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ABSTRACT

Barth Syndrome (BTHS) is a debilitating X-linked genetic disorder caused by mutations in the gene encoding TAFAZZIN, an en-
zyme responsible for the remodeling of cardiolipin. While cyclic neutropenia is a well-recognized immunological feature of this
disease, emerging evidence suggests that lymphopenia may also occur. The objective of this study was to examine the effects of
cannabidiol (CBD) on growth, cardiolipin content, and mitochondrial abnormalities in BTHS patient-derived B-lymphoblastoid
cells. CBD (1 uM) restored the growth of BTHS B-lymphoblastoids to healthy control levels, but did not alter cell cycle distribution
or sub-Gl1 cell populations, which surprisingly also did not differ from healthy control B-lymphoblastoids. CBD treatment also
fully restored the total cellular cardiolipin concentration and reversed the elevation in monolysocardiolipin/cardiolipin ratio in
BTHS B-lymphoblastoids to healthy cell levels, but did not restore the cardiolipin fatty acyl composition. Assessment of mito-
chondrial markers suggested that increased cardiolipin did not result from increased mitochondrial content. This improvement
in cardiolipin concentration was associated with a significant increase in the maximal coupled state III respiration of BTHS
B-lymphoblastoids, with all five tested BTHS donors exhibiting increased mitochondrial membrane potential following CBD
treatment. CBD fully reversed the deficit in succinate dehydrogenase subunit A in BTHS cells, and partially reversed deficits in
cytochrome c oxidase subunits I and IV, and partially restored supercomplex I/1I1, levels, but did not rescue I/II1,/IV levels. This

work suggested a potential role for CBD as a therapeutic in BTHS B-lymphopenia that merits further investigation.

1 | Introduction

Barth Syndrome (BTHS) is an ultra-rare X-linked reces-
sive disorder that affects approximately 1 in every 300000 to
400000 live births, with only 230-250 cases reported world-
wide [1, 2]. The disease appears to have arisen spontaneously
multiple times, with more than 200 reported unique mutations
within the TAFAZZIN gene identified among the clinical popu-
lation, encoding for dysfunctional TAFAZZIN proteins [3]. Loss
of enzyme activity of TAFAZZIN results in the impaired fatty
acyl side chain remodeling of newly synthesized nascent cardi-
olipin into the mature and tissue-specific form that is needed

to maintain proper cellular function [4-6]. As a consequence,
TAFAZZIN-deficient cells and tissues have reduced endogenous
cardiolipin levels [7, 8], and much has been learned about the role
of this specialized lipid from their study. For example, decreases
in cardiolipin content in TAFAZZIN-deficient cells and tissues
are linked to mitochondrial dysfunction caused by abnormal
cristae alignment, decreased electron transport chain (ETC) ca-
pacity, and dysregulated mitochondrial dynamics [4, 9-12].

Tissues and cells with higher energetic demands are often more
affected in BTHS, including the heart, the skeletal muscle, and the
immune system [13-15]. While research on immune dysfunction
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in BTHS has primarily focused on the etiology and treatment
of neutropenia as a prominent clinical feature of the syndrome
[16-20], more recent studies have suggested that generalized
impairments in the adaptive immune system are also common
[21, 22]. For example, Corrado et al. (2020) analyzed the periph-
eral blood mononuclear cells (PBMCs) from adolescent BTHS pa-
tients and found lower levels of CD8+ T lymphocytes, as well as
a lower percentage of CD8+ cells producing interferon-y, a pro-
inflammatory cytokine critical for induction and modulation of
both innate and adaptive immune responses [21]. Additionally,
in a case report by Kudlaty et al. (2022), a 2-month-old male
BTHS patient experiencing repeated bouts of bacterial and viral
infections was found to have both persistent neutropenia and B
cell lymphopenia, with resultant hypogammaglobulinemia [23].
Impaired adaptive immune function in TAFAZZIN deficiency
therefore warrants more detailed investigation.

In light of this, previous work from our group has identified a
reduction in the growth of B-lymphoblastoid cell populations de-
rived from patients with BTHS when compared to those derived
from healthy sex- and age-matched control donors [11]. In that re-
port, the treatment effects of an endocannabinoid-like compound,
oleoylethanolamide (OEA), were also investigated, and a benefi-
cial effect on cell growth was observed, with approximately half
of the gap in cell numbers being closed after 4days of culture [11].
Additional study demonstrated that OEA significantly reversed
impairments in mitochondrial dynamics and reduced the per-
centage of abnormally large mitochondria, indicating functionally
relevant benefits [11]. However, while promising, OEA treatment
did not significantly improve the content or composition of cardi-
olipin [11]. Furthermore, OEA also reportedly possesses anorexi-
genic properties when used as a nutraceutical, which could limit
its utility in the clinical BTHS population where gastrointestinal
symptoms are common [11, 24]. Thus, we changed our focus to
the investigation of alternative related compounds that could pro-
vide a more favorable safety profile and potentially a more com-
plete rescue of cellular and mitochondrial parameters.

In the current work, we investigate effects of cannabidiol (CBD)
on BTHS B-lymphoblastoid cells. CBD, a phytocannabinoid de-
rived from the Cannabis sativa plant, was first isolated from a
strain of hemp in the 1940s [25, 26]. More recently, it has emerged
as a promising therapeutic compound with a wide range of bio-
logical effects, including an ability to influence numerous mito-
chondrial functions (e.g., calcium homeostasis, apoptosis, ETC
activity, biogenesis, network dynamics, etc.) [27]. Due to the cen-
tral role of mitochondria in energy production and cellular health,
dysfunction associated with this organelle has been implicated in
awide variety of diseases including neurodegenerative disorders,
cardiovascular conditions, diabetes, and several cancers [27-29].
A greater understanding of the impact of CBD on mitochondrial
function is therefore relevant to many conditions, in addition to
BTHS, as well as to normal health.

2 | Materials and Methods
2.1 | Materials

High purity CBD (Product #1SO60156, certified reference ma-
terial, analytical purity >98.5%) was obtained from Cayman

Chemical Company (Ann Arbor, MI, USA). Epstein-Barr virus
transformed B-lymphoblastoid cells derived from five male
subjects with BTHS and five age- and sex-matched apparently
healthy individuals were obtained from the Coriell Institute for
Medical Research (Camden, NJ, USA) under a material trans-
fer agreement with the University of Waterloo. Specific patient
characteristics can be found in Table 1. Ethical approval for the
use of these cells was received from the University of Waterloo
Research Ethics Board (Protocol #40551). Unless otherwise
stated, all other reagents were from Thermo Fisher Scientific
(Waltham, MA, USA).

2.2 | Cell Culture

Cells were routinely subcultured in suspension in T25 vented-
cap flasks, in Roswell Park Memorial Institute (RPMI) medium
(Wisent Bioproducts, Saint-John Baptiste, QC, Canada) supple-
mented with 10% fetal bovine serum (Gibco, Waltham, MA,
USA) with 1% penicillin-streptomycin (Gibco, Waltham, MA,
USA) at 37°C in a 5% CO, environment. For all experiments,
cells were initially seeded at a density of 1.2 x 10° cells per flask
in RPMI with 10% charcoal-stripped fetal bovine serum and
1% penicillin-streptomycin and then treated with 1uM con-
centrations of CBD (Cayman Chemical, Ann Arbor, MI; >98%
purity) or vehicle alone (0.1% ethanol final concentration) for
the number of days indicated. Pharmacokinetic studies indi-
cate that dosing in humans results in blood concentrations that
range from the nanomolar range to 2-3uM [27], and therefore
a 1uM concentration was chosen based on pharmacological
relevance.

