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ABSTRACT: The cannabinoids cannabidiol (CBD) and delta-9- ' ( Hepatic Biotransformation of THC and CBD
tetrahydrocannabinol (THC) undergo extensive oxidative metab- ’ 3 wons LS o

olism in the liver. Although cytochromes P450 form the primary, Mmmm\: on P o on
pharmacologically active, hydroxylated metabolites of CBD and | ¢0#spesos.uss) G — | G RG>
THC, less is known about the enzymes that generate the major in o ToHTHO THG GHO 11.coomTH
vivo circulating metabolites of CBD and THC, 7-carboxy-CBD and | ™ > "% - i ol Yy
11-carboxy-THC, respectively. The purpose of this study was to | o — e e
elucidate the enzymes involved in forming these metabolites. w0 s T1-OMTHG and 7-04-CBD ae metbolzed by ctosl 1

cannabidiol (CBD)

Cofactor dependence experiments with human liver subcellular
fractions revealed that 7-carboxy-CBD and 11-carboxy-THC
formation is largely dependent on cytosolic NAD'-dependent enzymes, with lesser contributions from NADPH-dependent
microsomal enzymes. Experiments with chemical inhibitors provided evidence that 7-carboxy-CBD formation is mainly dependent
on aldehyde dehydrogenases and 11-carboxy-THC formation is mediated also in part by aldehyde oxidase. This study is the first to
demonstrate the involvement of cytosolic drug-metabolizing enzymes in generating major in vivo metabolites of CBD and THC and
addresses a knowledge gap in cannabinoid metabolism.

KEYWORDS: cannabidiol, tetrahydrocannabinol, cannabinoid, drug metabolism

annabidiol (CBD) and delta-9-tetrahydrocannabinol cannabinol (abbreviated as 11-carboxy-THC or 11-COOH-

(THC) (Figure 1) are two pharmacologically active THC) formed from the pharmacologically active metabolites
natural products derived from cannabis. Though the chemical 7-hydroxy-CBD (7-OH-CBD) and 11-hydroxy-THC (11-OH-
structures differ by only a single functional group, the THC), respectively. Glucuronide metabolites of these
pharmacology of these compounds differs significantly. THC carboxylic acids make up the majority of drug-related material
is a partial agonist of cannabinoid receptors 1 and 2 (CB1 and recovered in urine.® '’ The plasma area under the
CB2) located predominantly in the central nervous system and concentration versus time curve (AUC) of 7-COOH-CBD is
in immune tissues, respectively."”” The psychoactive effects of up to 40-fold higher than that of CBD following repeated

THC are mediated through binding to CBL'In contrast, CBD administration of CBD to children.*® A similar AUC ratio of
has low binding affinity for CB1 and CB2 and may decrease 11-COOH-THC to THC was measured following single-dose

the aft3ivity of THC through negative allosteric modulation of oral administration of THC to healthy adult volunteers,'' and
CB1. " CBD lacks the euphorigenic properties of THC and is 11-COOH-THC has been proposed as a biomarker for level of
commonly used as an anticonvulsant and anxiolytic agent. In cannabis use.'””'* Additionally, the major glucuronide

2018f .CBD. was approved by the U.S. Food and Drug metabolite of 11-COOH-THC has been shown to inhibit
Administration (FDA) to treat Lennox—Gastaut4 and Dravet multiple major P450 enzymes, including CYP2B6, CYP2C9,
syndromes, two rare and severe forms of epilepsy.” Though the and CYP2D6 in vitro."> Factors affecting downstream 7-
exact mechanism of action is unknown, CBD is not thought to COOH-CBD and 11-COOH-THC formation may therefore
exhibit anticonvulsant activity by interacting with cannabinoid impact the systemic exposure of the active metabolites of CBD

4 . . .
receptors;” rather, it may have a multimodal ‘mechanism and THC and hence the pharmacological effects of CBD and
through binding to transient receptor potential vanilloid-1 THC.

(TRPV1), G protein-coupled receptor-SS (GPRSS), and
equilibrative nucleoside transporter 1 (ENT-1) in the brain.’

