula
tion of intracellular Aβ. The MC65 cells are routinely grown in the 
presence of tetracycline and, following its removal, the expression of 
C99 is induced and the cells die within three days because of the accu
mulation of intracellular, toxic protein aggregates. Briefly, MC65 cells 
were regularly grown in high glucose DMEM supplemented with 10% 
FCS and 2 μg/ml tetracycline. For the assay, cells were dissociated and 
plated at 1 × 105 cells per well in 24 well tissue culture plates. After 
overnight cultivation in growth medium, the cells were washed three 
times with phosphate buffered saline (PBS) containing calcium and 
magnesium and then switched to Opti-minimal essential media (Opti-
MEM, Invitrogen) in the presence (no induction) or absence (APP-C99 
induced) of 2 μg/ml tetracycline in the presence or absence of different 
concentrations of the indicated compounds. At day 3, the control cells in 
the absence of tetracycline were mostly dead, and cell viability was 
determined by the MTT assay. Optical absorbance was measured at 570 
nm on a SpectraMax M5 microplate reader. Samples were analyzed in 
three independent replicates. Results are presented as EC50s. Results 
were verified by visual inspection of the cells under a microscope. 

Mitochondrial Reactive Oxygen Species Measurement. The assay 
procedure was previously described [12]. HT22 cells were seeded onto 
96-well black walled plates at a density of 3,000 cells/well in DMEM 
supplemented with 10% FBS and 1% antibiotics. After the desired 
treatments for 16 h, mitochondrial superoxide ROS were detected with 
the MitoSOX Red reagent (Ex/Em = 510/580 nm). Experiments were 
performed according to the manufacturer’s instructions. Fluorescence 
was measured on a SpectraMax M5 microplate reader. Data were 
normalized for total protein/well. Each condition was analyzed in four 
independent replicates. Results are presented as half maximal inhibitory 
concentrations (IC50). Results were verified by live-cell imaging under a 
fluorescence microscope. 

Lipid Peroxidation Measurements. The assay procedures were 
previously described with adaptations [10,12]. HT22 cells were seeded 
onto 96-well black walled plates at a density of 3,000 cells/well in 
DMEM supplemented with 10% FBS and 1% antibiotics. After the 
desired treatments for 16 h, cells were labeled with 2.5 μM C11-BODIPY 
581/591 (oxidized form Ex/Em = 488/520 nm) at 37 ◦C for 2 h. Ex
periments were performed according to the manufacturer’s instructions. 
Fluorescence was measured on a SpectraMax M5 microplate reader. 
Data were normalized for total protein/well. Each condition was 
analyzed in four independent replicates. Results are presented as half 
maximal inhibitory concentrations (IC50). Results were verified by 
live-cell imaging under a fluorescence microscope. 

For the cell-free, liposome-based assay, STY-BODIPY (1.5 μM) and 
liposomes of egg-PC (1 mM) in TBS (pH 7.4) were added to an opaque 
96-well plate. This was followed by the addition of test compounds (5 
μM). The plate was incubated for 30 min at 37 ◦C and then vigorously 
mixed for 5 min. The autoxidation was initiated by the addition of V-70 
(750 μM) followed by additional mixing for 5 min. Data were acquired at 
Ex/Em = 488/518 nm every 15 min at 37 ◦C on a SpectraMax M5 
microplate reader. Data were transformed into [ox-STY-BODIPY] by 
taking the raw fluorescent values of the saturated curve of the control 
and dividing them by the initial concentration of reduced STY-BODIPY 
(1.5 μM). Samples were analyzed in four independent replicates. 

Seahorse XF Analysis. The assay procedure was previously 
described [12]. Cellular oxygen consumption rates (OCR) were assayed 
with a XF Cell Mito Stress Test Kit, and ATP production rates were 
assayed with a XF Real-Time ATP Rate Assay Kit using a Seahorse XFe96 
Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA). 
Complete Seahorse XF DMEM assay medium was supplemented with 10 

mM glucose, 1 mM pyruvate and 2 mM L-glutamine, at pH 7.4. Mito
chondrial ETC inhibitors were used at the following concentrations: 1.5 
μM oligomycin, 2 μM FCCP, and 0.5 μM of a 1:1 mixture of rotenone and 
antimycin A. Analyses were conducted using Wave software and XF 
Report Generators (Agilent Technologies). The sensor cartridge for the 
XFe analyzer was hydrated overnight at 37 ◦C before the experiment. 
Data were normalized for total protein/well. Each condition was 
analyzed in four independent replicates. For HT22 cells, 2,000 cells/well 
were seeded onto the Seahorse XFe96 plates under normal culture 
condition as described above. The next day, cells were treated with test 
compounds at the desired concentrations and incubated for 16 h. 
Immediately before the assay, the culture medium in the plates was 
replaced with complete Seahorse XF DMEM assay medium. The plates 
were incubated for 1 h at 37 ◦C prior to the XF assay tests according to 
the manufacturer’s instructions. 

Cell Protein Extraction and Quantification. The procedure was 
carried out as described [17]. HT22 cells were washed with ice-cold PBS 
and lysed with cell extraction buffer containing 10 mM Tris, pH 7.4, 100 
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM 
Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% sodium dodecyl sulfate 
(SDS), 0.5% sodium deoxycholate, a protease inhibitor cocktail, and a 
phosphatase inhibitor cocktail followed by centrifugation (14000 g) for 
30 min at 4 ◦C. Concentrations of the harvested proteins were deter
mined by the BCA protein assay according to the manufacturer’s 
instructions. 