2.3 | Cell Growth

For the assessment of total cell numbers, cells were first gen-
tly mixed in suspension by pipetting with a 10mL pipette, and
then samples were manually counted using a hemacytometer.
Counting was conducted every 24 h starting from day zero, over
a period of 4days [11].

TABLE1 | Characteristics of individual BTHS and healthy donors.

CelllineID Sex Age (years) Mutation type
GM22192 Male 10 Missense (p.R94C)
GM22163 Male 9 Frameshift (p.
Gly58AlafsX25)
GM22193 Male 10 Nonsense (p.L166X)
GM22150 Male 7 Nonsense (p-W79X)
GM22194 Male 9 Deletion of G4.5
AG15022 Male 10 Apparently healthy
AG14731 Male 8 Apparently healthy
AG14948 Male 10 Apparently healthy
AG14750 Male 9 Apparently healthy
AG14947 Male 10 Apparently healthy
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2.4 | Flow Cytometry

Flow cytometry experiments were performed as previously
described [30]. After 2days of treatment, BTHS and healthy
B-lymphoblastoids were washed three times with phosphate
buffered saline (PBS) and then fixed in 1 mL of ice-cold 70%
ethanol and stored at 4°C for 24h. For cell cycle analysis,
fixed cells were then pelleted, washed twice more with PBS,
and incubated with RNase A (20ug/mL) and propidium io-
dide (50pug/mL) for 30min at room temperature. Propidium
iodide was excited with a 488nm laser and fluorescence
was collected in the FL2 channel (585/42nm bandpass fil-
ter). Events were gated on forward scatter vs. side scatter
to exclude debris and DNA-content histograms of FL2-H
(linear scale) were analyzed to determine sub-G1, G1, S, and
G2/M phase distributions, expressed as a percentage of gated
events.

For mitochondrial membrane potential measurements, live
cells were incubated with 50nM tetramethylrhodamine ethyl
ester (TMRE; Sigma, Cat# 87917) in PBS containing 1g/mL
glucose at 37°C for 30min in the dark. Prior to acquisition,
cells were gently resuspended to ensure a uniform single-cell
suspension. Events were gated on forward scatter vs. side scat-
ter to exclude debris and the gated lymphoblast population
was used directly for analysis as cells remained in a uniform
suspension with minimal aggregation. TMRE signal intensity
was quantified as the mean fluorescence intensity of gated
cells (FL2 channel; 585/42nm bandpass filter), reflecting
relative mitochondrial membrane potential. Flow cytometry
was performed on a FACSCalibur system (BD Biosciences),
and data were analyzed using CellQuest Pro software (BD
Biosciences).

2.5 | Mitochondrial Respirometry

Oxygen consumption measurements were conducted using the
O2K-FluoRespirometer (Oroboros Instruments). After 4days of
treatment, BTHS and healthy B-lymphoblastoids were counted
using a hemacytometer, and approximately two million cells
were transferred to a respirometry chamber containing 2mL of
respiration buffer (105mMK-MES, 1mM EGTA, 5mM MgCl,,
30mM KCl, 10mM KH,PO,, and 5mg/mL BSA; pH7.1), supple-
mented with 10uM Amplex Red, 5U/mL horseradish peroxidase,
and 0.5U/mL superoxide dismutase. To permeabilize the cells,
digitonin (25ug/mL final concentration) was introduced at the
outset of the experiment.

Measures of oxygen consumption started with the sequen-
tial addition of mitochondrial substrates, including pyruvate
(5mM), malate (0.5mM), and glutamate (10mM) to examine
Complex I (CI)-mediated leak respiration (State 2—Complex
I). Next, succinate (10 mM) was added to evaluate Complex II
(CII) leak respiration (State 2—Complex I+1I), followed by
ADP (2500 uM) to induce maximal coupled respiration (State
3). Finally, Cytochrome C (Cyt ¢) (10uM) was introduced into
the chamber to assess mitochondrial outer membrane integ-
rity. All procedures were completed within 1h to preserve cell
viability.

2.6 | Thin Layer Chromatography—Gas
Chromatography

The isolation and analysis of cardiolipin was performed essen-
tially as we have previously described [11]. Following 4days
of CBD treatment, BTHS and healthy B-lymphoblastoids were
pelleted, washed three times with PBS, and homogenized in
1mL of PBS using a TissueLyser II for 2min at a frequency of
25Hz. Total lipids were extracted from the homogenized sam-
ple using a 3.75mL chloroform and methanol mixture (1:2, v:v)
[31]. Subsequently, 1.25mL of chloroform and 1.25mL of ddH,0
were added to the sample, vortexed, and centrifuged at 1734g
for 5min. The lower organic phase was carefully collected and
dried under a stream of nitrogen gas.

To isolate individual phospholipid species, the organic phase was
reconstituted in chloroform and applied to a Silica Gel HF plate
measuring 20 X 20cm with a layer thickness of 250 um (Analtech
Inc., Cole-Parmer Canada, Montreal, QC, Canada), and resolved
by thin-layer chromatography using a solvent system contain-
ing chloroform:methanol:2-propanol:0.25% KCl:trimethylamine
(30:9:25:6:18, Vv/v/v/v/v), also as previously described [32].
Phospholipid bands were visualized using UV illumination
after a spray with 0.1% 2,7-dichlorofluorescein in methanol, and
identified by comparison with known standards (Avanti Polar
Lipids, Millipore Sigma, Mississauga, ON, Canada). The bands
corresponding to cardiolipin and monolysocardiolipin (MLCL)
were scraped for gas chromatography (GC) analysis.

Fatty acids within cardiolipin and MLCL were esterified to fatty
acid methyl esters on a heating block for 1h at 95°C using 14%
boron trifluoride in methanol and hexane, with nonadecanoic
acid (19:0) as an internal standard (Nu-Chek Prep, Elysian, MN,
USA) [33]. After esterification, each of the samples was centri-
fuged at 3000 rpm for 5min, and the hexane layer was extracted
into a new glass tube and dried under nitrogen gas, followed by a
subsequent reconstitution in heptane. GC with flame ionization
detection (Scion Instruments Canada, Edmonton, AB, Canada)
was performed as described in detail previously [34]. In brief, the
gas chromatograph was equipped with a DB-FFAP (15m length
X 0.10mm inner diameter X 0.10 um film thickness) nitrotereph-
thalic acid-modified polyethylene glycol capillary column (J&W
Scientific/Agilent Technologies, Mississauga, ON, Canada) with
hydrogen as the carrier gas and temperature ramping to opti-
mize resolution of each fatty acid.

The fatty acid composition data was expressed both as relative
mass percentages, representing the proportionate mass of each
fatty acid within the total mass of fatty acids analyzed, and as
concentrations showing the mass of fatty acids in the cardiolipin
fraction normalized per mg of protein in cell pellets. Total car-
diolipin fatty acid mass normalized to cell protein was used as a
proxy for the total amount of cardiolipin in a sample.

2.7 | Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR)

Following 4days of treatment, the cells were harvested, and
RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad,
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CA) as we have previously described [32]. Next, a High-Capacity
complementary DNA (cDNA) Reverse Transcription Kit was
used to reverse transcribe the RNA samples into cDNA, essen-
tially as described in the manufacturer's instructions (Applied
Biosystems, Waltham, MA, USA). Briefly, 2pug RNA in 10uL
ddH,O was added to 10 uL of a reverse-transcription master mix
containing 2 uL of 10x RT buffer, 0.8 uL of ANTP mix (100nM),
2uL of random hexamer primers, 1 uL of Reverse Transcriptase,
and 4.2uL of ddH,0 in a thin-walled 96-well plate, and incu-
bated in a T100 Thermocycler (Bio-Rad, Hercules, CA) under
the following conditions: 25°C for 12min, 37°C for 120 min, and
85°C for 5min, followed by a hold at 4°C until storage at —20°C.

