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ARTICLE INFO ABSTRACT

Keywords: The PINK1/Parkin pathway plays an important role in maintaining a healthy pool of mitochondria. Activation of
C?{nnabidio{ ) ) this pathway can lead to apoptosis, mitophagy, or mitochondrial-derived vesicle formation, depending on the
Mf“’d;lond"al'der“’ed vesicles (MDV) nature of mitochondrial damage. The signaling by which PINK/Parkin activation leads to these different mito-
Mfmp a8y . chondrial outcomes remains understudied. Here we present evidence that cannabidiol (CBD) activates the
Mitochondrial quality control . . . . . . ! .

Parkin PINK1-Parkin pathway in a unique manner. CBD stimulates PINK1-dependent Parkin mitochondrial recruitment

PINK similarly to other well-studied Parkin activators but with a distinctive shift in the temporal dynamics and
mitochondrial fates. The mitochondrial permeability transition pore inhibitor cyclosporine A exclusively
diminished the CBD-induced PINK1/Parkin activation and its associated mitochondrial effects. Unexpectedly,
CBD treatment also induced elevated production of mitochondrial-derived vesicles (MDV), a potential quality
control mechanism that may help repair partial damaged mitochondria. Our results suggest that CBD may engage
the PINK1-Parkin pathway to produce MDV and repair mitochondrial lesions via mitochondrial permeability
transition pore opening. This work uncovered a novel link between CBD and PINK1/Parkin-dependent MDV

production in mitochondrial health regulation.

1. Introduction

A healthy pool of mitochondria is vital to normal cell physiology.
Dysregulation in mitochondrial maintenance and signaling has been
linked to a myriad of diseases, including cancer, cardiovascular disease,
and neurodegenerative diseases (Boland et al., 2013; Chistiakov et al.,
2017; Yeung et al., 2021). A subset of familial Parkinson’s disease pa-
tients harbor mutations to several mitochondrial genes (Klein and
Westenberger, 2012), including PINK1 and PRKN. The PINK1 and Par-
kin proteins are required for initiating the degradation of damaged
mitochondria through mitophagy or induction of mitochondrial-derived
vesicles (MDV) to target damaged proteins and lipids to lysosomes
(Pickrell and Youle, 2015; Sugiura et al., 2014). The significance and
relative contribution of  these two mechanisms of
PINK1-Parkin-dependent mitochondrial quality control to Parkinson’s
disease are yet to be fully understood.

Parkin, an E3 ubiquitin ligase, and PINK1, a serine-threonine protein

kinase, regulate mitochondrial homeostasis during specific stress events
(Pickrell and Youle, 2015). In cells with healthy and polarized mito-
chondria, PINK1 is constantly transported through the outer mito-
chondrial membrane (OMM) to the inner mitochondrial membrane
(IMM), where it is cleaved and consequently degraded (Greene et al.,
2012; Jin et al., 2010). When mitochondria sustain certain injuries like
depolarization, PINK1 import to mitochondria stalls, and PINK1 is no
longer cleaved or degraded (Matsuda et al.,, 2010; Narendra et al.,
2010). As a result, PINK1 accumulates and stabilizes on the OMM of
damaged mitochondria, where it phosphorylates both ubiquitin and
Parkin, recruiting Parkin to these specific damaged mitochondria
(Pickrell and Youle, 2015). Upon recruitment, Parkin ubiquitinates
target proteins on the OMM, which leads to recruitment of autophago-
some machinery, engulfment of the damaged mitochondria, and sub-
sequent degradation of mitochondria via lysosomes (Ordureau et al.,
2020; Yoshii et al., 2011).

Parkin’s ubiquitination profile and the signaling parade leading to
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mitophagy have been well characterized (Sarraf et al., 2013; Yamano
et al., 2016). While mitophagy is the most studied outcome from this
signaling pathway in mammalian cells, PINK1/Parkin activity at
damaged mitochondria can also selectively induce apoptosis or MDVs
depending on stimuli and levels of mitochondrial damages (Carroll
et al., 2014; McLelland et al., 2014; Zhang et al., 2014). Other than
elevated ROS production in general, few if any specific physiologically
relevant input signals have been identified for stimulation of MDVs
(Roberts et al., 2016).

Cannabidiol (CBD) and CBD-derived compounds have long garnered
interest as a treatment for a broad range of disorders. Successful clinical
trials led to the recent approval of CBD for Dravet syndrome and Lennox-
Gastaut Syndrome, two rare childhood epileptic disorders (Devinsky
et al., 2017; Thiele et al., 2018). This spurred additional clinical trials
into other diseases, such as Parkinson’s disease (Leehey et al., 2020).
Despite these promising clinical results, the molecular mechanisms of
action for CBD’s therapeutic benefits remains elusive.

With mitochondrial dysfunction implicated in neurodegenerative
diseases, the powerhouse of the cell provides an interesting target for
CBD research. CBD has been reported to disrupt mitochondrial calcium
homeostasis in Jurkat cells treated above 30 uM, leading to increased
cytosolic calcium and cell death (Olivas-Aguirre et al., 2019). 10 uM
CDB induced mitochondrial swelling in BV2 glial cells while 50 uM
impaired the mitochondrial complex activity of isolated mitochondria
(Rimmerman et al., 2013; Singh et al., 2015). However, other studies
reported conflicting outcomes in the same dose range, with CBD causing
improved mitochondrial health in both isolated mitochondria and
mouse cardiac tissue while also increasing cell viability in the cardiac
tissue (Hao et al., 2015; Valvassori et al., 2013). In light of these
seemingly contradictory studies, further research is required to clarify
the effect of CBD on mitochondrial fitness.