Both CBD and THC undergo oxidation and glucuronidation
by cytochrome P450 (P450) and UDP-glucuronosyltransferase
(UGT) enzymes, respectively, in the liver and gut prior to
urinary and hepatoiliary excretion (Figure 1).**” The major
circulating metabolites of CBD and THC in vivo are 7-carboxy-
CBD (7-COOH-CBD) and 1l1-nor-9-carboxy-tetrahydro-
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Figure 1. Proposed metabolic pathway for formation of 11-COOH-THC and 7-COOH-CBD. (A) THC is metabolized to the active metabolite
11-OH-THC by P450 enzymes. Subsequent oxidative metabolism generates the major circulating metabolite 11-COOH-THC through the putative
multistep mechanism shown. (B) CBD similarly is metabolized by CYP2C9 and CYP2C19 to the pharmacologically active metabolite 7-OH-CBD,

followed by oxidative metabolism to form 7-COOH-CBD.
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Figure 2. Cofactor dependence of 7-COOH-CBD and 11-COOH-THC formation. Pooled HLM, HLC, and HLS9 were incubated with 1 yM 7-
OH-CBD (A) and 1 4uM 11-OH-THC (B) in the presence of NADPH (1 mM), NAD" (2 mM), their combination, or no cofactor. Bars represent
the mean of two independent experiments, and points show the mean values in individual experiments performed as triplicates. ND = not detected;
BLQ = below limit of quantitation (determined by mean rate of formation for 7-COOH-CBD). The limit of quantitation (LOQ) for 7-COOH-
CBD was 0.69 pmol/min/mg protein. For this condition, the mean rate of formation consisted of one result above the LOQ and one result below
the LOQ_(trial 1 rate = 0.98 pmol/min/mg protein, trial 2 rate = 0.53 pmol/min/mg protein, mean rate = 0.76 pmol/min/mg protein).

While the P450 enzymes such as CYP2C9, CYP2C19, and
CYP3A4 are responsible for CBD and THC monohydrox-
ylation,'®™"? the enzyme(s) involved in generating 7-COOH-
CBD and 11-COOH-THC remain unclear. Metabolism of
alcohols such as 7-OH-CBD and 11-OH-THC by drug-
metabolizing enzymes often occurs through multiple reaction
steps, which may yield reactive aldehyde metabolites in the
process.zo Common biotransformation pathways for primary
hydroxylated metabolites involve conversion to aldehydes and
carboxylic acids by cytochrome P450 enzymes, alcohol
dehydrogenases (ADH), aldehyde dehydrogenases (ALDH),
aldo-keto reductases, and aldehyde oxidase (AOX).*'~**
Although all of these non-P450 enzymes are important in
drug clearance, they may often be overlooked in preclinical
drug metabolism studies.”*

ADHs are NAD'-dependent enzymes that reversibly oxidize
alcohols into aldehydes and ketones,*"*>* including gen-
eration of the toxic ethanol metabolite acetaldehyde. There are
over 20 human ADH enzymes organized into five classes based
on amino acid sequence, activity, and tissue expression.23 ADH
enzymes are variably expressed in the liver, GI tract, and other
tissues.”**” The competitive, nonspecific ADH inhibitor 4-
methylpyrazole is used as an antidote for methanol and
ethylene glycol poisoning,*
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ALDHs are a superfamily of enzymes that reversibly catalyze
the NAD(P)*-dependent oxidation of aldehydes into carbox-
ylic acids.”* Mammalian ALDH enzymes have been organized
into four different classes based on subcellular location and
affinity toward the ethanol metabolite acetaldehyde.”” ALDHs
are ubiquitously expressed within the mitochondria and cytosol
of cells not only in the liver but also in the lungs, digestive
tract, skin, kidneys, pancreas, and endocrine tissues, among
others.”>*” In addition to their role in retinoic acid synthesis,
ALDH enzymes are important for detoxication of reactive
aldehyde metabolites formed during lipid peroxidation, as well
as metabolites of cyclophosphamide, ifosphamide, and
abacavir, among others.”***®

