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KEY WORDS Abstract The gut microbiota plays an important role in regulating the pharmacokinetics and pharma-
codynamics of many drugs. FLZ, a novel squamosamide derivative, has been shown to have neuropro-

Parkinson’s disease: tective effects on experimental Parkinson’s disease (PD) models. FLZ is under phase I clinical trial

R now, while the underlying mechanisms contributing to the absorption of FLZ are still not fully elucidated.

CYP51: Due to the main metabolite of FLZ was abundant in feces but rare in urine and bile of mice, we focused

COMT on the gut microbiota to address how FLZ was metabolized and absorbed. In vitro studies revealed that
FLZ could be exclusively metabolized to its major metabolite M1 by the lanosterol 14 alpha-demethylase
(CYP51) in the gut microbiota, but was almost not metabolized by any other metabolism-related organs,
such as liver, kidney, and small intestine. M1 was quickly absorbed into the blood and then remethylated
to FLZ by catechol O-methyltransferase (COMT). Notably, dysbacteriosis reduced the therapeutic effi-
cacy of FLZ on the PD mouse model by inhibiting its absorption. The results show that the gut microbiota
mediate the absorption of FLZ through a FLZ—M1—FLZ circulation. Our research elucidates the vital
role of the gut microbiota in the absorption of FLZ and provides a theoretical basis for clinical pharma-
cokinetic studies and clinical application of FLZ in the treatment of PD.
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1. Introduction

The human gastrointestinal tract harbors a complex and dynamic
population of gut microbiota, consisting of at least 10'* bacteria
and archaea with a total amount of 10 times that of the human
body'. It is considered to be an indispensable “metabolic organ”
that provides the body with a variety of enzymes and biochemical
metabolic pathways™. The gut microbiota plays critical roles in
maintaining human health by regulating metabolism, immunity,
and nerves; therefore, the disturbance of the gut microbiota leads
to the occurrence and development of various diseases, such as
inflammatory bowel disease’, cardiovascular disease’, liver dis-
ease®, and neurodegenerative disease’.

Increasing evidences have shown that gut microbiota is also
involved in drug metabolism by affecting their structures and
activities. Through studying the metabolisms of 271 drugs by 76
human gut microbiota, researchers have found that many drugs are
chemically modified by microbes®. The bioavailability of orally
administered drugs depends on the extent of the first-pass meta-
bolism by intestinal and hepatic enzymes prior to reaching the
systemic circulation. In fact, a variety of enzymes are found in the
gut microbiota, which can interact with drugs and generate me-
tabolites that differ from those in other host organs, promoting
drug absorption and influencing therapeutic outcome’ ''. For
example, azoreductase of the gut microbiota catalyzes the azo-
reduction of drugs, including prontosil, neoprontosil, and sulfa-
salazine, activating azo-bond containing pro-drug'>~'°. Therefore,
the research for discovering the role of gut microbiota in the
pharmacokinetics and therapeutic characteristics of drugs is
significant.

FLZ, formulated as N-2-[(4-hydroxyphenyl)-ethyl]-2-(2,5-
dimethoxy-phenyl)-3-(3-methoxy-4-hydroxyphenyl)-acrylamide,
is a novel synthetic derivative of squamosamide and the applica-
tion on Parkinson’s disease (PD) is going through the phase I
clinical trial now. Our previous studies demonstrated that FLZ
could cross the blood—brain barrier (BBB) and has strong neu-
roprotective effects on several experimental PD models'® "%
However, the current underlying mechanisms for metabolism and
absorption of FLZ are still not fully elucidated. Our previous study
demonstrated that M1, the main demethylated metabolite of FLZ,
formulated as N-2-[(4-hydroxyphenyl)-ethyl]-2-(2,5-dimethoxy-
phenyl)-3-(3,4-dihydroxy-phenyl)-acrylamide, was abundant in
feces but rare in urine and bile of mice (unpublished data), leading
us to speculate whether the gut microbiota was involved in FLZ
metabolism. Therefore, in the present study, we designed a set of
experiments to investigate whether and how the gut microbiota
affected the profiles of metabolism, absorption, and neuro-
protective efficacy of FLZ both in vitro and in vivo. The results
show that the vast majority of FLZ was demethylated to M1 in the
gut microbiota, and then M1 was soon absorbed into the blood,
where M1 was remethylated to FLZ. Lanosterol 14 alpha-
demethylase (CYP51) in gut microbiota and catechol O-methyl-
transferase (COMT) in blood mainly participate in this trans-
formation. The gut microbiota mediated the absorption of FLZ
through FLZ—M1—FLZ circulation and accordingly, further
regulated the therapeutic effects of FLZ on PD. The process
provided a paradigm showing the ways that gut microbiota par-
ticipates in FLZ metabolism and absorption, suggesting the
importance of gut microbiota in modifying the bioavailability and
therapeutic efficacy of FLZ.