Here we investigated the effect of CBD on mitochondrial quality
control. We discovered that CBD activates the PINK1/Parkin pathway in
a dose-dependent manner. We determined that CBD shares some char-
acteristics with established PINK1/Parkin activator Antimycin A and
Oligomycin A (AO), inducing mitochondrial depolarization, ROS pro-
duction, and mitophagy. These downstream effects of CBD, but not AO
or CCCP, are blocked by cyclosporine A, an inhibitor of calcineurin and
the mitochondrial permeability transition pore (MPTP), or knockdown
of cyclophilin D (CypD). CBD also causes elevated generation of mito-
chondria derived vesicles, suggesting that a novel mechanism of action
for this drug. The difference between CBD and CCCP or AO points to a
novel mechanism of PINK1/Parkin activation by CBD which could help
inform future clinical relevance of the drug in treating neurodegenera-
tive diseases such as Parkinson’s disease.

2. Results
2.1. CBD induces Parkin recruitment to mitochondria

Previous studies have demonstrated that Parkin translocates to
mitochondria when cells are treated with compounds that inhibit
mitochondrial function. Such inhibitors include the protonophore
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), potassium iono-
phore Valinomycin, or dual inhibition of complex III and V of the elec-
tron transport chain by Antimycin A and Oligomycin A (AO) or sorafenib
(Narendra et al., 2008; Vives-Bauza et al., 2010; Zhang et al., 2017,
2014). Other studies have shown that CBD also inhibits mitochondrial
complex activity (Singh et al., 2015). We thus decided to test if the
mitochondrial stress caused by CBD treatment was sufficient to induce
Parkin recruitment. We employed HeLa cells expressing Venus-Parkin
and mitochondrial targeted RFP containing a mitochondrial targeting
sequence from Smac fused to RFP referred hereafter as Smac-MTS-RFP.
The double-labeled HeLa cells were treated with compounds and then
imaged. Venus and RPF colocalization was quantified using Pearson’s
Correlation Coefficient (PCC). Cells treated with 50 pM CBD exhibit a
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strong Parkin colocalization to mitochondria compared to
vehicle-treated cells (Fig. 1A). However, the dynamics of CBD-induced
activation of Parkin appears to differ from AO. CBD induced a lower
maximal Parkin translocation at 6 h compared to AO at 2 h (Fig. 1B). To
further affirm Parkin mitochondrial recruitment, we also tested how
Parkin colocalized to endogenous outer mitochondrial protein Tom20.
We treated cells expressing Venus-Parkin with AO, CBD or vehicle
control for 2, 6, and 6 h, respectively, then fixed and immunostained for
Tom20. CBD and AO caused Parkin colocalization to Tom20 compared
to vehicle treated cells, verifying what we saw with Smac-MTS-RFP
(Fig. S1A and B).

To determine whether the CBD effect on Parkin is cell line-specific,
Parkin puncta formation was compared in HeLa, RPE1, beige fat cells,
and mouse embryonic fibroblast (MEF) cells that express Venus-Parkin.
As seen in Fig. S2A-C and quantified in Fig. S2D-F, all three cell lines
show Parkin puncta formation, though it should be noted that the
inguinal cells require 10 h to demonstrate levels of Parkin recruitment
seen after only 6 h in HeLa and RPE1 cell lines. HeLa, RPE1 and the
inguinal fat cells shared similar maximal Parkin puncta formation ECsg
(26.6, 28.0 and 26.1 pM, respectively) (Fig. S1G-J).

2.2. CBD stabilizes PINK1 required for Parkin recruitment

PINK1 stabilization in response to damaged mitochondria is associ-
ated with Parkin mitochondrial recruitment (Narendra et al., 2010). To
investigate whether CBD also induces PINK1 stabilization, we first
measured PINK1 levels in HeLa cells stably expressing PINK1-EGFP.
Under basal conditions, PINK1 is constantly being produced and sub-
sequently degraded, leading to low levels of detectable PINK1, as seen in
vehicle-treated control cells (Fig. 2C and D, yellow line). Cells treated
with 10 uM AO showed an increase in PINK1-EGFP due to the halt of
PINK1 import and degradation (Fig. 1C) that increases over time
(Fig. 1D, red line). As expected, 50 uM CBD also increases PINK1-EGFP
expression (Fig. 1C). Much like with Parkin recruitment, the
CBD-induced PINK]1 effects lag in comparison to AO (Fig. 1D, blue line).

Next, we tested whether PINK1 is required for Parkin recruitment to
mitochondria in CBD-treated cells. MEF cells with PINK1 knocked out
(PINK1-/-) were stably transduced with Venus-Parkin and PINKI-
M318A, which have a mutation in the gatekeeper residue that makes
the kinase catalytic activity sensitive to inhibition by 1-NA-PP1, while
preserving its catalytic activity to wild-type levels with ATP (Zhang
et al., 2015). When these MEF cells are treated with 10 uM AO or 50 uM
CBD, they demonstrate Parkin mitochondrial translocation as expected
(Fig. 1E, upper panels), with a delayed response in CBD-treated cells
compared to AO-treated cells. When cells are treated with 5uM
1-NA-PP1 in conjunction with AO or CBD, Parkin recruitment is abro-
gated completely (Fig. 1E, lower panels). When we quantified the
amount of Parkin puncta formation generated, we can see that CBD and
AO cause an increase compared to vehicle treated cells (Fig. 1F, blue
bars). Addition of 1-NA-PP1 significantly decreased the quantifiable
Parkin puncta from CBD and AO (Fig. 1F, orange bars). Thus, PINK1
kinase activity is required for CBD-induced Parkin recruitment.