For quantitative polymerase chain reaction (QPCR) assays, 1 uL
of cDNA was added to a 96-well thin-walled plate containing
5uL PerfeCTa SYBR Green (QuantaBio, Beverly, MA, USA)
master mix, 1L each of forward and reverse primers (25uM
in ddH,0), and 3L of ddH,0. Primer sequences used in gPCR
analyses are listed in Table S1. Samples were run in the CFX-96
Connect Real-Time PCR Detection System (BioRad, Hercules,
CA) with cycling conditions set at 95°C for 2min, followed by
49cycles of 95°C for 10s and 60°C for 20s. Relative gene expres-
sion levels were calculated using the AACt method, with the Ct
values normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a loading control.

2.8 | Imaging Flow Cytometry

Analysis of mitochondrial mass was determined using flow cy-
tometry as described previously [35, 36]. Cells were pelleted by
centrifugation at 300g for 5min, and the resulting pellets were
resuspended in 200puL of PBS containing 50nM MitoTracker
Green FM Dye and 1 mg/mL glucose. Cell samples were gently
agitated and incubated for 30min at 37°C. Subsequently, cell
samples were centrifuged and resuspended in PBS containing
1mg/mL glucose and were stored at 37°C until analysis.

Cell images were acquired at 60X magnification using an
ImagestreamX MK II cytometer (Cytek Biosciences, Fremont,
CA) equipped with 488 and 785nm excitation lasers, which
were set to 30 and 188 W, respectively. Channels-1, -2 and -5
were set to brightfield illumination, green filter, and side scat-
ter, respectively. Analysis was conducted using the IDEAS 6.2
software. Sample gating was based on (1) intermediate area
against high aspect ratio to select for single cells, (2) high gra-
dient root mean squared to select for focused cells, (3) a median
raw centroid X value to select for cells centered in the image,
and (4) MitoTracker emission intensity against area to select for
stained cells. This selected pool of cells was analyzed for cellular
area using the area function on the brightfield channel (Cho01),
and spot area using the spot area function on the green emis-
sion channel (Ch02). The mean spot area was normalized to the
mean cellular area to determine the mean percentage mitochon-
drial area.

2.9 | Immunoblotting

Western blotting analysis was performed as previously de-
scribed, with minor modifications [37]. Cells were collected

on day four into 50mL Falcon tubes and centrifuged at 1000g
for 5min. The supernatant was removed, and samples were
washed three times with PBS. After the final wash, protein
lysates were prepared by suspending the cell pellet in RIPA
buffer (50mM Tris-HCI, pH8.0; 150mM NaCl, 1% Nonidet P-
40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented
with 10uL/mL of protease/phosphatase inhibitor cocktail (Cell
Signaling, Beverly, MA), and protein concentrations were de-
termined using bicinchoninic acid assay. Samples were mixed
with 5uL of 4x Laemmli Buffer and heated to 95°C for 5min,
followed by electrophoresis through 10% SDS-PAGE TGX Stain-
Free FastCast gels (Bio-Rad Canada) at 120V for 1h. Transfer
onto polyvinylidene fluoride (PVDF) membranes was achieved
using a Bio-Rad Trans-Blot Turbo system set at 25V for 30 min.
Subsequently, the membranes were blocked with 5% BSA in
Tris-buffered saline with Tween 20 (TBST) for 1h at room tem-
perature, then incubated overnight at 2°C in TBST containing
5% BSA and primary antibodies (1:1000 dilution) obtained from
Cell Signaling Technology (Beverly, MA, USA). After three
washes with TBST, the membranes were incubated with TBST
containing HRP-conjugated secondary antibodies (1:2000 dilu-
tion) and 5% BSA for 1h at room temperature, followed by three
10 min washes with TBST. Finally, membranes were placed in
1mL of LumiGLO for 1min, and bands were detected using a
ChemiDOC Touch Imaging System (Bio-Rad Canada). Protein
bands were normalized to total loaded protein that was imaged
in TGX Stain-Free gels, which cause proteins to fluoresce when
placed under UV trans-illumination. Relative protein levels
were detected using Image Lab software (Bio-Rad Canada).

2.10 | Blue Native Polyacrylamide Gel
Electrophoresis (BN-PAGE)

Mitochondrial isolation was performed as previously de-
scribed [12]. Briefly, BTHS and healthy B-lymphoblastoids
were treated with vehicle or 1uM CBD for 3days, then har-
vested and washed three times with PBS, and resuspended
in a 1mL mitochondrial isolation buffer containing 20mM
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (pH?7.6),
220mM mannitol, 70mM sucrose, 1 mM EDTA, 1% protease-
phosphatase inhibitor cocktail (Cell Signaling), and 2mg/mL of
BSA. To lyse the cells, 30 passes were performed with a drill-
fitted pestle in a 2mL glass homogenizer within a 4°C ice slurry
bath, followed by centrifugation at 600g to pellet cell debris and
nuclei. The resulting supernatant, containing the mitochon-
drial fraction, was transferred to a fresh tube and centrifuged
at 10000g to pellet the mitochondria. The supernatant was dis-
carded, and the mitochondrial pellet was resuspended in mito-
chondrial isolation buffer. Total mitochondrial protein content
was quantified using a bicinchoninic acid assay.

Mitochondria (equivalent to 50 ug of protein) were pelleted and
solubilized in 12 L of 1 X NativePAGE sample buffer containing
digitonin (8 g/g protein), followed by incubation for 20 min at 4°C.
Insoluble material was removed by centrifugation at 20000g for
20min, and the supernatant was combined with 1 uL Coomassie
Brilliant Blue G-250 (10% w/v). Next, the anode buffer and the
dark/light blue cathode buffers were made according to the
manufacturer's protocol using the 10X NativePAGE Running
Buffer and the 20 x NativePAGE Cathode Additive. The samples
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were loaded into NativePAGE Novex 3%-12% Bis-Tris Gels, and
the upper chamber was filled with the dark blue cathode buf-
fer (containing 0.02% (w/v) Coomassie Brilliant Blue G-250),
and the lower chamber with anode buffer. Electrophoresis was
performed for approximately 30 min at 100V until the dye front
reached 1/3 of the gel, at which point the dark blue buffer was
replaced with light blue cathode buffer (0.002% w/v Coomassie
Brilliant Blue G-250). The run was continued for an additional
1.5h, increasing the voltage by 50V every 20-30min at 4°C.

Gels were transferred to PVDF membranes using a Mini Blot
Module (Thermo Fisher) at 25V for 90 min. Membranes were
incubated in 8% (v/v) acetic acid for 15min and reactivated in
methanol. Immunodetection was performed using standard
western techniques as described above. To quantify the relative
supercomplex content between vehicle and CBD treated BTHS
and healthy B-lymphoblastoids, 3 uL of the mitochondrial frac-
tion solubilized by digitonin was aliquoted and mixed with 10 uL
of ddH,O and 5uL of 4x Laemmli Buffer and heated to 95°C
for 5min and run on a 10% SDS-PAGE TGX Stain-Free FastCast
gel (Bio-Rad Canada) at 120V for 1h. Quantification was per-
formed using Image Lab software (Bio-Rad Canada), and BN-
PAGE band intensities were normalized to total protein loading
visualized in the Stain-Free gel.