2. Materials and methods
2.1.  Animals

Male C57BL/6 mice (22—25 g) and KM mice (22—25 g) were
supplied by the Institute of Laboratory Animal Science, Chinese
Academy Medical Sciences (Beijing, China). The animals were
maintained in a 12 h light/dark cycle at a temperature of 22—24 °C
in a relative humidity of 60% room, and received food and water
ad libitum. Animals were adapted for 1 week to the conditions
described above before experimentation. All experimental pro-
cedures were performed in accordance with the guidelines of the
Beijing Municipal Ethics Committee for the Care and Use of
Laboratory Animals.

2.2.  Qualitative analysis of FLZ and its metabolites by LC/MS"-
IT-TOF in colonic contents

FLZ and M1 with the purity >99%, synthesized by the Depart-
ment of Medicinal Chemistry, Institute of Materia Medica, Chi-
nese Academy of Medical Sciences (Beijing, China), were
incubated with the gut microbiota. The method for the preparation
of the gut microbiota was previously described''. Briefly, colonic
contents from mice were pooled, and 4 g of the sample was
transferred to a flask containing the anaerobic medium (Solarbio
Science & Technology, Beijing, China). After thoroughly mixed
and filtrated, the cultures were pre-incubated under anaerobic
conditions with N, atmosphere at 37 °C for 30 min. Then FLZ
(5 mmol/L) was incubated with the gut microbiota for 48 h with
dimethyl sulfoxide as the negative control. After termination of
the reaction with 3-fold of acetonitrile and centrifugation at
14,000 rpm (2K15, Sigma, St. Louis, MO, USA) for 5 min, the
supernatant was dried under nitrogen flow at room temperature,
and the residue was dissolved in 100 puL of acetonitrile:water
(v/v) = 1:1. Then 10 pL supernatant was injected for analysis
after centrifugation. A liquid chromatography instrument coupled
to an ion trap time-of-flight mass spectrometer (LC/MS"-IT-TOF)
from Shimadzu Corporation (Kyoto, Japan) was used to identify
the chemical structures of FLZ and its possible metabolites.

2.3. Quantitative analysis of FLZ and M1 by LC—MS/MS

Liquid chromatography with tandem mass spectrometry
(LC—MS/MS 8050, Shimadzu Corporation) was used for the
quantification of FLZ and M1 in biological samples. LC separa-
tion was achieved by an XSelect HSS T3 column
(100 mm x 2.1 mm x 3.5 um, Waters, Milford, MA, USA) with a
0.3 mL/min flow rate at 30 °C. The mobile phase was combined
by acetic acid:water (phase A, 0.3:100, v/v) and acetonitrile (phase
B), and a binary isocratic elution (A:B = 60:40, v/v) was per-
formed for 7 min. Multiple reaction monitoring (MRM) modes
were used during the analysis: 449.95—313.15 for FLZ,
436.25—299.15 for M1, and 236.85— 194.15 for IS. The mass
parameters were set as the following: nebulizer gas, 2.9 L/min;
drying gas, 10.0 L/min; heating gas, 10.0 L/min; interface voltage,
—4.5 kV; interface temperature: 250 °C; CID gas, 230 kPa; DL
temperature and heat block temperature: 250 and 300 °C,
respectively. The auto-sampler was kept at 4 °C. The cultured
sample (100 pL) was mixed with 10 pL of the internal standard
(carbamazepine, 400 ng/mL in methanol) and 90 pL distilled
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water. After that, 1 mL ethyl acetate was added for extraction and
900 pL of the supernatant was dried. The residue was dissolved in
100 pL of acetonitrile:water (v/v) = 40:60, and 10 pL supernatant
was injected for analysis after centrifugation. The concentrations
for standard curve were: 0.1, 0.2, 0.5, 2, 10, 50, 200, 500, and
2000 ng/mL. Shimadzu LC—MS solution (version 5.72) was used
for data acquisition and processing.