2.3. The effects of CBD on mitochondrial polarization, ROS production,
and degradation

Depolarizing mitochondria is a shared characteristic among many of
the Parkin activating agents including CCCP, valinomycin, and AO
(Narendra et al., 2008; Vives-Bauza et al., 2010; Zhang et al., 2014).
However, some treatments such as actinonin or overexpression of
truncated ornithine transcarbamylase (OTC) cause Parkin localization
while not significantly altering mitochondria membrane potential
(Burman et al., 2017). To test whether CBD affects mitochondrial
membrane potential, HeLa cells were incubated with tetramethylrhod-
amine, ethyl ester (TMRE), a dye that localizes to polarized cells but
diffuses when that potential decreases. When these cells are treated with
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Fig. 1. CBD causes Parkin localization and PINK1 stabilization, A. HeLa Venus-Parkin Smac-MTS-RFP were treated with either DMSO vehicle control, 10 pM
Antimycin and Oligomycin (AO), or 50 pM CBD for indicated amount of time and imaged for YFP and mCherry signal, B. Pearson’s colocalization coefficient between
Smac-MTS-RFP and Venus-Parkin was measured to quantify colocalization of Parkin to mitochondria. Error bars represent SD, t-test results comparing vehicle and
drug treatment represented as p-value < .005 = **, n = 3, C. HeLa PINK1-EGFP cells were treated with 50 pM CBD, 10 pM AO or Vehicle control and then imaged
every 30 min. Representative images of PINK1-EGFP accumulation from mitochondrial damage shown, D. Quantification of PINK1 accumulation quantified by
measuring EGFP signal intensity and normalizing to initial EGFP determined for each condition. Error bars represent SD, t-test results comparing vehicle and drug
treatment represented as p-value < .005 = **, n = 3, E. MEF Venus-Parkin PINK1-/- PINK1-M318A cells were initially treated with Vehicle or 5 pM 1-NA-PP1 for
20 min. Cells were then treated with either Vehicle, 10 pM AO or 50 pM CBD for indicated amount of time, then imaged for Venus-Parkin puncta formation, F.
Quantification of Parkin Recruitment by puncta formation. t-test results comparing vehicle and 1-NA-PP-1 treated cells represented as p-value < .005 = **, n = 4.

AO, there is an immediate decrease in TMRE intensity compared to 50 uM CBD also causes a significant decrease in TMRE intensity, but
vehicle treated cells, with TMRE intensity reaching a minimum at interestingly this effect is not immediate as seen with AO (Fig. 2A,
40 min (Fig. 2A, AO orange line, Vehicle cyan line). Cells treated with purple line). This decrease in membrane potential is delayed by an hour,
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Fig. 2. CBD depolarizes and perturbs architecture of mitochondria. A. HeLa cells were stained with TMRE dye and then treated with Vehicle control, 10 pM AO, or
50 pM CBD. TMRE signal imaged every 10 min, and then quantiﬁed by normalizing at initial TMRE signal for each condition. Error bars represent SD, t-test
comparing vehicle to drug treated represented as p-value < .005 = **, n = 3, B. Representative images of TMRE signal from HeLa cells treated with Vehicle, AO or
50uM CBD at 2 h, C. HeLa cells were stained with MitoSox dye and then treated with Vehicle control, 10 pM AO, or 50 uM CBD for the indicated times. MitoSox
signal imaged at 2 h, stained for TOM20, and then quantified by normalizing for mitochondrial content. t-test comparing vehicle to drug treated represented as p-
value < .005 = **, n = 4, D. Representative images of MitoSox signal from HeLa cells treated with Vehicle, 10 pM AO or 50uM CBD at 2 h, E. HeLa Venus-Parkin
Smac-MTS-RFP cells treated with DMSO, 10uM AO or 50uM CBD and then imaged for Smac-MTS-RFP signal. Time of each treatments indicated, F. Quantification of
mitochondria morphological change with drug at specified time using SER texture analysis on the Harmony analysis software suite and represented using box plots.
Briefly, SER measures the intensity patterns to different textures; here pixels were measured for patterns related to ‘holes’. With healthy networked mitochondria,
holes appear around the filamentous signal; in damaged mitochondria, these ‘holes’ appear less strongly and is shown thus in the analysis. t-test comparing vehicle to

drug treated represented p-value < .005 = **.

after which mitochondria then proceed to depolarize similarly to
AO-treated cells. This indicates that the mitochondrial depolarization
that causes Parkin recruitment is not occurring instantaneously after
CBD treatment, suggesting that CBD is causing a change in cell meta-
bolism or membrane lipid composition that takes time to affect mito-
chondrial function.

Inhibition of complexes III and V by AO causes generation of ROS at
the mitochondria that can cause harmful localized damage. Because
CBD causes mitochondrial depolarization, we investigated whether CBD
also causes generation of ROS at the mitochondria. HeLa cells were
stained with MitoSox, a mitochondria-targeted red dye that increases in
intensity in the presence of superoxide. While the vehicle control
induced no change in MitoSox signal, AO caused a significant increase in
superoxide production over time (Fig. 2C, AO orange line, DMSO light
blue line, Fig. 2D). 50 uM CBD also led to a significant increase in
MitoSox signal, but at a lower level compared with AO during the times
tested (Fig. 2C, 50 uM CBD green line, Fig. 2D).