2.11 | Statistical Analyses

Data are expressed as means + S.E.M. Repeated measures two-
way ANOVA with multiple comparisons using Sidak's post hoc
test was used to analyze for the effects of treatments within cell
types. Effects of cell type within each treatment, and interac-
tions between cell types and treatments were assessed using a
two-way analysis of variance (ANOVA) with Sidak's post hoc
test. Differences between treated and untreated cells for individ-
uals were assessed by Student's paired t-test. Differences were
considered significant when p <0.05.

3 | Results

3.1 | Treatment With CBD Fully Rescues a Deficit
in BTHS B-Lymphoblastoid Colony Growth

Cells were seeded on day zero at a density of 1.2x10° cells/
flask (Figure 1A). Significant growth impairment of the
TAFAZZIN-deficient cells was evident by 72h, when the BTHS B-
lymphoblastoid lines had expanded only to a mean of ~3.0 million
cells, while the mean healthy B-lymphoblastoid count was ~4.3
million (Figure 1A, Table S2). Data on vehicle-treated healthy and
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FIGURE1 |

CBD treatment fully reverses the BTHS B-lymphoblastoid growth impairment. Mean cell numbers from cultures of five BTHS and

healthy B-lymphoblastoid lines treated for 4 days with either vehicle control (0.1% (v/v) ethanol) or 1uM CBD are shown (A), with corresponding
incremental area-under-the-curve (AUC) analysis (B). The relative response to CBD treatment is depicted as the number of vehicle- or CBD-treated
cells on day 4 for each individual healthy (C) or BTHS (D) line. Data are presented as means + S.E.M; n= 5. ®Group means with different letters are
significantly different when comparisons are made at the same timepoint (p <0.05), ***p <0.001, ****p <0.0001, n.s. = not significantly different.
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BTHS B-lymphoblastoids have been reported previously, when all
lines were cultured, treated, and counted in experiments also per-
formed with OEA [11]. By 96h, the gap between mean BTHS and
healthy counts had increased, with the BTHS count reaching ~3.7
million cells compared to the ~5.2 million cells in the healthy con-
trol group. Treatment with CBD, however, fully rescued this defi-
citin growth by increasing the mean number of BTHS cells to ~3.9
million at 72h and ~4.8 million at 96 h, which did not differ signifi-
cantly from healthy lines at either timepoint. Notably, CBD had
no significant effect on the growth of healthy lines (Figure 1A,B).
Determination of the mean growth patterns through assessment
of incremental area-under-the-curve similarly illustrates the
striking nature of the overall rescue (Figure 1B).

Each lymphoblastoid line originates from a unique donor with
inherent differences in characteristics. For example, despite
equal seeding at day zero, total cell counts by day four varied
by up to 1.3x10% cells among healthy lines, and as much as
2.0x 109 cells among BTHS B-lymphoblastoid lines. Thus, we
graphed the total cell number on day four in vehicle-only ver-
sus CBD-treated lines and performed a pair-wise comparison, in
order to better capture the occurrence of clinically meaningful
effects. While CBD had no measurable impact on the number of
healthy cells in culture on day four (Figure 1C), all five individ-
ual BTHS lines demonstrated a positive response to CBD treat-
ment compared to vehicle alone, indicating therapeutic reversal
of a growth deficit that is unique to the BTHS lines (Figure 1D).

3.2 | Cell Cycle Phase Proportions of BTHS
and Healthy B-Lymphoblastoids Are Similar on Day
2 and Not Significantly Altered by CBD

Cell number differences can result from alterations in the gain of
cells (i.e., proliferation) or loss of cells (i.e., death) over time. The
cell cycle phase distribution of B-lymphoblastoids was assessed
on day 2 of growth, 1day prior to the emergence of statistically
significant differences in cell numbers. The subG1 population de-
scribes cells with fragmented DNA, which is highly characteristic
of apoptosis, although it may also be detected to a lesser extent in
other forms of cell death [38]. Surprisingly, there was no significant
difference on day 2 in subGl1 events between BTHS and healthy B-
lymphoblastoids treated with vehicle only (Figure 2A,B, Table S3).
In addition, CBD treatment did not significantly change the subG1
population in either BTHS or healthy cells (Figure 2A,B, Table S3).
The G1 phase denotes cells that are growing and in preparation for
DNA synthesis [39]. Our analysis showed that the proportion of
cells within the G1 phase was not significantly different between
BTHS and healthy B-lymphoblastoids under either vehicle- or
CBD-treated conditions (Figure 2A,B, Table S3). Further analysis
of the proportion of cells in S and G2/M phases, which encom-
pass DNA synthesis and mitosis [39], respectively, also showed no
significant differences between BTHS and healthy cells, and no
effect of treatment (Figure 2A,B, Table S3).

3.3 | CBD Restores Cardiolipin Concentration
and the MLCL/CL Ratio in BTHS B-Lymphoblastoids

The effects of 1uM CBD on total cardiolipin concentration,
measured as micrograms of cardiolipin fatty acyls per mg of

protein in a sample, were examined in both healthy and BTHS
B-lymphoblastoids (Figure 3A, Table S4). As expected, vehicle-
treated BTHS B-lymphoblastoids had a significantly lower
cardiolipin concentration compared to vehicle-treated healthy
cells (3.31+0.32pg cardiolipin fatty acyls/mg protein versus
5.72+0.39ug cardiolipin fatty acyls/mg protein, respectively,
p=0.0144). This resulted primarily from a ~2/3 lower level of
cellular cardiolipin monounsaturated fatty acyl (MUFA) content
and an ~3/4 lower level of cellular cardiolipin N-6 polyunsat-
urated fatty acyl (PUFA) content in vehicle-treated BTHS B-
lymphoblastoids compared to vehicle-healthy control cells, while
cellular cardiolipin saturated fatty acyl (SFA) and N-3 PUFA car-
diolipin concentrations did not differ significantly (Figure 3B).

CBD treatment dramatically restored the cardiolipin concen-
tration in BTHS B-lymphoblastoids to 5.60+0.51 ug cardiolipin
fatty acyls/mg of cell protein, essentially matching healthy cell
levels and producing a dramatic full rescue of this lipid defi-
ciency. Interestingly, however, this effect did not result from a
reversal of the loss of cellular concentrations of cardiolipin con-
taining monounsaturated (MUFA) and N-6 polyunsaturated
fatty acyls (PUFA), but rather from an increase by more than
50% in the cellular concentrations of cardiolipin containing SFA
and N-3 PUFA (Figure 3B).

In healthy cells, CBD treatment did not significantly alter the
total cardiolipin concentration (Figure 3A) or the concentrations
of cardiolipin when grouped by content of major fatty acyl types
(Figure 3B), indicating that changes were specific to BTHS B-
lymphoblastoid cells. Notably, changes in cardiolipin concentra-
tion helped to restore the monolysocardiolipin/cardiolipin (MLCL/
CL) ratio in CBD-treated BTHS B-lymphoblastoids to healthy cell
levels, also without altering ratios in healthy cells (Figure 3C).