AOX is another cytosolic enzyme that catalyzes oxidation of
aldehydes into carboxylic acids, as well as the oxidation of
some nitrogen-containing aromatic ring systems.22 Like
ALDH, AOX also synthesizes retinoic acid from retinalde-
hyde.”®

CYP3A has been hypothesized to play a role in 7-COOH-
CBD generation; however, direct evidence has not been
reported in the literature, and little is known about the
biotransformation of 7-OH-CBD to 7-COOH-CBD.'®*
Though clinical data show that 7-COOH-CBD is the most
abundant metabolite, preliminary in vitro data from human
liver microsomes (HLM) demonstrated relatively low turnover
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Figure 3. Cannabinoid metabolite formation in the presence of selected chemical inhibitors. Pooled HLS9 and HLC were incubated with
DMSO vehicle (0.5% v/v), 1-aminobenzotriazole (1-ABT, P450 inhibitor, SO0 4M), hydralazine (HDZ, AOX inhibitor, 25 #M), 4-methylpyrazole
(4-MP, ADH inhibitor, 250 uM), or WIN18,466 (WIN, ALDH inhibitor, 250 M) with NADPH (1 mM) and NAD* (2 mM) or NAD" alone.
Panels A and B show 7-COOH-CBD formation in HLS9 and HLC, respectively. Panels C and D show 11-COOH-THC formation in HLS9 and
HLC, respectively. For panel C, experiments with 1-ABT were performed only with NADPH and NAD" together. For panel D, experiments were
performed with HLC in the presence and absence of NAD* only. Bars represent the mean of two independent experiments, and the points show
the range of the independent experiments performed in triplicate and normalized to matching control incubations without inhibitors. Gray bars =
reactions performed with NADPH and NAD", pink bars = reactions performed with 7-OH-CBD and NAD?, blue bars = reactions performed with
11-OH-THC and NAD*. N.A. = not applicable (experiment not performed).

to 7-COOH-CBD when 7-OH-CBD was used as a substrate.'®
Similar observations have been made in in vitro experiments
examining the microsomal metabolism of THC to 11-OH-
THC and 11-COOH-THC."” Scaling the in vitro P450-
mediated formation clearance of 11-COOH-THC from 11-
OH-THC (4.6 L/h) to in vivo results in over S-fold under-
prediction of in vivo formation clearance of 11-COOH-THC
(254 L/h),">*° thus further suggesting that non-P450
enzymes play a role. While prior work has investigated 11-
OH-THC and 7-OH-CBD oxidative metabolism in vitro, these
studies have focused on microsomal P450 enzyme involve-
ment, and metabolite formation by non-NADPH-dependent
enzymes was not examined.”'*”"*

In the present study, we performed reaction phenotyping
experiments with human liver S9 (HLS9) and cytosol (HLC)
to investigate whether NADPH- and NAD'-dependent
enzymes form the major carboxylic acid metabolites of CBD
and THC. Based on our findings, we conclude that 7-COOH-
CBD and 11-COOH-THC may be generated through a
multistep process catalyzed mainly by cytosolic dehydro-
genases. This work demonstrates the importance of enzymes
that were previously not known to be involved in cannabinoid
clearance and addresses a knowledge gap in the literature
related to the metabolism pathways of CBD and THC.