Next, we determined the effects CBD on mitochondrial morphology.

First, we assessed what effects CBD had on the gross morphology of
mitochondria. HeLa cells with Venus-Parkin and Smac-MTS-RFP were
treated with vehicle, AO, or CBD, and then imaged for mitochondria
signal over time. As shown, vehicle-treated mitochondria stay net-
worked, whereas AO-treated cells show clear fragmentation of mito-
chondria after 2 h (Fig. 2E, left and middle panel, respectively). Much
like with Parkin recruitment, CBD-treated cells demonstrate a change to
mitochondria morphology that occurs later compared to a similar
morphology change in AO-treated cells (Fig. 2E). CBD treated mito-
chondria are also fragmenting but appear swollen compared to AO. This
difference could also point to differences in their mitochondria
damaging effects. To quantify this, we measured the SER (Saddle, Edges,
Ridges) feature ‘holes’ of these images using the PerkinElmer Harmony
software. Briefly, SER features scores the intensity of local pixels to
determine a profile, with valley measuring how much the intensity drops
off from each intense fluorescent locus. With the healthy network
pattern of mitochondria seen in control cells, this leads to the highest
value. Fragmentation of mitochondria, as observed in cells treated with
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AO for 2 h, leads to a significant decreased SER “holes” value, indicating
a change in mitochondrial morphology (Fig. 2F). When this analysis is
applied to CBD-treated cells after 6 h, we see the same level of feature
change as AO. Thus, CBD appears to have a direct effect on mitochon-
drial morphology and network.

2.4. CBD induces mitophagy and mitochondrial morphological change

Since AO-induced Parkin localization canonically leads to mitoph-
agy, we asked whether CBD treatment would lead to this same outcome.
One of the ways to test for mitophagy is by measuring the mitochondrial
recruitment of autophagy marker LC3, a protein involved in autopha-
gosome biogenesis. HeLa cells expressing Venus-Parkin, Smac-MTS-RFP
and LC3-CFP were treated with Vehicle, AO, or CBD, and then imaged to
determine if LC3 colocalization to damaged mitochondria would follow
the Parkin colocalization shown above. As expected, Parkin trans-
location to mitochondria peaks at 2 h in AO-treated cells (Fig. 3A, 2nd
row, Fig. 3C, red line), while CBD-treated cells take around 6 h to reach
the same level of Parkin colocalization with mitochondria (Fig. 3B, 3rd
row, Fig. 3C, blue line). We next quantified the PCC for cells treated with
AO and CBD compared to vehicle control. AO-treated cells show an in-
crease in LC3 signal overlapping with mitochondria puncta; this increase
is most apparent at 6 h after treatment (Fig. 3A). PCC confirms that LC3

A 10puM AO _ Parkin Mitochondria LC3

Comlosile
& 2 «
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colocalization with mitochondrial puncta peaks at 7 h (Fig. 3D, red line).
LC3 colocalization in CBD-treated cells also increases, though more
subtly, with a more modest increase in LC3 puncta intensity (Fig. 3B),
which is supported when quantified by PCC, with LC3 colocalization
occurring later and reaching a lower level compared to in AO-treated
cells (Fig. 3D, blue line). This delay of LC3 colocalization echoes the
delayed Parkin localization in CBD-treated cells, giving further support
that Parkin activity in CBD-treated cells is distinct from that in AO-
treated cells.

We wanted to ensure that Parkin was required for the recruitment of
LC3 to damaged mitochondria during CBD treatment. Parkin is known to
be lowly expressed or not detectable in certain cell lines such as HeLa
cells (Pawlyk et al., 2003). We thus employed HeLa cells expressing
Smac-MTS-RFP and LC3-CFP, and compared cells with or without
Venus-Parkin added in. Compared to cells without exogenous Parkin,
Venus-Parkin expressing cells had an increase of LC3 colocalizing to
mitochondria during CBD or AO treatment (Fig. S3). Vehicle treated
cells showed no difference in LC3 colocalization to mitochondria be-
tween the two cell lines (Fig. S3). This result provides evidence that the
recruitment of mitophagy machinery during CBD treatment requires
Parkin.

We observed that CBD causes autophagosome machinery to coloc-
alize to mitochondria, the first step in mitophagy (Fig. 3B&D). To
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Fig. 3. CBD causes Parkin-dependent LC3 colocalization. A. HeLa cells were treated with 10 pM AO and then imaged for Venus-Parkin, Smac-MTS-RFP, and LC3-FFP
every hour. Representative images at 0, 2, 6 and 12 h shown, B Same as (A) but with cells treated with 50 pM CBD, C. Quantification of Venus-Parkin colocalization
to Smac-MTS-RFP using Pearson’s Correlation Coefficient (PCC) of cells from (A) and (B) along with cells treated with Vehicle control. Error bar represent SD, t-test
comparing vehicle to drug treated represented as p-value < .005 = **, n = 3, D. Quantification of LC3-CFP colocalization to Smac-MTS-RFP using Pearson’s Cor-
relation Coefficient (PCC) of cells from (A) and (B) along with cells treated with Vehicle control. Error bar represent SD, t-test comparing vehicle to drug treated
represented as p-value < .005 = **, n = 3, E. Cells were treated for with 50 pM CBD, 10 pM AO or Vehicle, and imaged at 0 and 16 h for mitochondrial content as
seen in (A). Smac-MTS-RFP intensity was calculated, and fold change of mitochondrial content was compared between 0 and 16 h. t-test comparing vehicle to drug

treated represented as p-value < .005 = **, n = 10-11.
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measure the loss of mitochondria directly, we measured mitochondrial
content over time after drug treatment. Cells treated with 10 uM AO
reduced initial mitochondrial signal to 19.6% after 16 h, as expected
after mitochondria undergo mitophagy (Fig. 3E, middle bar). Cells
treated with 50 uM CBD had 61.4% of their mitochondrial content
remaining after 16 h, significantly less than vehicle treated, but still
more than AO (Fig. 3E left bar). This blunted response is in line with the
other CBD-induced effects presented above.