To further assess the effects of CBD on cardiolipin composition,
therelative proportions of individual fatty acyls within cardiolipin
were expressed as a percentage of the total mass of cardiolipin
analyzed (wt/wt%) (Figure 3D-G). Under vehicle-treated condi-
tions, BTHS B-lymphoblastoids had a higher relative abundance
of SFAs within cardiolipin than healthy B-lymphoblastoids, and
this was primarily driven by a higher proportion of palmitate
(16:0) and a minor but measurably higher level of laurate (12:0)
(Figure 3D). In contrast, MUFAs were ~1/3 less abundant in
cardiolipin from BTHS B-lymphoblastoids compared to healthy
cells, and this was driven by significantly lower relative per-
centages of palmitoleic acid (16:1n-7) and oleic acid (18:1n-9)
(Figure 3E). The relative abundance of N-6 PUFAs within cardi-
olipin was also lower in vehicle-treated BTHS B-lymphoblastoids
compared to healthy cells by 60.5%, primarily due to lower levels
of linoleate (18:2n-6) and dihomo-gamma-linolenate (20:3n-6)
(Figure 3F). There was no significant difference in the relative
abundance of total N-3 PUFAs between vehicle-treated BTHS
and healthy B-lymphoblastoids, although the relative propor-
tion of alpha-linolenic acid (18:3n3) was higher in vehicle-treated
BTHS compared to healthy B-lymphoblastoids (Figure 3G).

Surprisingly, although CBD increased the total concentra-
tion of cardiolipin in treated relative to vehicle-only BTHS
B-lymphoblastoids (Figure 3A), as well as the concentrations
of cardiolipin containing SFAs and N-3 PUFAs in these cells
(Figure 3B), it did not significantly alter the relative proportions
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FIGURE 2 |

Cell cycle phase proportions of BTHS and Healthy B-lymphoblastoids are similar between groups and unaffected by treatment.

Representative flow cytometry cell cycle histograms (A), and means of proportionate cell cycle phase distributions (B) are shown. Data are presented

as means + S.E.M; n=5.

of total SFAs, MUFAs, N-6 PUFAs, or N-3 PUFAs within car-
diolipin (Figure 3D-G). CBD treatment also had no effect on
the relative proportion of any individual MUFA (Figure 3E)
or N-6 PUFA (Figure 3F) within cardiolipin in BTHS B-
lymphoblastoids, and had only small effects on other individ-
ual fatty acyls. Specifically, in BTHS B-lymphoblastoids, CBD
lowered the relative content of 16:0 (Figure 3D) and linolenate
(18:3n-3) (Figure 3G), and increased the relative content of
20:3n-3 and 20:4n-3 (Figure 3G). CBD treatment did not alter the
relative proportion of any specific fatty acyl species in healthy
B-lymphoblastoids.

Examination of the composition of MLCL revealed inter-
esting differences (Figure 3H). The cellular concentration
of MLCL SFAs was significantly elevated in vehicle-treated
BTHS B-lymphoblastoid cells compared to healthy lines, and
this was largely due to higher concentrations of 16:0 and 18:0
(Figure 3H). While MLCL total MUFA concentrations were
not significantly elevated, 18:1n-7 was significantly higher in
vehicle-treated BTHS B-lymphoblastoids compared to healthy
cells (Figure 3H). Notably, treatment with CBD restored MLCL
levels of 14:0, 16:0, 18:0, and total SFAs, but not 18:1n-7, to levels
comparable to healthy controls (Figure 3H).
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3.4 | CBD Does Not Alter the Expression of Genes
Involved in Cardiolipin Biosynthesis, Remodeling,
or Deacylation in BTHS B-Lymphoblastoids

The mRNA expression levels of genes involved in cardiolipin bio-
synthesis (i.e., glycerol-3-phosphate acyltransferase 4 (GPAT4),
1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPATI), phos-
phatidylglycerophosphate synthase (PGPS), cardiolipin synthase

(CLS)),remodeling(i.e., acyl-CoA:lysocardiolipin acyltransferase-1
(ALCAT1I), and alpha-trifunctional protein (a-TFP)), and deacyla-
tion (i.e., abhydrolase domain containing 18 (ABHDIS), patatin-
like phospholipase domain-containing protein 8 (PNPLAS),
phospholipase A2 group VI (PLA2G6), and hydroxysteroid 17-beta
dehydrogenase 10 (ABHDI0)) were assessed by qPCR and ana-
lyzed relative to GAPDH (Figure 4A-J, Table S5A-E). No signifi-
cant differences were observed between any of the groups.
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CBD doesnotalter the expression of genes involved in cardiolipin biosynthesis, remodeling, or deacylation in BTHS B-lymphoblastoids.

Expression of genes involved in cardiolipin biosynthesis, remodeling, and deacylation were determined in BTHS and healthy B-lymphoblastoids
treated with vehicle or 1uM CBD, including GPAT4 (A), AGPATI (B), PGPS (C), CLS (D), ALCATI (E), aTFP (F), ABHDIS (G), PLA2G6 (H), PNPLAS
(1), and HSD17B10 (J). Data were normalized to GAPDH and are presented as fold relative to healthy-vehicle treated means + S.E.M; n=5.

3.5 | CBD Treatment Does Not Significantly Alter
Markers of Mitochondrial Content

Considering the dramatic effect of CBD on the restoration of
total cardiolipin levels in BTHS B-lymphoblastoids, we assessed
mitochondrial protein markers to determine if there were asso-
ciated changes that could indicate mitochondrial proliferation.
Heat Shock Protein (HSP60) is a mitochondrial chaperone lo-
calized primarily to the matrix [40]. Immunodetectable HSP60
was significantly lower in vehicle-treated BTHS compared
to healthy B-lymphoblastoids, but levels were not signifi-
cantly raised by CBD treatment in either group (Figure 5A-C,
Figure S1). Peroxisome proliferator-activated receptor y coact-
ivator la (PGC-1a) is a master regulator of mitochondrial bio-
genesis and cellular energy metabolism [41]. Levels of PGC-1a

were similar among all groups and were also unaltered by CBD
treatment (Figure 5A,B,D, Figures S2 and S3). Components of
the mitochondrial protein import machinery, including trans-
locase of the outer mitochondrial membrane 20 (TOM20) and
translocase of the inner mitochondrial membrane 23 (TIM23)
were also examined [42, 43]. Levels of both proteins were similar
between vehicle-treated BTHS and healthy B-lymphoblastoids
(Figure 5A,B,E,F, Figures S9 and S10). CBD treatment did not af-
fect TOM20 levels across both groups but significantly increased
TIM23 levels in the BTHS group. MitoTracker Green staining
was analyzed using imaging flow cytometry as an additional
marker of cellular mitochondrial mass, but no significant differ-
ences were detected between any of the groups (Figure 5G,H),
strongly suggesting that mitochondrial mass was unaltered by
CBD treatment.
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3.6 | CBD Increases Maximal Coupled
Respiration and MnSOD Content but Does Not
Improve Mitochondrial Efficiency in BTHS
B-Lymphoblastoids

An increase in cellular cardiolipin concentration, even in the
absence of a change in mitochondrial mass, could significantly
impact mitochondrial function. We therefore assessed mito-
chondrial respiration using high-resolution respirometry to
measure cellular oxygen consumption following the sequential
addition of mitochondrial substrates and ADP. To measure state
II respiration mediated by Complex I (CI), pyruvate, malate, and
glutamate (PMG) were first introduced. To assess state I respira-
tion mediated by both complex I +1II, succinate was sequentially
added. While PMG-activated state II respiration was not sig-
nificantly different between vehicle-treated healthy and BTHS
B-lymphoblastoid cells, it was significantly higher in CBD-
treated BTHS cells compared to all other groups (Figure 6A).
Cellular oxygen consumption activated by PMG + succinate was

significantly higher in the vehicle-BTHS group compared to ve-
hicle healthy and higher in the CBD-BTHS group than all other
groups (Figure 6A).