Drosophila Stocks and Culturing Conditions. The assay procedure 
has been previously described [18,19]. Briefly, adult wild-type 
Drosophila melanogaster Canton-S and w1118 stock lines were obtained 
from the Bloomington Drosophila Stock Center. For all studies, Canton-S 
females were crossed with w1118 males, to produce and maintain adult 
F1 outcrossed offspring (w1118/+) using established culturing condi
tions, including 25 ◦C, 55–65% humidity, and 12 h:12 h light:dark cycle. 
Male F1 flies were collected 24 h following eclosion using CO2, aged as 
25 flies per vial cohorts and maintained on standard fly media (molasses, 
cornmeal, agar, baker’s yeast) for 1 week. Cohorts were transferred to 
vials containing standard fly media (0.1% ethanol), or defined dosages 
(μM) of compounds (0.1% ethanol). The dosage range for the com
pounds was based on published Drosophila findings [19]. A 5 mg dose for 
adult flies is equivalent to about 16 μmol for the compounds or about 
0.212 μM final concentration for a whole-body human (about 75 kg) 
dose. Fly cohorts were maintained on food containing either CBN (3.0 
μM) or one of the analogs (3.0 μM) for 3 weeks. To confirm palatability, 
flies were weighed 24 and 48 h after being placed on the 
compound-containing food. No significant changes in weight were 
observed compared with non-treated controls. As a further control, flies 
were placed on compound-treated food containing blue dye #1. After 4 
h, 100% of flies had blue intestinal tracts. 

Drosophila Mild Traumatic Brain Injury (mTBI) Model. TBI 
methods used for this study have been previously described [18,19]. 
Briefly, pretreated flies were anesthetized, placed in 2 mL screw cap 
tubes (10 flies/tube), and allowed to recover before being placed in the 
Omni Bead Ruptor-24 homogenizer (Omni International, Kennesaw, 
GA). Adult control and treated flies were pretreated for 3 days with 
different compounds before exposure to 10 mild trauma bouts (mild 
traumatic brain injury [mTBI] 10x, 2.1 m/s) at 1 week of age [19]. 
Following injury, flies were returned to vials containing treated media 
and maintained using standard culturing conditions. The number of 
dead flies was counted starting 48 h following trauma and then 3 times 
weekly for the remainder of the study, and the data were used to 
establish mortality indexes (MI) and longevity profiles. The percentage 
of dead flies described as weekly MI of treated cohorts after mTBI (10x) 
exposure for 1, 2 and 3 weeks was calculated. Data were normalized for 
total flies/cohort. Each condition includes between 110 and 235 flies (n 
= 110–235). 

Statistical Analysis. Data are presented as the mean ± SD or ± SE as 
appropriate. The half maximal effective concentrations (EC50), half 
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maximal inhibitory concentrations (IC50), and half maximal lethal 
concentrations (LC50) were determined from sigmoidal dose response 
curves with four-parameter regression. The data were analyzed using 
one-way ANOVA with Tukey’s multiple comparison post hoc test or 
Student’s t-test as appropriate. P values for the Drosophila lifespan and 
MI were generated with the Fisher’s exact test, with pairwise p-values 
adjusted with the Bonferroni correction. P values less than 0.05 were 
considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001). Analyses were performed using Excel and 
GraphPad Prism. 

3. Results 

3.1. Neuroprotective effects of fragment compounds against oxytosis/ 
ferroptosis 

As shown in Fig. 1, the structure of cannabinoids (CBN, CBD, and 
THC) can be divided into three substructures: a monoterpenoid frag
ment (left unit, LU), a phenol fragment (central unit, CU), and an 
aliphatic chain fragment (right unit, RU). To determine the most active 
and viable substructure(s) responsible for their neuroprotective effects, 
we first assayed the fragment compounds for the inhibition of oxytosis/ 
ferroptosis using two different cytotoxic insults (i.e., glutamate and 
RSL3). Compounds were tested at three different concentrations (1, 10, 
50 μM) in order to cover weak to moderate bioactivities of the frag
ments. CBN, CBD and THC were used as reference compounds. 

As summarized in Table 1, for the left unit (LU) that represents 
cannabinoid-relevant monoterpenoids, none of them at concentrations 
ranging from 1 to 50 μM showed any neuroprotective activity in our 
assays. For the right unit (RU), different linear or branched aliphatic 
hydrocarbon chains (carbon numbers: C4–C9) were examined. As ex
pected, these simple, water insoluble alkanes also showed no protective 
effects in our cell-based assays. Together, these results suggest that, by 
themselves, neither the LU nor the RU fragment of CBN, CBD or THC is a 
viable pharmacophore. 

For the central unit (CU) in which the benzene ring is substituted 
with different numbers and positions of free hydroxyl (-OH) groups, we 
found that in general these simple mono- (i.e., phenol), di- (i.e., resor
cinol, catechol, or hydroquinone) and tri- (i.e., phloroglucinol, pyro
gallol, or hydroxyquinol) hydroxy phenols at concentrations ranging 
from 1 to 50 μM showed limited neuroprotective activity against oxy
tosis/ferroptosis. The exceptions were the diphenols catechol (1,2- 
dihydroxybenzene) and hydroquinone (1,4-dihydroxybenzene) which 
both showed weak neuroprotective activities only at higher concentra
tions (10–50 μM). Nevertheless, the data suggest that the CU fragment 
containing functional antioxidant groups such as aromatic hydroxyls on 
the phytocannabinoids are the potential key pharmacophore required 
for neuroprotection in our cell-based assays. 

To further elaborate the crucial role of the CU in neuroprotection, we 
next screened combinations of substructures in our cell-based assays. 