2.5. Cyclosporine A attenuates CBD-induced Parkin activity and
cytotoxicity

After establishing that CBD differs from AO in temporal regulation of
Parkin localization and mitochondrial impairment, we next investigated
whether these differences engender varied phenotypical outcomes.
Olivas-Aguirre, et al. showed that CBD caused cytotoxic defects to the
mitochondrial derived calcium signaling in Jurkat cells and that these
effects can be countered by cyclosporine A (CsA). CsA binds cyclophilin
D, which can help form the mitochondrial permeability transition pore
(MPTP) or inhibit calcineurin signaling (Olivas-Aguirre et al., 2019). We
therefore tested CBD in the presence of CsA to determine whether CsA
could inhibit Parkin activity too. HeLa cells with Venus-Parkin,
Smac-MTS-RFP, and LC3-CFP were pretreated with either vehicle or
CsA for 20 min, then CBD was added to the cells. As shown, CBD with a
vehicle pretreatment causes a strong Parkin localization phenotype at
6 h (Fig. 4A, 3rd row), and caused an increase in both Parkin and LC3
colocalization to mitochondria along with stabilization of PINK1-EGFP
(Fig. 4B, C and D, respectively, green line). When CsA was added to
cells before CBD treatment, cells demonstrated a near complete

Parkin

Mitochondria
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reduction of Parkin colocalization after 6 h (Fig. 4A, 6th row). CsA also
led to a decrease in CBD-induced Parkin and LC3 colocalization to the
mitochondria and in PINK1 stabilization (Fig. 4B, C and D, respectively,
cyan line). In contrast, cells treated with AO demonstrated Parkin
mitochondrial translocation at 2h regardless of CsA presence (Fig. 4A,
4th row). Parkin and LC3 colocalization were also unaffected (Fig. 4B
and C, cyan line), although we noted that CsA and AO in combination
cause an increase to PINK1 stabilization compared to AO alone (Fig. 4D,
AO-+CsA cyan line, AO green line). We also employed FK506 to block
calcineurin and Ru360 to block mitochondrial calcium uptake individ-
ually as CsA is known to block these two pathways in addition to MPTP.
Unlike CsA, both FK506 and Ru360 failed to block Parkin recruitment
caused by CBD (Fig. S4A). To confirm CsA is acting at the mitochondria,
we employed JW47, a mitochondrial targeted CsA (Warne et al., 2016).
In RPE1 cells, JW47 was able to significantly diminish CBD induced
Parkin puncta formation, though to a lesser extent compared to what is
seen with CsA (Fig. S4B). This result provides support that the inhibition
exhibited by CsA is specific and predominately due to signaling at the
mitochondria. The canonical target of CsA is cyclophilin D (CypD), so we
also wanted to test if direct modulation of CypD would phenocopy CsA.
We knocked down CypD using a short hairpin RNA (shRNA), with a
non-targeting sequence (NT) shRNA used a control. We confirmed we
successfully knocked down CypD expression by qPCR (Fig. S5A). The
CypD knock down demonstrated a significant decrease in Parkin puncta
formation with 100 pM CBD compared to cells transduced with NT
(Fig. S5B). It should be noted that this inhibition occurred only at this
higher dosage of CBD, which could be attributed to incomplete knock-
down of CypD (Fig. S5A). Regardless, our data suggests that CypD is a
key mediator of CBD. CsA selectively inhibited Parkin activity in CBD
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Fig. 4. MTP-Inhibitor Cyclosporine A blocks CBD Induced Parkin Activity. A. HeLa Venus-Parkin Smac-MTS-RFP LC3-CFP cells were initially treated with Vehicle or
30 pM CsA for 20 min. Cells were then treated with either Vehicle, 10 pM AO or 50 pM CBD and then imaged every hour. Representative images at indicated time
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SD, t-test comparing vehicle to CsA pretreatment represented as p-value < .005 = **, n.s. = not significant, n = 3, C. Colocalization of LC3- CFP to Smac-MTS-RFP for
each condition quantified with PCC. Error bars represent SD, t-test comparing vehlcle to CsA pretreatment represented as p-value < .005 = **, n.s. = not significant,
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measured and quantified by normalizing to initial measurement. t-test results represented as p-value < .005 = **, n.s. = not significant, n = 4.
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treated cells but not AO treated cells, which indicates that distinct
pathways may be regulating these responses, with MPTP formation
likely playing a significant role.