To determine the roles of NAD*- vs NADPH-dependent
enzymes in 7-COOH-CBD formation, 7-COOH-CBD for-
mation from 7-OH-CBD was measured in HLS9 containing
both microsomal and cytosolic enzymes, and in HLM and
HLC alone in the presence of the different cofactors (Figure
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2). Metabolite generation was measured by LC-MS/MS
(representative LC-MS/MS chromatograms are in the
Supporting Information, Figure S1). Metabolite formation
rates were determined to be linear with respect to time and
protein concentration (Supporting Information, Figure S2). 7-
COOH-CBD was formed in HLS9 and HLC largely by NAD"-
dependent enzymes, whereas formation in incubations with
HLS9 containing NADPH alone was negligible (Figure 2A). 7-
COOH-CBD formation in HLM was lower compared to that
in HLS9 and HLC. Given the comparable rates of metabolite
formation observed with HLS9 and HLC, these findings
indicate that 7-COOH-CBD formation is driven largely by
NAD"-dependent cytosolic enzymes, with a minor contribu-
tion from NADPH-dependent enzymes. The results from
initial experiments comparing rates of 7-OH-CBD depletion
and 7-COOH-CBD formation in HLS9 at higher protein
concentrations with different cofactors are shown in the
Supporting Information, Tables S1 and S2, and Figure S3.
11-COOH-THC formation from 11-OH-THC was similarly
studied in HLS9, HLM, and HLC in the presence and absence
of the relevant cofactors (Figure 2B) and measured using LC-
MS/MS under linear conditions for metabolite generation.
(See Supporting Information, Figure S4 for representative
chromatograms and Figure S$ for protein—time linearity data.)
Formation of 11-COOH-THC was highest in HLS9 and also
driven largely by the presence of NAD". Since 11-COOH-
THC formation was higher in HLS9 than in cytosol (HLC),
the data suggest that both microsomal NAD'-dependent
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ADHs and cytosolic NAD*-dependent ALDHs and/or AOX
contribute to 11-COOH-THC formation from 11-OH-THC.

To identify the enzymes involved in 7-COOH-CBD and 11-
COOH-THC formation, chemical inhibitors were used in
incubations with HLS9 and HLC (Figure 3). The ALDH
inhibitor WIN18,446 (WIN) reduced 7-COOH-CBD for-
mation in HLS9 and HLC by 89% and 80%, respectively, in
reactions supplemented with NAD* (Figures 3A and 3B). In
addition, the nonspecific P450 inhibitor 1-aminobenzotriazole
(1-ABT) reduced NADPH-dependent 7-COOH-CBD for-
mation by an average of 22% in HLS9. Hydralazine appeared
to reduce NAD*-dependent 7-COOH-CBD formation in
HLC; however, this finding was not replicated in incubations
with both cofactors in HLC or in HLS9. Inhibition of ADH by
4-methylpyrazole did not appear to affect 7-COOH-CBD
formation in either subcellular fraction. The absolute values for
rates of 7-COOH-CBD formation are shown in the Supporting
Information, Figure S6.

In contrast to the observations with 7-COOH-CBD
formation, hydralazine reduced 11-COOH-THC formation
in HLS9 by approximately 50% and in HLC by over 80% for
NAD*-supplemented incubations (Figures 3C and 3D),
suggesting a potential role of AOX in one of the steps in 11-
COOH-THC formation from 11-OH-THC. WIN18,446
reduced 11-COOH-THC formation in HLS9 by 45% but
had a minimal effect in HLC. Inhibition of P450 enzymes and
ADH had little effect on 11-COOH-THC formation.

To further examine the role of ALDH enzymes in forming 7-
COOH-CBD, the concentration resulting in 50% inhibition
(ICs) by the ALDH inhibitor WIN18,446 was determined in
HLC (Figure 4). WIN was a potent inhibitor of 7-COOH-
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Figure 4. IC;, of WIN18,446 for inhibition of 7-COOH-CBD
formation in HLC. 7-OH-CBD (1 uM) was incubated with HLC
(0.5 mg/mL) and NAD* (2 mM) and the ALDH inhibitor WIN
18,446 (WIN, 0.01—100 uM) for 30 min. The estimated ICs, of WIN
(285 + 17 nM) was calculated by fitting a nonlinear dose—response
inhibition model in GraphPad Prism to the data. Points represent the
mean =+ standard deviation of three replicates from a single
experiment, and each curve was calculated from one of three
independent experiments (R1—R3).