Both the LU and RU are biologically inactive in our assays. However, 
while the LU is structurally complex (e.g., containing cyclic structures 
and/or stereocenters), the RU is structurally simple (e.g., aliphatic hy
drocarbon chains). Therefore, since it is challenging to readily generate 
a chemical library of diverse combinations of CU + LU for comprehen
sive analyses, combinations of CU + RU are simple and utilize 
commercially available alkylphenols that are more amenable for rapid 
chemical screening. As shown in Table 1, the monophenols substituted 
with linear alkyl groups (C3, C5, and C7) showed no improvement in 
their neuroprotective activity. The diphenols substituted with short, 
linear alkyl groups (from C1 to C3) showed marginal improvements in 
their neuroprotective activity. However, the diphenols with longer, 
linear alkyl chains (from C4 to C7) incrementally increased their neu
roprotective activity. For example, 5-pentyl-1,3-benzenediol (olivetol), 
4-hexylbenzene-1,3-diol (4-hexylresorcinol), 4-butylbenzene-1,2-diol, 
and 2-tert-butylbenzene-1,4-diol showed good to excellent neuro
protective activity at 10–50 μM. 

Biosynthetically, 5-alkylbenzene-1,3-diols (e.g., olivetol) are the 
precursor metabolites of the phytocannabinoids that occur naturally in 
the Cannabis plant [20,21]. We therefore took a closer look at this series 
of fragment compounds and their variants (Table 1). While resorcinol 
(benzene-1,3-diol) tends to gradually increase its neuroprotective ac
tivity as the length of its linear 5-alkyl chain is increased, the neuro
protection seems to reach an optimum when the length of the 5-alkyl 
chain ranges from C5 to C7. Indeed, a much longer aliphatic hydrocar
bon chain like 5-pentadecylresorcinol showed no further improvement 
in neuroprotective activity. Similar results were also seen with the 
bioisosteric variants of 5-alkylbenzene-1,3-diols such as 5-butoxyben
zene-1,3-diol and 5-(pentyloxy)benzene-1,3-diol where the first car
bon atom on the 5-alkyl chain was replaced by an oxygen atom. 
However, the inclusion of a branched 5-alkyl chain such as 5-(1, 
1-dimethylheptyl)resorcinol greatly improved the potency of the com
pound (>50% neuroprotection at 1 μM). 

3.2. Rational design and in silico pharmacokinetic evaluation on the new 
CBN analogs 

Based on the resulting SAR data from the screening of the fragment 
compounds, we designed new CBN analogs by incorporating the CU with 
RU rather than LU on account of desirable bioactivity and synthetic 
accessibility. We selected two resorcinols, olivetol and 5-(1,1-dime
thylheptyl)resorcinol, as the candidate building blocks for the CU + RU. 
In addition, a portion of the LU of CBN was removed with the goal of 
decreasing the molecular weight and lipophilicity of the CBN analogs 
because these two molecular properties are the most important factors in 
influencing the pharmacokinetics and pharmacodynamics of drug can
didates [22–24]. Instead, a simplified version of the benzopyran ring 
system as the LU was designed in order to retain the structural rigidity 
and relevant bioactivity [25,26]. Following our previously reported 
protocol with modifications [12], combinatorial chemistry was then 

Fig. 1. Structural analyses of cannabinoids using a fragment-based drug discovery (FBDD) approach.  
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Table 1 
Neuroprotective activities of compound fragments against inducers of oxytosis/ferroptosis. 
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performed (Fig. 2). A one-step total synthesis through amine-catalyzed 
reactions of resorcinols with α,β-unsaturated aldehydes (i.e., sen
ecialdehyde and crotonaldehyde) resulted in the production of four new 
CBN analogs (CP1 to CP4) in high yields. 

CBN and the new analogs were initially subjected to in silico phar
macokinetic evaluation using the SwissADME tool [14]. As shown in 
Table 2, in general, the new analogs have a smaller molecular weight 
(MW) and lower lipophilicity (MLogP) relative to CBN. They also show 
an improvement in water solubility compared to CBN. Most importantly, 
the four new analogs were predicted to be blood-brain barrier (BBB) 
permeable, which is critical for CNS drug development [27]. 

3.3. Neuroprotective effects of the new CBN analogs against oxytosis/ 
ferroptosis 

Next, we screened the new analogs (CP1 to CP4) along with CBN as a 
reference control in the oxytosis/ferroptosis assays to determine their 
neuroprotective activities against three distinct insults: RSL3 (50 nM), 
glutamate (5 mM), and erastin (500 nM) at subtoxic concentrations 
(based on LC50 values of the insults, see Supplementary Fig. S6). As 
shown in Table 3, the new analogs CP1-CP4 have strong neuroprotective 
effects against RSL3-induced oxytosis/ferroptosis with EC50 values 
ranging from 0.68 to 0.92 μM. These potencies are comparable to that of 

CBN (EC50, 0.69 μM). Similar neuroprotective effects of the new analogs 
were also seen against glutamate- or erastin-induced oxytosis/ferrop
tosis, although their EC50 values of low micromolar levels are somewhat 
higher than those for protection against RSL3 toxicity. Interestingly, 
among the four analogs, CP1 showed the strongest potencies against the 
three insults and its EC50 values are comparable to those of CBN. 

3.4. Neuroprotective effects of the new CBN analogs against intracellular 
amyloid toxicity 

We previously reported that intracellular amyloid toxicity shares 
many pathophysiological characteristics with the oxytosis/ferroptosis 
regulated cell death pathway and CBN is highly protective against 
intracellular amyloid toxicity [11,16]. Thus, we investigated whether 
the new analogs possess similar protective profiles against intracellular 
amyloid toxicity in MC65 cells as compared to CBN. 

As shown in Table 3, the new analogs showed sub-micromolar po
tencies against intracellular amyloid toxicity (EC50s from 31 to 1600 
nM) as compared with CBN (EC50, 14 nM). Consistent with the data from 
the other screens, CP1 (EC50, 31 nM) was the most potent analog in this 
assay. 