To further ascertain the difference between the cellular effects of
CBD and AO, we compared the ability of CsA to alleviate mitochondrial
depolarization from CBD or AO. Once again, AO and CBD decreased
mitochondrial polarization compared to vehicle at 2 h (Fig. 4E, blue
bars). CsA had no effect on depolarization by AO. In contrast, CBD-
treated cells decreased TMRE signal to 39.8% of baseline but only
71.9% with CsA present (Fig. 4F, gray bars). This recovery of mito-
chondrial depolarization, although partial, is to our knowledge a novel
phenotype not seen in other attempts to inhibit AO effects or Parkin
signaling. Collectively, these results indicate that CBD modulates the
PINK1/Parkin pathway in a distinct manner from AO or any known
activators of PINK1 and Parkin.
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2.6. CBD generates Parkin-positive mitochondrial-derived vesicles

The dynamics of CBD-induced PINK1/Parkin activation share some
similarities with Antimycin A treatment in the absence of Oligomycin A.
Previous studies showed that Antimycin A treatment alone can induce
the production of mitochondrial-derived vesicles (MDV), which are
cargo-selective vesicles that selectively degrade mitochondrial frag-
ments in a process distinct from the mitophagy seen after CCCP treat-
ment (McLelland et al., 2014). Processing of injured mitochondria via
MDYV formation is distinct from CCCP-induced mitophagy. To test if CBD
induces this repair pathway through MDV formation, we treated RPE1
cells expressing Venus-Parkin with CCCP, Antimycin A, or CBD, and
then fixed and stained these cells with antibodies against TOM20, an
outer mitochondrial membrane protein, or PDH2/3, which reside within
the mitochondrial matrix. To measure MDV production, we first located
distinct Parkin puncta within cells small enough to viably be classified as
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Fig. 5. CBD Induces MDV Formation. A-B) RPEI1 cells expressing Venus-Parkin (yellow) were treated with 10 pM CCCP (top row), 25 uM Antimycin for 2 h (middle
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MDVs using light microscopy (< ~ 1 pm). From these small Parkin
puncta, we then counted the number of puncta selective for TOM20
(TOM20+/PDH-), PDH (PDH+/TOM20-) or excluding both markers
(PDH-/TOM20-). 20 cells per sample were counted and averaged for
vesicle counts. CBD treatment stimulated formation of all three types of
MDVs (Fig. 5C, white arrows: PDH+/TOM20-, green arrow:
TOM20-/PDH+, pink arrow: PDH-/TOM20-). This formation is also seen
in Antimycin A-treated cells, while CCCP treatment causes almost no
MDYV formation (Fig. 5B and A, respectively). Quantification reveals that
both CBD and Antimycin A caused cells to generate significantly more
PDH+/TOM20- MDVs and overall MDVs than CCCP (Fig. 5D and G,
respectively), while CBD alone caused increased production of
PDH-/TOM20- MDVs (Fig. 5F). Statistically, there was no difference in
TOM20+/PDH- MDVs across the three treatments (Fig. 5E). This shows
that CBD induces MDV formation comparably to Antimycin A treatment.

3. Discussion

Here we describe our findings that CBD activates the PINK1-Parkin
pathway in a dose-dependent manner, leading both to mitochondrial
clearance and to elevated production of MDVs. CBD causes PINK1 to
stabilize on the mitochondrial membrane and Parkin to be recruited to
damaged mitochondria while simultaneously inducing mitochondrial
depolarization and ROS production similarly to AO or CCCP. However,
the underlying mechanism appears to be distinct from the mechanisms
of AO and CCCP because cyclosporine A can inhibit the PINK1/Parkin
activity of CBD, while having no discernable effect on Parkin recruit-
ment in cells treated with AO. While CBD-induced activation of Parkin
leads to autophagosome recruitment and mitophagy in a manner similar
to AO, it also elevates generation of MDVs. Thus, our studies uncover a
novel and clinically relevant inducer of MDVs and describe a new
mechanism of action by which CBD regulates cellular responses.

Several small molecules have been shown to activate the PINK1/
Parkin pathway via mechanisms of action that can be classified into
three distinct classes. CCCP, FCCP, and valinomycin depolarize mito-
chondria by perturbing ion flux across the membranes (Narendra et al.,
2008; Zhang et al., 2014). The second class includes AO and sorafenib,
which inhibit complex III and V of the electron transport chain (ETC),
leading to ROS generation and depolarization (Vives-Bauza et al., 2010;
Zhang et al., 2017). Actinonin and G-TTP belong to the third class that
are known to cause misfolded protein accumulation at mitochondria in a
manner similar to overexpression of truncated OTC, leaving them
polarized during Parkin recruitment (Burman et al., 2017; Fiesel et al.,
2017; Jin and Youle, 2013). While CBD causes some cellular effects that
are similar to those caused by these previously defined PINK1/Parkin
activators, its underlying mechanism may be distinct. A recent paper by
Huang, et al. presented work that CBD induced Parkin-dependent
mitophagy, leading to cell death in glioma cells (Huang et al., 2021).
We demonstrate that CsA selectively blocks PINK1/Parkin activation
caused by CBD. In contrast, CsA does not negate PINK1-Parkin activa-
tion by CCCP, valinomycin, or AO. CsA can even sensitize cells to acti-
nonin, which leads to increased Parkin puncta formation (Fig. S6). CBD
does cause mitochondrial depolarization (Fig. 2A), but the kinetics of
depolarization are slower than those after treatment with CCCP or AO.
Thus, the cellular response to co-treatment with CsA differentiates CBD
from the three known types of PINK1-Parkin inducers.