Maximal coupled respiration (State I1T) was evaluated following
the addition of 2500 uM ADP, and was not significantly different
between vehicle-treated BTHS and healthy B-lymphoblastoids
(with or without CBD) (Figure 6A). CBD treatment did not af-
fect the level of State III respiration in healthy cells. However,
it significantly increased the maximal respiration of BTHS
B-lymphoblastoids.

Mitochondrial coupling efficiency is a measure of the proportion
of oxygen consumed by the mitochondria thatis used to synthesize
adenosine triphosphate (ATP), and it is calculated using the equa-
. _ State II mediated leak respiration . i o
tion, 1 ( State III ADP — stimulated respiration ) [44]. Relative to vehicle

treated healthy controls, vehicle-BTHS B-lymphoblastoids had
nearly 40% lower mitochondrial coupling efficiency (Figure 6B).
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FIGURE 6 | CBD increases maximal respiration in BTHS lymphoblastoids but does not improve mitochondrial efficiency. State II (substrate-
supported) and State III (ADP-stimulated) respiration rates were measured in digitonin-permeabilized BTHS and healthy B-lymphoblastoids treated
with either vehicle control or CBD (A). The mitochondrial coupling efficiency (B) and the effects of CBD treatment on hydrogen peroxide production
in BTHS and healthy B-lymphoblastoids are shown in (C). The individual donor response to CBD treatment on the mitochondrial membrane poten-

tial of healthy (D) and BTHS (E) B-lymphoblastoids are shown 42h post treatment. PGM = pyruvate, malate, glutamate, S=succinate, and ADP =ad-

enosine triphosphate. Representative immunoblots, with an image of total protein loading, are shown (F, G), with quantifications for band densities,
for SOD1 (H), MnSOD (I), and catalase (J). Data are shown as means + S.E.M; n=4-5. *p<0.05, **p <0.01, ***p <0.001, ****p <0.0001. abcGroup
means with different letters are significantly different when comparisons are made under the same conditions.

CBD treatment did not significantly alter coupling efficiency in
either BTHS or healthy cell lines (Figure 6B).

Hydrogen peroxide (H,0,) is a byproduct of mitochondrial res-
piration, produced when electron leak generates superoxide
anions that are rapidly reduced to this more stable species [45].
Electron leak, as evidenced by the rate of H,O, production, was
significantly lower in vehicle-treated BTHS compared to healthy
cells stimulated with PGM and succinate (Figure 6C). CBD
treatment significantly increased the rate of H,0, production in
both healthy and BTHS cells, such that levels observed in BTHS
cells were restored to healthy-vehicle cell levels, and levels in
healthy cells exceeded all groups.

Membrane potential (A¥m) measures the voltage difference
across the inner mitochondrial membrane generated by the pro-
ton gradient established during electron transport [46], and was
assessed by flow cytometry following TMRE staining. Although
the effect size was relatively modest, all five individual BTHS
cell lines showed increases in AYm following CBD treatment,
while this parameter was not significantly altered in healthy
cells (Figure 6D,E).

To examine the effects of CBD on the antioxidant defense sys-
tem, immunoblots were performed to determine the relative
abundance of several key antioxidant enzymes, including su-
peroxide dismutase 1 (SOD1), manganese superoxide dismutase
(MnSOD), and catalase. While no significant differences in
the content of SOD1, MnSOD, and catalase were observed be-
tween vehicle-treated BTHS and healthy B-lymphoblastoids
(Figure 6F-J, Figures S11-S13), treatment with CBD led to
a significant increase in MnSOD levels in the BTHS group
(Figure 6F,G,I, Figures S12 and S13).

3.7 | CBD Restores SDHA Content
and Improves COX I and COX IV Content in BTHS
B-Lymphoblastoids

Given the critical role of cardiolipin in ETC stability and function,
we performed immunoblotting to quantify the relative levels of
various ETC proteins, including the CI protein NADH:ubiquinone
oxidoreductase core subunit S1 (NDUFS1), the Complex II
(CII) proteins succinate dehydrogenase flavoprotein subunit A
(SDHA) and succinate dehydrogenase assembly factor 2 (SDH5),
the Complex III (CIII) protein ubiquinol-cytochrome c reduc-
tase iron-sulfur subunit (UQCRFS]), the electron carrier Cyt c,
and the Complex IV (CIV) proteins cytochrome c oxidase sub-
unit I (COX I) and cytochrome c oxidase subunit IV (COX IV)
(Figure 7A-1, Figures S2-S8).

Relative levels of NDUFS1 and UQCRFS1 were similar be-
tween vehicle-treated BTHS and healthy B-lymphoblastoids,
but SDHA, SDHS5, Cyt ¢, COX I, and COX IV were all lower in
BTHS-vehicle cells (Figure 7A-1). Interestingly, treatment with
CBD fully restored SDHA to healthy cell levels and partially re-
stored COX I and COX IV levels, but did not ameliorate SDH5
or Cyt c levels. In contrast, immunodetectable ETC proteins
in healthy B-lymphoblastoids were largely unaffected by CBD
treatment, with the exception that total COX I was 17.8% +2.3%
lower in healthy cells treated with CBD.

3.8 | CBD Treatment Partially Restored
Supercomplex CI/CIIL, Levels but Not CI/CIIL,/CIV

B-Lymphoblastoid cells from five BTHS (GM22163, GM22193,
GM22194, GM22150, and GM22192) and four healthy (AG14750,
AG14948, AG14731, and AG15022) donors were assessed for rela-
tive ETC supercomplex levels using BN-PAGE separation, where
blots were probed with antibodies specific for CIIT (UQCRFS1)
and CIV (COX IV), following solubilization of mitochondria
with a mild detergent (digitonin) that prevents dissociation of
the respiratory supercomplexes (Figure 8A,G, Figure S16) [47].
Immunodetectable CI/CIII, supercomplex was lower in vehicle-
treated BTHS B-lymphoblastoids compared to healthy-vehicle
controls, but significantly restored by over 55% on average by
treatment with CBD (Figure 8B). Free CIII, appeared elevated
in several of the individual BTHS donor samples, suggesting
that it may be destabilized and liberated from higher-order as-
semblies, although statistical analysis of mean differences did
not reach significance due to variation between individual sam-
ples (Figure 8C).

Immunodetectable levels of CIV supercomplexes contain-
ing COX IV were also significantly lower in vehicle-treated
BTHS B-lymphoblastoids compared to healthy-vehicle controls
(Figure 8D,E, Figure S16), but were not significantly improved
by CBD treatment. Free COX IV-containing CIV levels were
significantly lower in vehicle-treated BTHS B-lymphoblastoids
compared to vehicle-healthy cells (Figure 8F, Figure S16).
However, CBD had no significant effect on CIV or CI/CIIL,/IV
supercomplex levels, indicating that CBD does not affect CIV
stability or supercomplex integration. Total protein loading was
assessed by TGX-Stain-free gel imaging (Figure 8G, Figure S16).

4 | Discussion

In this study we utilized B-lymphoblastoid cells derived from
age- and sex-matched BTHS and healthy donors in an initial
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pre-clinical assessment of the therapeutic potential of CBD for
the treatment of BTHS lymphopenia, and results were sup-
portive. At present, there is no cure for BTHS, and treatment
options largely focus on symptom management [48], including
the use of beta-blockers and angiotensin-converting enzyme
(ACE) inhibitors for cardiomyopathy, and granulocyte colony-
stimulating factor (G-CSF) to reduce infection risk [49]. While
advancements have been made in the development of adeno-
associated virus (AAV)-mediated gene therapy, this option can
be prohibitively expensive and is also not yet available [50-52].