2.4.  Quantitative analysis of FLZ and M1 in the gut microbiota
and single bacterial strains

FLZ (0.2 mg/mL) was incubated with the prepared gut microbiota
at 37 °C under anaerobic conditions for 4 h. The resulting cultures
(100 pL) at different points (0, 15, 30, 60, 120, and 240 min) were
immediately extracted as described above and dissolved in 100 pL
of acetonitrile:water (v/v) = 40:60. The concentrations of FLZ
and M1 in cultures were determined by LC—MS/MS. Fifteen
single bacterial strains, including Acinetobacter baumannii,
Pseudomonas aeruginosa, Shigella boydii, Proteus mirabilis,
Enterococcus faecalis, Enterococcus faecium, Proteus vulgaris,
Enterobacter aerogenes, Staphylococcus epidermidis, Escherichia
coli, Staphylococcus aureus, Enterobacter cloacae, Lactobacillus
acidophilus, Lactobacillus casei and Bifidobacterium longum
(Nanjing Bianzhen Biotechnology Co., Ltd., Nanjing, China) were
activated and amplified in the proper medium. The optical density
(OD) was determined at 600 nm to unify the total number of 15
bacteria colonies at 3 x 10® CFU/mL. Then bacteria strains were
respectively incubated with FLZ (0.2 mg/mL) at 37 °C for 12 h,
and the levels of FLZ and M1 were detected by LC—MS/MS.

2.5.  Quantitative analysis of FLZ and M1 in microsomes, S9,
cytosol, intestine, and blood

For the preparation of S9, cytosol, and microsomes, the liver and
kidney from mice were homogenized in Tris/KCI buffer (22 mL/g,
pH 7.4). After centrifuged at 10,000x g for 25 min, S9 was iso-
lated in the supernatant. And then Tris/KCl was added and
centrifuged at 105,000x g for 1 h to obtain cytosol in the super-
natant and microsomes in the precipitation. 200 pL of the culture
system containing S9, cytosol, or microsomes (0.5 mg/mL pro-
tein), 2 puL of 0.2 mg/mL FLZ or M1, 0.05 mmol/L Tris/HCl
(pH = 7.4) with or without 20 pL of NADPH system (1 mmol/L),
was incubated at different points (0, 15, 30, 60, and 120 min).
100 pL of culture was determined by LC—MS/MS for analysis of
FLZ and M1, respectively. The small intestine was collected and
homogenized with 4-fold (w/v) phosphate buffer solution to obtain
gut microsomes. The whole blood sample was treated with heparin
after collected. And then the same amount of FLZ or M1 was
added into the small intestine homogenate or blood, respectively,
incubated and determined at different points (0, 15, 30, 60, and
120 min) as described above.

2.6.  Quantification analysis of FLZ and M1 in mouse plasma
and brain

KM mice were fasted for 12 h and then orally treated with FLZ or
M1 (50 mg/kg). Blood samples were collected at 0, 0.25, 0.5, 0.75,
1, 1.25, 2, 3, 4, 6, 10, 24, and 48 h after treatment, centrifuged at
6000x g for 5 min, and then plasma was obtained for metabolite

analysis. The brain samples were collected at 0, 0.5, 1, 2, 4, 6, and
10 h after administration. The method for brain preparation was
conducted as previously described'®. 10 pL supernatant of plasma or
brain was injected into the LC—MS/MS for analysis of FLZ and M1.