Previous studies showed that CBD causes mitochondrial Ca%* over-
load and stable mitochondrial permeability transition pore (MPTP)
formation, which could be responsible for mitochondrial depolarization
(Olivas-Aguirre et al., 2019). Consistent with this hypothesis, CsA re-
verses CBD-induced depolarization but has no effect on AO-induced
depolarization. CsA is known to obstruct MPTP formation via binding
to CypD (Bernardi et al., 1994; Crompton et al., 1988). Indeed our
research suggests that CypD directly functions during this
Parkin-mediated mitochondrial stress response to CBD. CsA has been
shown previously to block the calcium flux caused by CBD, protecting
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cells from the subsequent cytotoxic effects (Olivas-Aguirre et al., 2019).
The calcium influx or overloading caused by CBD leading to MPTP
opening could be responsible for the Parkin recruitment. Another rele-
vant mechanism could be attributed to inhibition of complex II/III and
slow mitochondrial depolarization by CBD (Singh et al., 2015). Since
CsA does not reverse AO-induced mitochondrial depolarization, ETC
complex inhibition by CBD is unlikely to be the major cause of
PINK1-Parkin activation. Given both mitochondrially targeted CsA and
knockdown of CypD significantly perturb the effect of CBD, our findings
instead are in line with previous work showing that CBD promotes MPTP
formation. Future studies will be needed to test whether MPTP forma-
tion is directly responsible for PINK1/Parkin activity and whether
additional pathways are required in addition to MPTP activation to
mediate CBD effects.

MDVs provide an alternative to mitophagy for processing damaged
mitochondria recognized by Parkin (Sugiura et al., 2014). This pathway
is selective in its cargo, shown to package oxidized proteins (Soubannier
et al., 2012b). The key defining feature of these vesicles is the selective
packaging of mitochondrial proteins. MDVs have been shown either
carrying matrix proteins while excluding OMM proteins, or vice versa
(McLelland et al., 2014; Ryan et al., 2020). These MDVs are then traf-
ficked to the lysosome to be degraded (Soubannier et al., 2012a).
Compared to the extensive destruction of whole organelles during
mitophagy, MDV formation and processing present a less drastic form of
mitochondrial maintenance. Repairing minor stress with MDVs could
act as a safeguard from triggering mitophagy, which could be seen as the
nuclear option for cells dealing with stressed mitochondria. CBD caused
slower Parkin and PINK1 recruitment, depolarization, and superoxide
production than AO treatment. This more gradual accumulation of
mitochondria damage could be the driving force behind this MDV for-
mation. The fact that we see significant MDV formation only at this
relatively high dose might be due to the transient nature of these vesi-
cles. Lower doses of CBD might be inducing a smaller amount of
Parkin-dependent MDVs that are degraded before noticeable accumu-
lation occurs. Consistent with notion, bafilomycin treatment enhances
Parkin colocalization to mitochondria at lower doses of CBD (Fig. S7). A
small amount of induced MDV formation could help cells better process
mitochondrial damage before mitophagy is needed and explain the
proliferative effects seen in low dose treatment of CBD (Olivas-Aguirre
et al., 2019). This increased activation of controlled mitochondrial
maintenance could offer beneficial benefits to these treated cells.

CBD is being explored in the clinic as a remedy for several neuro-
degenerative disorders, including epilepsy and Parkinson’s disease.
Although some initial results are promising, a myriad of questions
remain about the detrimental and beneficial effects that CBD exerts on
cells. Previous research provided a frame work for CBD induced Parkin-
dependent mitophagy (Huang et al., 2021). This work shows that at
micromolar range, CBD exhibits mitocan effects, impairment of mito-
chondria, and activation of the PINK1/Parkin repair pathway, possibly
through the opening of the MPTP. Since mitochondria dysfunction is
linked to a wide swath of neurological diseases, further elucidating this
signaling pathway could provide promising insights to CBD’s value as a
therapeutic agent.

4. Methods
4.1. Cell culture, transfection, and reagent treatment

HEK293T cells were obtained from ATCC. HeLa cells were a gifted by
Sabrina Spencer. Beige fat cells were a gift from Shingo Kajimura. Cells
were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal calf serum (Invitrogen), penicillin, strep-
tomycin (100units/mL), and 1 mM L-glutamine. Cells were treated at
indicated concentrations with CCCP (SigmaAldrich), valinomycin
(Tocris), Antimycin (SigmaAldrich) Oligomycin (Cayman Chemical),
Actinonin (Cayman Chemical), FK506 (Cayman Chemical), 1-NA-PP1
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(Cayman Chemical), Bafilomycin Al (SigmaAldrich), and Ru360
(EMDMillipore). Antibodies were purchased from the following pro-
viders: anti-PDH, Abcam; anti-Tom20, Proteintech. Fluorescent labeled
secondary antibodies were purchased from ThermoFisher.

4.2. Generation of shRNA knockdown cell lines

pLKO.1 lentiviral vectors were obtained from the Functional Geno-
mics Facility at CU Cancer Center. HEK293T cells were transfected with
lentiviral packaging and target plasmids to generate lentivirus, and viral
supernatants were collected and filtered before infecting into target
cells. Cells were then selected with puromycin. CypD
(TRCN0000232682) targeting sequence: CCGGGTTCTTCATCTGCAC-
CATAAACTCGAGTTTATGGTGCAGATGAAGAACTTTTTG. qPCR anal-
ysis of CypD knockdown was performed with the following pair of
primers: Fwd 5-GAAGGCAGATGTCGTCCCAAA-3'; Rev 5'-
GGAAAGCGGCTTCCGTAGAT-3'. Human TBP was used as an internal
control for the normalization of sample inputs. The primer pair for TBP
are: Fwd 5'- CACGAACCACGGCACTGATT-3'; Rev 5'-
TTTTCTTGCTGCCAGTCTGGAC-3'.