Heatmap and symbol representation of % neuroprotection: – (<50%), + (50–60%), ++ (60–75%), +++ (75–85%), 
++++ (85–100%). 
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3.5. Antioxidant effects of the new CBN analogs against oxytosis/ 
ferroptosis 

Activation of the oxytosis/ferroptosis pathway causes an elevation in 
cellular oxidative stress, particularly in mitochondria, where mito
chondrial ROS (mtROS) contribute to the lipid peroxidation (LPO) of 
cellular membranes [9,28,29]. We previously found that CBN is an in
direct antioxidant that activates endogenous antioxidant defenses 
resulting in the maintenance of cellular morphology and strong 

inhibition against the cascade of mitochondrial oxidative stress caused 
by induction of oxytosis/ferroptosis [12]. Hence, we next tested the 
antioxidant parameters (i.e., anti-mtROS and anti-LPO) of the four new 
analogs in comparison with CBN in HT22 cells treated with RSL3. 

As shown in Fig. 3A, microscopic imaging clearly showed that 
treatment with RSL3 (50 nM) led to dramatic changes in cellular 
morphology with large numbers of rounded and shrinking cells present 
as compared to the control group. Cotreatment of RSL3 with 5 μM CBN 
or the individual analogs effectively prevented these morphological al
terations in HT22 cells. 

Further evaluation of the levels of oxidative stress (Fig. 3B) indicated 
that the four analogs of CBN at 5 μM alone did not affect the redox status 
of mitochondria following treatment in HT22 cells. However, the cells 
treated with 50 nM RSL3 showed a significant increase in mtROS in 
comparison to the control cells (p < 0.0001). Treatment with either CBN 
or the different analogs at 5 μM significantly suppressed RSL3-induced 
mtROS production. Quantitative dose-response measurements for the 
four analogs along with CBN (Fig. 3C) indicated that CP1 (IC50, 1.4 μM) 
showed the strongest anti-mtROS effect, similar to that of CBN (IC50, 1.8 
μM), whereas the other three analogs had higher IC50 values ranging 
from 4.0 to 9.2 μM. 

Regarding lipid peroxidation (LPO), the compounds (CBN and CP1- 
CP4) alone tested at 5 μM did not change the LPO levels in control 
HT22 cells (Fig. 3D). However, treatment with the analogs or CBN 

Fig. 2. Scheme for the total synthesis of CP1-CP4.  

Table 2 
Predicted physiochemical properties of CBN and the new analogs.  

Compound MW MLogP TPSA (Å2) HBDs (n.OH,NH) HBAs (n.O,N) Water solubility BBB permeant 

Desired CNS druglikeness ≤360 ≤4.15 ≤90 ≤3 ≤7 soluble yes 
CBN 310 4.23 29.46 1 2 poor yes 
CP1 302 4.17 29.46 1 2 moderate yes 
CP2 288 3.94 29.46 1 2 moderate yes 
CP3 246 3.23 29.46 1 2 moderate yes 
CP4 232 2.98 29.46 1 2 moderate yes 

Desired CNS druglikeness should present as molecular weight (MW) ≤360, calculated partition coefficient (MLogP) ≤4.15, topological polar surface area (TPSA) ≤90, 
number of hydrogen-bond donors (HBDs) ≤3, and number of hydrogen-bond acceptors (HBAs) ≤7 to improve penetration of the blood-brain barrier (BBB). Predictions 
were calculated with the SwissADME tool. For additional information see Supplementary Figures S1–S5. 

Table 3 
Neuroprotective activities of CBN and the new analogs.  

Compound RSL3 (EC50, 
μM) 

Glutamate 
(EC50, μM) 

Erastin 
(EC50, μM) 

Aβ toxicity 
(EC50, nM) 

CBN 0.69 1.9 2.3 14 
CP1 0.68 1.9 2.8 31 
CP2 0.92 2.9 3.4 97 
CP3 0.86 2.6 3.8 144 
CP4 0.83 6.6 8.1 1600 

For all of the insults tested, the EC50s for protection by each of the compounds 
are indicated in the columns. RSL3 (50 nM), glutamate (5 mM), and erastin (500 
nM) were used as oxytotic/ferroptotic insults in the HT22 cells. The Aβ pro
tection assay used MC65 cells. 
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significantly suppressed the RSL3-induced increase in intracellular LPO 
(p < 0.0001), which was similar to the effect of ferrostatin-1 (5 μM), a 
known LPO and oxytosis/ferroptosis inhibitor used as a reference con
trol in our study. Quantitative dose-response measurements of cellular 
LPO levels (Fig. 3E) for the compounds indicated that CP1 (IC50, 0.5 μM) 
and CP3 (IC50, 0.7 μM) are more potent than CBN (IC50, 1.4 μM) at 
preventing RSL3-induced lipid peroxidation, while CP2 (IC50, 2.1 μM) 
and CP4 (IC50, 1.6 μM) are relatively less potent than CBN. 

To examine if the antioxidant effects of the analogs in cells are due to 
their inherent anti-autoxidation activities [30], the compounds at 5 μM 
were further tested in a cell-free, liposome-based assay of lipid peroxi
dation (Fig. 3F and G). Interestingly, unlike CBN that has no direct in
hibition against lipid autoxidation by trapping peroxyl radicals, 
CP1-CP4 have moderate activities as radical-trapping antioxidants 
(RTAs) (ranging from 15 to 30% suppression of LPO relative to the 
control). Among them, CP1 (72% of LPO) and CP3 (71% of LPO) showed 
slightly better inhibitory effects than CP2 (75% of LPO) and CP4 (85% of 
LPO). Conversely, the reference RTA, ferrostatin-1 (5 μM), showed a 
very potent, direct effect against lipid peroxidation (9% of LPO) in the 
cell-free assay. 