The potential of small molecule therapies therefore remains of
clinical interest [53, 54].

Currently, only one small molecule, Elamipretide, has shown
therapeutic efficacy. In a Phase 2/3 clinical trial in BTHS pa-
tients that was followed by an open-label extension, Elamipretide
demonstrated beneficial results in increasing distance traveled
during the 6-min walk test and reducing fatigue based on the
BTHS Symptom Assessment Scale [54, 55]. Despite these prom-
ising results, observed improvements have focused on skeletal
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FIGURES8 | CBD partially restores supercomplex CI/CIII, levels but has no significant effect on CI/CIII,/CIV. Digitonin solubilized mitochondri-
al proteins (50 ug) from BTHS and healthy B-lymphoblastoids treated with vehicle or 1 uM CBD were separated by BN-PAGE and probed with anti-
bodies against UQCRFS1 (CIII) (A) and COXIV (CIV) (D). Quantification of band intensities for UQCRFS1 (B, C) and COXIV (E, F) were normalized
to total protein per lane from TGX Stain-free SDS-PAGE gels (G). Data are presented as means + S.E.M; n=4-5. *p <0.05, **p <0.01.

and cardiac functional outcome measures, and effects on im-
mune system dysfunction have not been evaluated. Thus, there
is currently a lag in the development of therapeutic strategies
targeted at improving the immunological aspects of BTHS, and
evidence from this study suggests that CBD may be of value in
this regard.

Perhaps the most important finding from this study was the es-
sentially complete rescue of cell growth patterns and numbers
over 4days of culture, which was only partially rescued by the

endocannabinoid-like compound OEA in our previous work
[11]. Importantly, this result reflected a positive response in each
of the five individual BTHS donor lines, while the absence of a
response in healthy control cells supports that CBD functions
specifically to reverse cellular deficits inherent to BTHS, rather
than to effect a non-specific growth promotion. Regardless,
the CBD-mediated restoration of BTHS B-lymphoblastoid cell
numbers must stem from either an increase in cell prolifera-
tion capacity, a decrease in cell death, or a combination of both;
therefore, additional investigations were made.
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CD8+ T cells isolated from 20-week-old Tafazzin knockout
mice have been reported to proliferate less efficiently [21].
Furthermore, CBD has been shown to promote cell proliferation
in a variety of other cell models through the regulation of cell
cycle mediators such as Ki67 and cyclin D1 [56, 57]. Thus, we
hypothesized that CBD may help restore growth by facilitating
the transition of cells from the quiescent GO phase into active
phases of the cell cycle. Surprisingly, however, no significant
differences were detected in the percentage of cells distributed
across the G1, S, and G2/M phases between any of the groups
tested.

Although this method of testing provides only a snapshot of
cell behavior at a single point in time, it strongly suggests that
other factors should be considered, including changes in cell
death. We examined the proportion of BTHS and healthy B-
lymphoblastoids in the sub-G1 population of the cell cycle,
which is identified by the presence of DNA fragmentation, a
hallmark of late-stage apoptosis [58]. Once again, no significant
differences were observed in the percentage of cells within the
sub-G1 peak between BTHS and healthy B-lymphoblastoids,
suggesting that late-stage apoptosis is not significantly altered
in BTHS cells, or by CBD treatment. Notably, however, there
are many forms of cell death where DNA fragmentation is not
always as distinct, including autophagy [59], pyroptosis [60], fer-
roptosis [61], and mitoptosis [62], among others [63]. Thus, deter-
mining the mechanism of the likely excess cell death in BTHS
B-lymphoblastoids, as well as further interactions with CBD as a
modulator, will require significant additional study.

Given the critical role of TAFAZZIN in cardiolipin metab-
olism, our investigation of the effects of CBD in BTHS B-
lymphoblastoids focused primarily on mitochondrial alterations
linked to the levels and function of this lipid in the inner mi-
tochondrial membrane (IMM). Using TLC-GC, we confirmed
the expected significant deficiency in total cardiolipin in BTHS
B-lymphoblastoids under vehicle-only conditions, together
with the expected shift in the fatty acyl abundance away from
a less saturated profile enriched in palmitoleate (16:1n7), oleate
(18:1n9), and linoleate (18:2n6) towards one with greater en-
richment with palmitate (16:0) and stearate (18:0). In agreement
with the magnitude and specificity of rescue of cell growth,
treatment of BTHS B-lymphoblastoids with 1uM CBD resulted
in a dramatic and full reversal of the deficiency in total cardi-
olipin concentration, with no significant effect in healthy con-
trol cells. Interestingly, however, this was not associated with
a restoration of cardiolipin quality. Following CBD treatment,
the only significant change in proportion of a major cardiolipin
fatty acyl species in BTHS B-lymphoblastoids was a slight (~2%)
reduction in 16:0. Among minor fatty acyls, CBD treatment of
BTHS B-lymphoblastoids caused a relative decrease in 18:3n-3
and a relative increase in 20:3n-3, both by only a fraction of a
percent.

Taken together, these results suggested that CBD may en-
hance existing processes of cardiolipin synthesis in BTHS B-
lymphoblastoids, or attenuate existing processes of breakdown,
without targeting the remodeling of cardiolipin, per se. In par-
ticular, investigation of a role for altered ABHD18 activity would
be of interest, since a complete normalization of the MLCL/CL
ratio and total cardiolipin content was observed in CBD-treated

BTHS B-lymphoblastoids, and recent work attributes the rise
in MLCL in TAFAZZIN deficiency and loss of cardiolipin total
content to enhanced breakdown of cardiolipin by the phospho-
lipase ABHD18 [64, 65]. In these works, the authors identified
ABHDI18 as a cardiolipin-specific enzyme that interacts with
TAFAZZIN to control the relative rate of cardiolipin degrada-
tion, with ABHD18 gaining abnormal access to accelerate car-
diolipin loss, and promote MLCL generation, in the absence of
TAFAZZIN-mediated remodeling [64, 65]. Evaluation of the ex-
pression of genes involved in cardiolipin synthesis, remodeling,
and breakdown, however, revealed no significant differences,
and therefore future mechanistic studies should assess changes
in protein levels and activity.

Inadequately remodeled cardiolipin has a bioenergetically unfa-
vorable configuration, and subsequently fails to properly asso-
ciate with ETC complexes [66]. The normally tight association
of cardiolipin with proteins in the IMM is reciprocally both a
factor in stabilizing these integral membrane complexes [67] and
in the exceptionally long half-life of this lipid, which is protected
by these protein-lipid associations [68]. Previous work has found
that a loss of ETC protein supercomplex stability is associated
with reductions in cardiolipin quantity and quality in BTHS B-
lymphoblastoids [12]. We therefore investigated whether CBD
treatment affected ETC complex protein levels, supercomplex
assembly, and respiration.

Our analyses suggested that the total mitochondrial mass
was largely similar between groups. However, mitochondrial
function was significantly altered. Although maximal cou-
pled respiration was not statistically lower in BTHS cells com-
pared to healthy controls, CBD raised this measure in BTHS
B-lymphoblastoids essentially to control levels, indicating an
overall beneficial effect on mitochondrial energetic capacity.
This finding is clinically important since mitochondrial output
is reduced in BTHS [9, 69, 70]. CBD also increased the A¥m in
all five treated BTHS B-lymphoblastoid donors, reflecting an
increase in the strength of the proton gradient generated by
ETC complexes across the inner mitochondrial membrane [46].
Notably, effects of CBD were almost entirely specific to BTHS
cells and did not significantly alter measures in healthy B-
lymphoblastoids, with the exception of H,O, production, which
was increased in both cell lines.