4.3. Live cell imaging and fluorescence microscopy

For Parkin recruitment and mitophagy assays, cells were grown in
Perkin Elmer Cell Carrier Ultra 96-well plates at 5000 cells per well at
37°C and 5% COy in a humidified incubator. Cells were imaged at 5%
CO2 and 37°C in a Perkin Elmer Opera Phenix High-Content Screening
System with the laser and filter settings for CFP, YFP, and mCherry using
a 40x water NA 1.1 objective. Live cell images were collected for 0-22 h
post-treatment.

For PINK1 stabilization and mitochondrial membrane potential as-
says, 5000 cells per well were grown in Cell Carrier Ultra 96-well plates
at 37 °C and 5% COz in a humidified incubator. Cells were imaged at 5%
CO2 and 37 °C in a Perkin Elmer Opera Phenix High-Content Screening
System with the laser and filter settings for EGFP and TRITC using a 20x
Air NA.8 objective. Live cell images were collected for a pre-treatment
time point and 0-8 h after treatment.

4.4. Parkin mitochondrial recruitment assays

Parkin mitochondrial translocation was calculated two ways: Parkin
puncta formation and Parkin colocalization to mitochondria: (1) Venus-
Parkin and Smac-MTS-RFP (mitochondrial intermembrane space
marker) or immunostain Tom20 (outer mitochondrial protein) were
imaged using the Opera Phenix, then images were quantified using the
Harmony analysis suite. Images were masked for areas positive for
Smac-MTS-RFP. The count of YFP puncta was then recorded for each
image in a time series and normalized to the count for the first time point
for each site; (2) The Venus-Parkin and Smac-MTS-RFP images were
analyzed in MATLAB. Images underwent background subtraction and
thresholding before the Pearson’s Correlation Coefficient was calculated
for each site and averaged across wells and replicates.

4.5. Mitophagy assays

Mitophagy was quantified using co-localization experiments be-
tween LC3 and mitochondria (Smac-MTS-RFP). MATLAB was used to
process images using background subtraction and thresholding before a
Pearson’s Correlation Coefficient was calculated for each site and
averaged across wells and replicates.

4.6. PINK1 stabilization assay
PINK1-EGFP stabilization was quantified using MATLAB to back-

ground subtract and threshold images. Average EGFP pixel intensity was
calculated for each image. For each time point, values were normalized

European Journal of Cell Biology 101 (2022) 151185

to the pre-treatment value for the corresponding site.
4.7. Mitochondrial membrane potential assay and quantification

Mitochondria were stained with TMRE dye (ThermoFisher) as
described previously (Zhang et al., 2017). Cells were imaged for 20 ms
at 20% power using the TRITC filter on the Opera Phenix. Membrane
potential was quantified by using MATLAB to background subtract and
threshold images. Average TRITC pixel intensity was calculated for each
image. For each time point, values were normalized to the pre-treatment
value for the corresponding site.

4.8. Mitochondrial superoxide production assay

Mitochondria were stained with MitoSox dye (ThermoFisher)
following the protocols provided by the manufacturer. Cells were then
treated with drugs for the indicated length. Cells were then fixed with
4% PFA, stained with a Tom20 primary antibody, and stained with an
Alexa647 secondary antibody. Cells were imaged for 100 ms at 50%
power using the TRITC and Alexa647 settings on the Opera Phenix.
Membrane potential was quantified by using MATLAB to background
subtract and threshold images. Average TRITC and Alexa647 pixel in-
tensity were calculated for each image.

4.9. Mitochondria morphological change

HeLa cells with Venus-Parkin and Smac-MTS-RFP were incubated
with 1 yM Draq5 (Invitrogen) as suggested by the manufacturer for
20 min, and then treated as indicated. Cells were then imaged on the
Opera Phenix for 100 ms at 40% power for both mCherry and Draq5
signal. Images were then analyzed for mitochondrial morphology using
the SER hole feature of the PerkinElmer Harmony analysis suite ac-
cording to the guidelines provided by PerkinElmer.

4.10. Measuring mitochondrial content change

HeLa cells with Smac-MTS-RFP were treated with indicated drugs
and imaged for 16 h. After flatfield correction and background sub-
traction images were calculated for intensity of RFP fluorescence in
MATLAB. Fluorescence at 16 h was normalized to the initial time
measurement for each well and then averaged across separate
experiments.

4.11. Immunofluorescence and MDYV formation quantification

RPE1 cells expressing Venus-Parkin were treated as indicated and
then fixed with 6% PFA in PBS for 15 min, then washed with PBS. Cells
were blocked and permeabilized with 1% BSA and.3% Triton-X 100 for
1h, then incubated with mouse anti-PDH2/2 (1:1000, Abcam,
ab110333) and rabbit anti-TOM20 (1:250, Cell Signaling, 42406) anti-
bodies overnight at 4 °C. Cells were washed with PBS and then incu-
bated with Alexa 555 anti-rabbit (1:250, Invitrogen, A27039) and Alex
647 anti-mouse (1:250, Invitrogen, A32728) for 1 h at room tempera-
ture. Cells were washed, then imaged on the Opera Phenix using the
YFP, TRITC, and CyS5 filters.

MDYV formation was quantified by identifying Parkin puncta that had
no TOM20 or PDH2/3 expression. TOM20+/PDH2/3-, PDH2/3+/
TOM20-, and double negative Parkin puncta were counted for 20 cells
per replicate, with 2 technical and 2 biological replicates for each
condition.

4.12. Statistics
All statistical data was calculated using MATLAB or Excel. Compar-

isons between individual conditions were performed using a two-sample
t-test with one-tailed distribution and unequal variance. p-values < 0.05
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were marked as *, and p-values < 0.005 were marked as **.
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