Together, the results demonstrate that like CBN, the new analogs are 
very cytoprotective and effective at preventing increases in mtROS and 
LPO in cells induced by an activator of oxytosis/ferroptosis. Addition
ally, distinct from CBN, the analogs exert direct but moderate anti- 
autoxidative action. Furthermore, in these assays looking at both indi
rect and direct inhibition of lipid peroxidation, CP1 stood out as being 
superior to CBN. 

3.6. Mitochondrial modulatory effects of the new CBN analogs against 
oxytosis/ferroptosis 

Previously, we reported that CBN targets mitochondria and modu
lates their function including mitochondrial bioenergetics in cells and 
that this effect of CBN is independent of canonical CB1/CB2 receptor 
signalling [12]. Thus, we wanted to determine if the new CBN analogs 
would also possess similar mitochondrial modulatory effects. Therefore, 
CBN and CP1-CP4 along with the oxytotic/ferroptotic inducer RSL3 
were assayed in the Seahorse XF real-time ATP rate and mitochondrial 
stress assays, which can be used to evaluate the phenotypic changes in 
mitochondrial metabolism upon compound treatment in cells. 

In cells, ATP production is known to involve both mitochondrial 
oxidative phosphorylation (OXPHOS) and cytosolic glycolysis. The 
Seahorse ATP rate assay can be used to study the cellular dependency of 
metabolic phenotypes for ATP production as well as to characterize 
compounds inducing metabolic switches [31–34]. As shown in Fig. 4A, 
in HT22 neuronal cells the four analogs and CBN at 5 μM slightly but 
significantly decreased total ATP production rate to a similar level as 
compared to the control (about 20–28% decrease). In contrast, RSL3 at 
50 nM caused a substantial decrease in total ATP production rate (68% 
decrease). CBN and the four analogs appear to have a much greater 
impact on reducing the rates of glyco-ATP production (40–51% 
decrease) as compared with mito-ATP production (5–20% decrease) 
(Fig. 4B and C), which led to the partial decrease in the total ATP 

production rate in the HT22 cells. RSL3 treatment, however, signifi
cantly reduced both the mito-ATP and glyco-ATP production rates at 
79% and 53%, respectively. 

With regard to the percent contribution of mito-ATP and glyco-ATP 
production rates to the total ATP production rate (Fig. 4D) and as rep
resented by the ATP rate index (a ratio of mito-ATP/glyco-ATP) 
(Fig. 4E), the mito-ATP production rate in the control HT22 cells 
contributed about 59% to the total ATP production rate while in the CBN 
and the analog-treated cells, the mito-ATP production rate contributed 
10–15% more to the total ATP production rate (69–74%). An increase in 
the ATP rate index by CBN and the analogs (p < 0.0001) (Fig. 4E) also 
suggested that they stimulated the cells to rely on a more mitochondrial 
and less glycolytic metabolic phenotype, potentially driving their neu
roprotective functions. In contrast, RSL3-treated cells switched the en
ergy phenotype to become more glycolytic (60%) than OXPHOS- 
dependent (40%) with concomitant impaired total ATP production. 

For the mitochondrial stress test (Fig. 4F and G), HT22 cells treated 
with CBN or the individual analogs showed a small but significant 
decrease in maximal and spare mitochondrial respiration as compared 
with the control cells. Among them, CP1 showed the strongest effect on 
the suppression of maximal/spare OCR. In contrast, the basal respiration 
was not significantly affected by the compounds. To correlate the 
mitochondrial modulatory effects to the neuroprotection against oxy
tosis/ferroptosis, CBN and the best analog, CP1, were further assayed in 
HT22 cells under RSL3 exposure. Pairwise comparisons (Fig. 4H and I) 
illustrated that RSL3 at 50 nM markedly depressed basal, maximal, and 
spare mitochondrial respiration. However, HT22 cells treated with 5 μM 
of CBN or CP1 followed by RSL3 treatment for 16 h showed a mainte
nance of mitochondrial respiration at levels similar to the compound- 
treatment alone. 

Taken together, the Seahorse assay findings indicate that the CBN 
analogs have a similar mechanism of action on mitochondria as the 
parent compound CBN, modulating mitochondrial function and bio
energetic phenotype for neuroprotection within cells. 

3.7. In vivo efficacy of the new CBN analogs in the Drosophila mild 
traumatic brain injury (mTBI) model 

Traumatic brain injury (TBI) is a complicated form of neurological 
disorder, and its pathological processes involve complex fluctuations of 
inflammation and mitochondrial dysfunction in brain cells [18,35]. 
Emerging evidence indicates that TBI is also a risk factor for AD and 
other neurodegenerative diseases [36]. Moreover, recent research re
veals that the negative outcomes after TBI are potentially linked to 
activation of the oxytosis/ferroptosis cell death pathway [37,38]. Thus, 
we used the Drosophila mTBI model to test our analogs in parallel with 
CBN and evaluate their in vivo neuroprotective efficacy. 