CBD formation, with an estimated ICy, of 285 + 17 nM. This
ICs, is consistent with the value measured for WIN18,446
inhibition of retinoic acid formation by recombinant purified
ALDHI1AI and ALDHI1A3 and suggests that ALDH1A1 may
play a role in 7-COOH-CBD formation,”' as ALDHIA3 is not
found in HLS9.”®

Given the potential role of AOX in 11-COOH-THC
formation, the ICs, of the AOX inhibitor hydralazine was
also determined in HLS9 (Figure S). Hydralazine was found to
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Figure 5. IC;, of hydralazine for inhibition of 11-COOH-THC
formation in HLS9. 11-OH-THC (3 uM) was incubated with HLS9
(0.1 mg/mL) and NAD* (2 mM) and the AOX inhibitor hydralazine
(HDZ, 0.01—10,000 nM) for 20 min. The estimated ICs, of HDZ (53
nM) was calculated by fitting a nonlinear dose—response inhibition
model in GraphPad Prism to the data. Points represent the mean +
standard deviation of three replicates from a single experiment, and
curves shown were calculated from two independent experiments (R1
and R2) completed across two different days.

strongly inhibit 11-COOH-THC generation, with an ICs, of
53 nM. This value is consistent with previously determined
hydralazine ICy, toward AOX.** It should be noted that
hydralazine is a time-dependent inhibitor of AOX, and
calculated ICy, values should be considered in the context of
the incubation time used in the experiment. WIN18,446 was
found to weakly inhibit 11-COOH-THC formation, with an
estimated ICs, > 60 uM (Figure 6), suggesting ALDH1As and
ALDH2 are not involved in 11-COOH-THC formation.
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Figure 6. IC;, of WIN18,446 for inhibition of 11-COOH-THC
formation in HLS9. 11-OH-THC (3 uM) was incubated with HLS9
(0.1 mg/mL) and NAD" (2 mM) with the ALDH inhibitor WIN
(0.03—300 uM) for 10 min. The estimated ICs, of WIN (>60 pM)
was calculated by fitting a nonlinear dose—response inhibition model
to the data in GraphPad Prism. Points represent the mean + standard
deviation of three replicates from a single experiment, and curves were
calculated from two independent experiments (Rl and R2)
completed across two different days.

The results of this study demonstrate that formation of 7-
COOH-CBD and 11-COOH-THC is mainly NAD*-depend-
ent in cytosolic and HLS9 hepatocellular fractions, with lesser
contributions from NADPH-dependent enzymes. Formation
of both 7-COOH-CBD and 11-COOH-THC was lower in
reactions containing only the microsomal fraction regardless of
the cofactor(s) added. The interpretation of reaction
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phenotyping experiments performed with chemical inhibitors
shown in Figure 3 may be limited by the multistep and
possibly multienzyme formation of 7-COOH-CBD and 11-
COOH-THC from the respective alcohol metabolites and the
potential involvement of an unstable aldehyde intermediate.
For these reasons, it is difficult to determine which step of
metabolite formation may be affected by the inhibitors used in
this study, and whether one or both steps are inhibited. For
example, it is possible that AOX supports one of the steps in
11-COOH-THC formation but not both and hence 11-
COOH-THC formation cannot be observed in the absence of
a cofactor. However, the contribution of AOX to one of the
steps becomes apparent when NAD" is added, allowing the
two-step process for formation of 11-COOH-THC.

The difference in enzyme selectivity for some of the
chemical inhibitors is another limitation for identifying the
specific enzymes involved in 7-COOH-CBD and 11-COOH-
THC formation. For example, 4—methylgyrazole is known to
inhibit not only ADH but also CYP2E1.** 4-Methylpyrazole is
a nonspecific inhibitor of multiple ADH isoenzymes, with
preference for class I enzymes (ie, ADHIA, -1B, and
-1C).**** The class Il enzyme ADH4 and class III enzyme
ADHS are far less sensitive to 4-methylpyrazole inhibition.”***
Since each of these ADH enzymes is hepatically expressed, the
lack of inhibition by 4-methylpyrazole is a potential limitation
with the inhibition experiments performed in this study to
evaluate the role of ADHs.”® In addition, WIN18,446 broadly
inhibits multiple ALDH enzymes, includin§ ALDHIALI,
ALDHIA2, and ALDHI1A3, as well as ALDH2.”"** However,
as ALDH2 is a mitochondrial enzyme, it is unlikely to
contribute to 7-COOH-CBD or 11-COOH-THC formation
observed in HLS9 or HLC. Similarly, ALDH1A2 and
ALDHIA3 are not detected in HLS9,”® while ALDHI1AI
expression is high in the human liver, and hence ALDH1A2
and ALDHI1A3 are unlikely to be the enzymes inhibited by
WIN18,446 in human liver fractions here.