2.7.  Molecular docking

BIOVIA Discovery Studio Client software (version 2016; Accel-
rys, Inc., San Diego, CA, USA) was employed to perform the
molecular docking of FLZ onto the lanosterol 14-alpha-deme-
thylase (CYPS51, https://doi.org/10.2210/pdb5ESE/pdb), and M1
onto the catechol O-methyltransferase (COMT, https://doi.org/10.
2210/pdb400Q/pdb). The crystal structures of CYP51 and COMT
are available in the Protein Data Bank. The CDOCKER mode was
chosen as the binding algorithm of compounds with the enzymes.
The docking parameters were set to the default values except that
the pose cluster radius was set at 0.5. The grid boxes were the
active site cavities. The binding results of compounds with the
enzymes were expressed according to their binding free energy.

2.8.  Inhibition of CYP5I in gut microbiota and COMT in the
blood

To inhibit CYP51 in gut microbiota, two selective CYP51 in-
hibitors, itraconazole and voriconazole, were added to the colonic
contents and incubated with FLZ, respectively. The reaction sys-
tem of colonic contents contained FLZ (2 pg/mL) and itracona-
zole (8 and 20 pg/mL) or voriconazole (8 and 20 pg/mL) with the
anaerobic medium in a final volume of 1 mL, and 100 pL of the
resulting culture was performed for analysis. To inhibit COMT in
blood, entacapone, the selective COMT inhibitor was added to the
blood samples and incubated with M1. The 100 pL reaction
system in the blood consisted of M1 (2 pg/mL), entacapone (2, 8,
and 16 pg/mlL) and the heparin-treated whole blood samples.
After incubation, 3-fold volume of ice-cold acetonitrile was added
to terminate the reactions in the colonic contents and blood,
respectively, and then they were centrifuged at 14,000 rpm (2K 15,
Sigma) for 5 min. The supernatant was evaporated to dryness
under a nitrogen flow and dissolved with an equal volume of the
mobile phase for LC—MS/MS analysis of FLZ and M1.

2.9.  Measurement the activities of CYP51 and COMT

The activity of CYP51 in A. baumanii and feces of mice was
detected by microbial-derived ELISA kit (Shanghai Meilian
Biotechnology Co., Ltd., Shanghai, China) according to the
manufacturer’s instructions. Briefly, samples, standards, and
horseradish peroxidase (HRP)-labeled antibody were added into
pre-coated microwells with CYP51 capture antibody. After incu-
bation for 1 h, the substrate tetramethyl benzidine (TMB) was
added and the OD value was measured at 450 nm to calculate the
CYP51 concentration of the samples.

Activities of CYP51 in colonic contents and COMT in blood
were monitored by substrate catalyze reactions. For CYP51 ac-
tivity assay in colonic contents, the substrate of microbial CYP51,
0.05 mmol/L lanosterol, was added into the reaction system of
colonic contents containing FLZ and itraconazole or voriconazole.
After incubation for 6 h, 100 pL of the resulting solution was
mixed with 300 pL of methanol. The supernatant was dried under
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N, atmosphere after centrifugation, and then 100 pL of acetonitrile
and 100 pL of bis-(trimethylsilyl)-trifluoroacetamide (TClsy
Development Co., Ltd., Shanghai, China) were added. After
derivatization at 70 °C for 1 h (in darkness), the demethylated
metabolite (14-demethyl-lanosterol, m/z 483, 379) in the resulting
solution was analyzed by GC—MS QP 2010 (Shimadzu, Japan). In
detection of COMT activity in mouse blood, 0.05 mmol/L 3.4-
hydroxybenzoic acid, the substrate of COMT, was mixed with the
blood samples. After incubation with entacapone for 2 h, the 4-fold
volume of cold acetonitrile was added to terminate the reaction.
And then the produced 4-hydroxy-3-methoxybenzoicacid in the
supernatant was detected by LC—MS/MS 8050 (Shimadzu, Japan)
using the positive MRM mode (m/z 168.30 — 108.55 for 4-hydroxy-
3-methoxybenzoicacid).

2.10.  Development of PD mouse model, pseudo-germ-free
(PGF) mouse model and treatments

CS57/BL mice were intraperitoneally injected with probenecid
(250 mg/kg in DMSO, Sigma, MO, USA) 30 min prior to sub-
cutaneously injection of MPTP hydrochloride (25 mg/kg in saline,
Sigma) to induce parkinsonian symptoms. These mice have
received a total of 10 injections of MPTP in combination with
probenecid (MPTP/p). The 10 injections were given at an interval
of 3.5 days for a 5-week schedule.