As shown in Fig. 5A–C, relative to the control fly cohort (an average 
lifespan of 27.3 days), treatment of flies with 3 μM of CBN or the analogs 
following mTBI (10x) exposure showed a significant, positive impact of 
CBN and CP1 on the promotion of overall longevity of 2.5 days (9.4%, p 
= 0.010) and 3.2 days (11.9%, p = 0.0018), respectively. While not 
significant, a modest impact on longevity was also observed for CP2 

Fig. 3. Antioxidant effects of the new CBN analogs against oxytosis/ferroptosis in HT22 cells. (A) Representative micrographs of HT22 cells following different 
treatments for 16 h: vehicle control, 50 nM RSL3, 50 nM RSL3 + 5 μM CBN, 50 nM RSL3 + 5 μM CP1, 50 nM RSL3 + 5 μM CP2, 50 nM RSL3 + 5 μM CP3, 50 nM RSL3 
+ 5 μM CP4. Micrographs show the representative morphological characteristics of the cell cultures under a given condition of eight independent replicates. Scale 
bar = 200 μm. (B) Mitochondrial ROS levels following different treatments of the cells for 16 h. Data were normalized to total protein/well and are the mean of four 
independent replicates per condition ± SD. (C) Dose-response inhibitory curves and IC50 values of the compounds against RSL3-induced mitoROS. 50 nM of RSL3 
treated in cells. Data are the mean of four independent replicates per condition ± SD. (D) Cellular lipid peroxidation levels following different treatments of the cells 
for 16 h. Data were normalized to total protein/well and are the mean of four independent replicates per condition ± SD. (E) Dose-response inhibitory curves and 
IC50 values of the compounds against RSL3-induced LPO. 50 nM of RSL3 treated in cells. Data are the mean of four independent replicates per condition ± SD. (F) 
Time course of lipid peroxidation levels following different treatment conditions in a cell-free system. 5 μM of compounds tested. Data are the mean of four in
dependent replicates per condition ± SD. (G) Quantitative analysis of the cell-free LPO levels (area under the curve). Data are the mean of four independent replicates 
per condition ±SD. All data were analyzed by one-way ANOVA with Tukey’s multiple comparison test. ****p < 0.0001 relative to vehicle control; ####p < 0.0001 
relative to the 50 nM RSL3 treatment; ns, not significant. 
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(4.3%), CP3 (2.3%) and CP4 (1.1%) treated cohorts (3 μM dosage). The 
weekly death counts (Fig. 5D) also revealed a positive trend in that CBN 
and the analogs helped to decrease the fly mortality although the effects 
were not initially significant in the first two weeks. By 3 weeks post- 
mTBI, approximately 70% of the vehicle-treated control flies were 
dead (MI− 3week). In contrast, all of the treatment cohorts showed a 

decrease in mortality that ranged from 49.5 to 67.3% MI− 3week. This 
decrease was significant for the CP1-treated cohort where the MI− 3week 

went from 70.2% to 49.5% (p = 0.0043). The protective effects of CBN 
(MI− 3week, 60.5%) and CP4 (MI− 3week, 61.9%) treatments against mTBI- 
induced mortality were also notable, although not statistically signifi
cant, while CP2 (MI− 3week, 66.7%) and CP3 (MI− 3week, 67.3%) 

Fig. 4. Mitochondrial modulatory effects of the new CBN analogs. (A) Total ATP production rate, (B) mito-ATP production rate, and (C) glyco-ATP production rate in 
HT22 cells after the different treatments for 16 h. 5 μM of compounds or 50 nM of RSL3 treated in cells. Data were normalized to total protein/well and are the mean 
of four independent replicates per condition ± SD. (D) Relative contribution of ATP production from oxidative phosphorylation (OXPHOS) and glycolysis to total 
ATP production in HT22 cells. Data are the mean of four independent replicates per condition ± SD. (E) ATP rate index. Dotted line depicts the control level. Data are 
the mean of four independent replicates per condition ± SD. (F) Mitochondrial oxygen consumption rate (OCR) profiles in HT22 cells in control and compound 
treated cells at 16 h. 5 μM of compounds treated in cells. Data were normalized to total protein/well and are the mean of four independent replicates per condition ±
SD. (G) Graph showing basal respiration, maximal respiration, and spare respiration in control and compound treated HT22 cells. Data are the mean of four in
dependent replicates per condition ± SD. (H) Mitochondrial oxygen consumption rate (OCR) profiles in HT22 cells in control and compound treated cells after RSL3 
exposure at 16 h. 5 μM of compounds or 50 nM of RSL3 treated in cells. Data were normalized to total protein/well and are the mean of four independent replicates 
per condition ± SD. (I) Graph showing basal respiration, maximal respiration, and spare respiration in control and compound treated HT22 cells. Data are the mean 
of four independent replicates per condition ±SD. All data were analyzed by one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 relative to vehicle control; ###p < 0.001, ####p < 0.0001 relative to the 50 nM RSL3 treatment; ns, not significant. 

Fig. 5. Longevity and mortality profiles of CBN and analog-treated flies following mTBI (10x) exposure. (A) Treatment and mTBI study timeline. (B) Kaplan-Meier 
survival profiles for each fly cohort following mTBI exposure. (C) Average lifespan profiles for each fly cohort. 3 μM of compounds treated in flies. Data are the mean 
of 110–235 flies per condition ± SE. (D) The percentage of dead flies or mortality index (MI) was calculated for the different fly cohorts at 1 week, 2 weeks, and 3 
weeks following mTBI (10x) exposure. 3 μM of compounds treated in flies. Data were normalized to total flies/cohort and are the mean of 110–235 flies per condition 
±SE. For additional information see Supplementary Tables S1–2. Value comparisons were analyzed using one-way ANOVA with Tukey’s multiple comparison test. 
**p < 0.01 relative to vehicle control; ns, not significant. 
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treatments had marginal, positive effects on in vivo trauma responses. 
Overall, the Drosophila mTBI studies demonstrate the in vivo beneficial 
effects of the new analogs, where not only was CP1 the best of the an
alogs but was also more efficacious than the parent compound, CBN. 