For CBD, ALDH enzymes appear to be most important in
forming 7-COOH-CBD, with minor contributions by P450
enzymes. WIN18,446 was a potent inhibitor of 7-COOH-CBD
formation in HLC. The IC;, of WIN18,446 for 7-COOH-CBD
formation in HLC was approximately 285 nM, supporting the
involvement of ALDHI1AL. This ICy, is similar to the values
determined for WIN18,446 inhibiting retinaldehyde metabo-
lism by recombinant ALDH1A1 (102 nM) and ALDH1A3
(187 nM).”>" P450 enzymes may catalyze formation of an
aldehyde intermediate, and ALDH may oxidize this inter-
mediate to 7-COOH-CBD. Note that while P450s may be
involved in this process, they do not appear to be required; in
fact, formation of 7-COOH-CBD was higher in HLC and
HLS9 compared to that in microsomes alone. Further, 7-
COOH-CBD generation was higher in HLC incubations
supplemented with NAD" alone than when both cofactors
(NADPH and NAD") were added (Figure 1A). This finding
suggests possible involvement of a NAD(P)H-dependent
cytosolic enzyme, such as an aldo-keto reductase, capable of
reducing the aldehyde intermediate back into an alcohol.”*

Interestingly, while ALDH (likely ALDH1ALI inhibited by
WIN18,446) was found to be important for forming 7-COOH-
CBD, AOX (inhibited by hydralazine) appears more important
for 11-COOH-THC formation. Hydralazine markedly de-
creased 11-COOH-THC formation in HLC. Inhibition of
P450s had virtually no effect on forming 11-COOH-THC in
HLS9. The inhibition of 11-COOH-THC formation by
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hydralazine in HLS9 (ICy, = 53 nM) appears more potent
compared to the ICy, value reported in recombinant AOX for
retinoic acid formation (420 nM),”* likely due to the longer
incubation times employed in this study and inactivation of
AOX by hydralazine.

Aldehyde intermediates such as the proposed metabolites in
Figure 1 are electrophilic and reactive. Prior evidence shows
that aldehyde intermediates may be capable of forming reactive
oxygen species and binding to intracellular thiols and amines,
leading to toxicity.”’">> Multiple approved drugs, such as
cyclophosphamide and derivatives felbamate, sunitinib, pazo-
panib, and abacavir form toxic aldehyde metabolites that may
contribute to adverse effects.”’ Further work is needed to
confirm the presence of an aldehyde intermediate in forming
the cannabinoid carboxylic acid metabolites.

Notably, CBD and THC inhibit different UGT and P450
enzymes and can contribute to enzyme-mediated drug
interactions;'¥'”**3” however, inhibition of ALDH, ADH,
and AOX by these compounds (or their metabolites) has not
been studied. The findings presented here may have clinical
implications for patients using concomitant ALDH, ADH, or
AOX substrates or inhibitors with cannabis. This may include
xenobiotics (e.g.,, ethanol, chemotherapeutic agents, acrolein,
or benzaldehyde) or endogenous compounds such as
retinaldehyde or lipid peroxidation products, among others.
Additional investigation of the inhibitory properties for these
cannabinoids is therefore warranted.

Collectively, this study demonstrates that NAD*-dependent
non-P450 enzymes play a critical role in cannabinoid
metabolism. To our knowledge, this is the first report to
demonstrate the involvement of non-P450 enzymes in the
formation of 7-COOH-CBD and 11-COOH-THC. Further
work is needed to determine the specific enzyme contributions
to individual steps of 7-COOH-CBD and 11-COOH-THC
formation, ie., conversion to the aldehyde intermediate and
subsequent oxidation to the respective carboxylic acid.

B EXPERIMENTAL PROCEDURES

A description of the chemicals and reagents used, experimental
procedures, and LC-MS/MS instrumentation and analysis performed
is provided in the Supporting Information.
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