Despite these beneficial changes, CBD treatment also led to
an increase in state II-mediated leak respiration in BTHS B-
lymphoblastoids. Proton leaks occur when protons bypass ATP
synthase and cross the inner mitochondrial membrane without
contributing to ATP synthesis [71]. Notably, this leak was able to
functionally counteract the CBD-mediated increase in maximal
coupled respiration, such that the coupling efficiency remained
the same. Another notable effect of CBD treatment is that it sig-
nificantly increased the rate of H,0, production in BTHS and
healthy cells stimulated with PGM and succinate, with levels
observed in BTHS cells restored to those observed in healthy
controls. This increase in H,0, occurred alongside a CBD-
mediated increase in mitochondrial MnSOD in BTHS cells.
Given that MnSOD catalyzes the conversion of highly reactive
superoxide radicals into the less reactive species H,O,, which
is subsequently detoxified into water and molecular oxygen by
enzymes such as catalase and glutathione peroxidase (GPx) [72],
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the observed rise in H,0, is likely a consequence, at least in part,
of increased MnSOD levels induced to counteract the increase
in superoxide.

While elevated levels of H,O, are implicated in cellular dam-
age, oxidative stress and aging, they are also considered im-
portant mediators of normal and even beneficial cellular
processes, including autophagy, differentiation, and metabolic
adaptation [73]. Given that H,0O, is only one of many reactive
oxygen species generated by the mitochondria, additional reac-
tive oxygen species such as superoxide and hydroxyl radicals
should be examined in future work to provide a more compre-
hensive understanding of the effects of CBD on oxidative stress
in BTHS and healthy B-lymphoblastoids. Regardless, the pres-
ence of changes in mitochondrial respiration suggested that
additional investigation of ETC complexes and supercomplexes
was merited.

Analysis of the relative content of individual respiratory chain
subunit proteins indicated significant and specific differences.
For example, there was no effect of CBD on relative cellular lev-
els of the CI protein NDUFS1 or CIII protein UQCRFSI, and no
difference between healthy and BTHS lines, which was surpris-
ing given the well-established role of cardiolipin in maintaining
the stability of CI and CIII. However, relative levels of the CII
proteins SDHA and SDHS5, the electron carrier Cyt ¢, and the
CIV proteins COX I and COX IV, were significantly lower in
BTHS B-lymphoblastoid cells, while SHDA was fully restored
to control levels, and COX I and COX IV were significantly in-
creased in BTHS lines by CBD treatment.

SDHA is a flavoprotein subunit of CII, which catalyzes the ox-
idation of succinate to fumarate, transferring electrons to the
ubiquinone pool [74]. SDH5 is an assembly factor important
for CII stability and function [75]. Although the precise mech-
anism behind the decrease in SDHA and SDHS5 levels in BTHS
B-lymphoblastoids remains unclear, previous studies using na-
noscale lipid bilayer nanodiscs with varying phospholipid com-
positions have demonstrated that cardiolipin is necessary for
the proper stability and activity of CII [76]. Given that BTHS B-
lymphoblastoids are cardiolipin-deficient, it is likely that the ob-
served reductions in SDHA and SDHS5 resulted from decreased
levels of this IMM lipid, leading to impaired CII assembly and/
or stability. The differential restorative effect of CBD on SDHA,
in the absence of an effect on SDHS, is interesting and could be
related to the role of SDHA as a core protein of the SDH complex,
compared to SDH5 that functions as a transient assembly factor
[74, 75]. Nevertheless, these results indicate that CBD can have
at least a partial beneficial effect on the protein composition of
Complex II.

COX 1 is a catalytic core subunit of Complex IV, responsible for
the transfer of electrons from Cyt ¢ to molecular oxygen in cel-
lular respiration, while COX IV plays a regulatory role in sta-
bilizing and optimizing CIV activity [77, 78]. Mechanistically,
cardiolipin binds directly to CIV proteins at multiple sites, sta-
bilizing its dimeric structure and optimal electron transfer ef-
ficiency [79, 80]. Therefore, the decreased COX I and COX IV
levels in BTHS B-lymphoblastoids likely result, at least in part,
from cardiolipin deficiency that would lead to improper assem-
bly, and hence increased CIV subunit degradation, while the

restoration likely reflects, at least in part, the increased total
cardiolipin availability in CBD-treated BTHS cells.

Cyt ¢ functions as a mobile electron carrier between CIII and
CIV [81], and its decrease suggests compromised electron
transport capacity in BTHS mitochondria. Notably, however,
the absence of an effect of CBD on Cyt c levels supports that
the therapeutic benefit of this compound in BTHS respiration
involves specific ETC components, rather than a general resto-
ration of the system. This leads to an interesting concept that
is speculative, but merits further discussion—the potential role
of cardiolipin quantity (which was fully restored) versus qual-
ity (which changed very little) in the regulation of ETC protein
levels.

For example, the present work suggests that specific species of
cardiolipin may be required to secure the stability of Cyt c, and
the abundance of relative levels of these species may be more
important than overall cardiolipin (or MLCL) levels. This may
also be the case for COX I and COX IV, which were only mod-
estly increased in CBD-treated cells, in line with the limited im-
provement of cardiolipin quality observed. Conversely, the full
restoration of SDHA levels suggests that this protein may be less
selective in its species-specific stabilization by cardiolipin, but
sensitive to decreased total levels. Although significant addi-
tional work will be required to validate these potential interac-
tions, our findings suggest that further study is warranted.

We next investigated whether improved ETC protein levels
translated to an increased assembly of ETC supercomplexes.
Supercomplexes are functional, higher-ordered structures con-
sisting of multiple ETC complexes, which promote the efficient
transfer of electrons during cellular respiration [82]. In mamma-
lian cells, the most common forms of supercomplexes include the
respirasome (CI/CIIL,/CIV), CI/CIII,, and CIII,/CIV, with CIII
always found as a dimer (CIIL,) in these assemblies [82]. A previ-
ous study by Mackenize et al. (2006) provided evidence that CIV
readily dissociates from supercomplexes and is virtually absent
from all higher-order assemblies in BTHS B-lymphoblastoids
[12]. Consistent with this, our results revealed significant re-
ductions in supercomplex CI/CIIL,/CIV and free CIV in BTHS
cell lines compared to healthy controls. Interestingly, although
CBD treatment increased COX I and COX IV subunits in BTHS
lymphoblastoids, this increase was not accompanied by any
measurable improvement in the higher-order assembly of CIV-
containing supercomplexes. In contrast, treatment with CBD
partially restored the abundance of the CI/III, supercomplex.
This work highlights that restoration of cardiolipin content is in-
sufficient to normalize the supercomplexes, and therefore future
work should emphasize understanding effects of restoration of
cardiolipin quality.

In conclusion, the current work expands our understanding of
lymphopenia in BTHS and demonstrates several firsts, including
the first evidence that CBD can significantly restore cell popula-
tion expansion, mitochondrial respiration, cardiolipin total con-
tent, and ETC protein levels in cells from patients with BTHS.
Further validation in both animal models and humans will be
necessary for clinical translation. However, considering the re-
markable safety profile of CBD [83], limited side effects, and the
beneficial effects of CBD in the current work, further study on
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the therapeutic potential of CBD for BTHS is merited. Findings
from this work provide a strong basis for future research into the
use of CBD as a potential adjuvant treatment for BTHS.
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