4. Discussion 

Oxytosis/ferroptosis is a novel form of regulated cell death that has 
gained increasing attention due to its possible involvement in many 
neurological disorders [8,9,39]. In our continued efforts to identify 
natural product-based inhibitors of oxytosis/ferroptosis [11,15,40,41], 
we recently screened a large number of natural and synthetic cannabi
noids using our cell-based phenotypic assays [11] and found that the 
non-psychoactive phytocannabinoid, cannabinol (CBN), is highly neu
roprotective [11,12]. CBN showed sub-low micromolar potency (EC50) 
against different inducers of oxytosis/ferroptosis and it appeared to do 
so by modulating multiple aspects of mitochondrial function [12]. In 
addition, CBN has positive CNS druglike properties (MW = 310, MLogP 
= 4.23, PSA = 29.46, HBD = 1, HBA = 2) along with good safety and 
pharmacokinetic profiles in humans [42–44]. These findings indicate 
that CBN has promise as a drug lead for the treatment of neurological 
disorders. However, from a medicinal chemistry point of view, there 
remain multiple questions pertaining to the structural requirements and 
chemical space of CBN necessary for the inhibition of oxy
tosis/ferroptosis. This information is critical for the rational design of 
new CBN analogs with improved potency and CNS druglikeness [23]. 

In the present study, we used a fragment-based method to system
atically analyze the SAR of CBN [13]. For this analysis, the structure of 
CBN was divided into three basic fragment units: a monoterpenoid 
fragment (left unit, LU), a phenol fragment (central unit, CU), and an 
aliphatic chain fragment (right unit, RU) (Fig. 1). A series of fragments 
with different variants of the basic substructures were first screened in 
our cell-based phenotypic assays for protection against oxy
tosis/ferroptosis. Our results (Table 1) clearly showed that neither the 
LU nor the RU alone is a bioactive pharmacophore of CBN. In contrast, 
the CU with functional antioxidant groups such as aromatic hydroxyls 
showed modest neuroprotection in a dose-dependent manner in our 
biological assays. Moreover, by attaching a RU to the CU we were able to 
significantly increase the potency of this fragment against oxy
tosis/ferroptosis. Thus, the overall SAR analysis indicated that the CU is 
a critical pharmacophoric element of CBN. Because the RU is a lipo
philic, long-chain hydrocarbon, its addition to a CU likely facilitates the 
improvement of compound potency by incrementally increasing cell 
membrane permeability and improving the physiochemical properties 
of the compound. However, the SAR study was limited owing to the 
synthetic accessibility for combinations of LU and CU, and it is possible 
that the LU due to its lipophilic, cyclic nature could also modulate the 
potency of the compounds. The contribution of the LU to SAR deserves 
further study. 

Based on the SAR information on CBN from the FBDD method, we 
therefore designed and synthesized four new analogs, CP1 to CP4 
(Fig. 2). The structure of the newly designed analogs contains the CU +
RU derived from either olivetol or 5-(1,1-dimethylheptyl)resorcinol, the 
two best 5-alkylbenzene-1,3-diols identified in the screening of fragment 
compounds (Table 1). In addition, a simplified version of the benzo
pyran ring system was included as the LU in order to retain the structural 
rigidity and relevant bioactivity of CBN [25,26]. In silico pharmacoki
netic evaluation with the SwissADME tool suggested that these four 
analogs generally possess better CNS druglike properties than CBN in 
terms of smaller molecular weights, a better balance of lip
ophilicity/hydrophilicity and BBB permeability (Table 2). The four CBN 
analogs also showed strong neuroprotection in our cell-based models 
against RSL3-, glutamate-, erastin- and Aβ-induced oxytosis/ferroptosis. 
(Table 3). Among them, CP1 is the best with EC50 values ranging from 
31 nM to 2.8 μM in the different neuroprotection assays. These potencies 
are comparable to those of the parent compound CBN. These analogs, 

particularly CP1, also effectively prevented changes in cellular 
morphology and suppressed markers of cellular oxidative stress (i.e., 
mtROS and LPO) seen following induction of oxytosis/ferroptosis 
(Fig. 3). Importantly, CP1 (IC50, 0.5 μM) is more potent than CBN (IC50, 
1.4 μM) against cellular LPO. Furthermore, distinct from CBN, the four 
analogs are moderate radical-trapping antioxidants (RTAs) although 
their activities are much lower than ferrostatin-1, a known RTA, which 
was tested at the same concentration in the cell-free assay for inhibition 
of LPO. Collectively, the data suggest that the new analogs might have 
synergistic mechanisms by which they both indirectly and directly 
inhibit RSL3-induced lipid peroxidation, potentially expanding their 
overall anti-oxytotic/ferroptotic effects. 

Notably, the superior potencies of CP1 to the other three analogs are 
plausibly due to the subtle but critical differences in their chemical 
structures (Fig. 2 and Table 3). Although all four analogs are structurally 
similar, CP1 contains a 2,2-dimethyl-2H-pyran group and a 1,1-dime
thylheptyl group on its LU and RU, respectively. These two branched 
dimethyl groups could serve as molecular anchors into cytoplasmic/ 
mitochondrial membranes, thereby potentially improving its target 
engagement for neuroprotection against oxytosis/ferroptosis. In 
contrast, CP2 with a 2-methyl-2H-pyran group on the LU appears to 
have a slightly decreased potency. On the other hand, while CP3 retains 
a 2,2-dimethyl-2H-pyran group on the LU, replacement with a linear 
pentyl group on the RU of CP3 also results in a small decrease in potency 
relative to CP1. Consistent with these observations, CP4, without either 
branched dimethyl group, is the least potent analog. 

Previously we showed that the neuroprotective effects of CBN 
against oxytosis/ferroptosis were dependent on the modulation of 
mitochondrial function. We found that all four CBN analogs also 
appeared to modulate mitochondria and their metabolic phenotypes in 
cells (Fig. 4). Similar to CBN, they slightly dampened mitochondrial 
oxygen consumption (i.e., maximal/spare OCR and total ATP produc
tion rate) but proportionally enhanced the mitochondrial OXPHOS de
pendency for ATP production. On the contrary, the oxytotic/ferroptotic 
inducer, RSL3, substantially diminished mitochondrial oxygen con
sumption and switched the cells to be primarily glycolytic. This shift in 
ATP generation between OXPHOS and glycolysis as well as the restor
ative effect of mitochondrial respiration against RSL3 upon treatment 
with CBN and the new analogs further supports a potential mode of 
action in terms of mitochondrial modulation and cellular bioenergetics 
[32–34]. By correlating with their antioxidant effects (Fig. 3), it is 
conceivable that these analogs partially reduce mitochondrial respira
tion and at the same time suppress aberrant mitochondrial ROS pro
duction which consequently protect cells from ROS-mediated toxic lipid 
peroxidation and oxytosis/ferroptosis. Our results highlight the role of 
mitochondrial OXPHOS as an energy supplier for cell protection. 

Traumatic brain injury (TBI) reflects an acute form of brain 
dysfunction caused by external forces to the head. In multiple models, 
TBI leads to elevated oxidative stress, lipid peroxidation, autophagic/ 
lysosomal and mitochondrial dysfunction in brain cells as well as 
increased levels of inflammation, with downstream effects including the 
loss of axonal connections and eventually nerve cell death [35,45]. 
Epidemiological studies have consistently linked head trauma to a 
greater risk for AD and related dementias [36,46]. Interestingly, current 
evidence suggests a possible role for oxytosis/ferroptosis in TBI pa
thology and there is growing evidence that inhibition of oxy
tosis/ferroptosis can help to alleviate the long-term outcomes of TBI [38, 
39]. 

Drosophila melanogaster (fruit flies) have emerged as an excellent 
model organism for studying the mechanisms underpinning a range of 
neurodegenerative and neurological disorders [47,48]. As 
non-mammalian models, they have some limitations as well as enor
mous values in early biomedical research [49,50]. We recently reported 
that using our Drosophila model of mild traumatic brain injury (mTBI), 
phytocannabinoids, including cannabidiol (CBD) and Δ9-tetrahydro
cannabinol (THC), were also neuroprotective [18,19]. Together, the 
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Drosophila mTBI model can serve as a rapid, inexpensive, and highly 
effective tool to screen and evaluate the in vivo therapeutic potential of 
additional, cannabinoid-based compounds under conditions of acute 
and protracted neural stress. Here, we assayed CBN and its analogs using 
the Drosophila mTBI model to further assess their in vivo pharmacolog
ical efficacy. Over the entirety of 50-day study, none of the treatments 
exacerbated mortality rates. Instead, they showed varying degrees 
promoted longevity and reduced the overall MI profiles of traumatized 
flies (Fig. 5). One of the analogs, CP1, showed a significant enhancement 
of beneficial effects for adult fly cohorts following mTBI exposure. These 
in vivo results are consistent with the in vitro data that CP1 was the most 
efficacious of the four analogs in cell culture studies. Importantly, the 
trauma assay indicated that CP1 was more effective than CBN, while the 
two compounds had very similar profiles in cell-based assays. The 
improved activity of CP1 in fly trauma studies could reflect multiple 
whole animal features associated with pharmacokinetics such as drug 
absorption, distribution and metabolism that are not a part of the cell 
culture models of oxytosis/ferroptosis. Moreover, the increase in the 
LPO inhibition of CP1 (Fig. 3) could also contribute to its enhanced 
protection in mTBI flies. Thus, these results indicate that a combination 
of in vitro cell-based analyses and rapid in vivo studies using fly models of 
neurological disorders is a highly effective approach for evaluating new 
potential therapeutic compounds in the early-stage drug discovery. 
Nonetheless, the differences in drug pharmacokinetics between flies and 
humans necessitate further validation in mammals. 

5. Conclusions 

In the present study, we harnessed a fragment-based drug discovery 
(FBDD) strategy and generated small molecule libraries comprising the 
chemical scaffolds that are characteristic of CBN and related phyto
cannabinoids. We systematically screened these fragment chemicals 
using cell-based phenotypic assays that identify protective effects 
against oxytosis/ferroptosis and used these results to determine the 
structure-activity relationship (SAR) of the individual compounds. 
These data provided fundamental knowledge about the contribution of 
different chemical structures and functional groups to the anti-oxytotic/ 
ferroptotic activity of cannabinoids. Based on this information, we 
developed four new CBN analogs that contain key pharmacophores 
associated with neuroprotection and have improved CNS druglike 
properties. We subsequently demonstrated that the analogs possess 
potent neuroprotective activity against oxytosis/ferroptosis by inhibit
ing lipid peroxidation and mitochondrial ROS, and modulating mito
chondrial function in cultured neuronal cell models. Furthermore, we 
assessed the in vivo efficacies of the compounds using a Drosophila mTBI 
model, where one of the four analogs, CP1, was particularly effective. 
The insights from the FBDD strategy and SAR information unveiled 
general principles for the rational design of small molecule inhibitors 
based on CBN for targeting oxytosis/ferroptosis. In addition, the new 
CBN analogs offer starting points for the development of additional 
cannabinoid-based drug candidates to treat neurological disorders and 
metabolic diseases, including cancer, associated with mitochondrial 
dysfunction. Future studies on the pharmacokinetics and efficacy of the 
CBN analogs, particularly CP1, using mammalian models of neurolog
ical disorders appear warranted. 
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