For the preparation of PGF mice, normal C57/BL mice and
MPTP/p mice were orally treated with a broad-spectrum antibiotic
cocktail, including cefadroxil 100 mg/kg, terramycin 300 mg/kg,
and erythromycin 300 mg/kg (Solarbio Science & Technology),
twice a day for 3 days. The colonic contents of the mice were
collected on the third day to confirm the PGF status by culturing
fecal samples aerobically on a nutrient agar culture medium.
Colonic contents from normal C57/BL mice and MPTP/p mice
served as control. The normal C57/BL mice, antibiotic-exposed
normal mice, MPTP/p mice, and antibiotic-exposed MPTP/p mice
were then treated with FLZ (75 mg/kg) once a day for 8 weeks.
Meanwhile, the antibiotic-exposed normal mice and antibiotic-
exposed MPTP/p mice were continuing to treat with the same dose
of antibiotic cocktail once a day for 8 weeks to maintain the
pseudo-sterile state. 24 h after the last administration, blood and
brains of mice were collected, and feces of mice were collected
within 24 h of the last administration to detect the concentrations
of FLZ and M1. Mouse brain was collected to detect the patho-
logical related markers of PD.

2.11. Rotarod test

The rotarod test, which requires animals to balance and walk on a
rotating cylinder, is a widely used test to measure coordinated
motor skills that have also been employed in the MPTP/p mouse
model. Mice were positioned on the rotarod and then tested on the
revolving rod at the speed of 25 rpm for up to 120 s. The rotarod
automatically recorded the time that the animals first fell off the
rod, which designated as latency. Animals were pre-trained three
times before MPTP/p lesion until more or less ceiling perfor-
mance was reached. On the post-MPTP/p testing day, mice were
tested twice, and the time of latency was recorded. Between each
trial, animals rested for 1 h. The behavioral test of the normal
control mice, MPTP/p mice, MPTP/p mice treated with FLZ, and
antibiotic-exposed MPTP/p mice treated with FLZ were per-
formed at 13th week (the last day of FLZ administration).

2.12.  Immunohistochemical analysis

Mice were anesthetized with pentobarbital and perfused trans-
cardially with saline and then with cold 4% paraformaldehyde in
0.1 mol/L phosphate buffer (pH 7.4). Brains were then removed and
sectioned to 40-pm sections at the same position. Coronal sections
through the substantia nigra were processed for tyrosine kinase
(TH) immunohistochemistry as previously described®’. Briefly,
sections were incubated with rabbit polyclonal TH antibody (1:500,
Abcam, CA, USA) and then incubated with the biotinylated sec-
ondary antibody and subsequently with avidin-peroxidase. Finally,
the labeling was visualized with 0.05% 3,3'-diaminobenzidine
(DAB). Four consecutive sections of each mouse were selected to
observe TH-positive neurons in the substantia nigra with light mi-
croscopy (Nikon E600, Japan), and the total number of positively
stained cells in each group was calculated. All evaluations were
done by a researcher blind to the experiment.

2.13.  Quantitative real-time PCR (qgPCR)

The gene expression levels of 11-6, II-18, Iba-1, Cox-2, and II-10
were quantified by real-time PCR analysis. Briefly, RNA of mice
midbrain was extracted by Trizol reagent according to the man-
ufacturer’s instructions. Reverse transcription kit (Thermo) was
used to transcribe RNA to cDNA. After that, the qPCR was
conducted using the SYBR Green Real-time PCR Master Mix
according to the manufacturer’s protocols. Primer sequences are
listed for qPCR analysis in Table 1. Cycling parameters of qPCR
reaction were 94 °C for 5 min, followed by 32 cycles of 94 °C for
30 s, 59 °C for 30 s, and 72 °C for 60 s with a final extension at
72 °C for 7 min. All samples were run in triplicate, and the relative
gene expression was calculated using the 272" method. Cycle
time values of the genes were first normalized with @-actin of the
same samples, and then the relative differences between the
control and treatment groups were calculated and expressed as
relative increases, where the control was set at 100%.

2.14.  Detection of dopamine and its metabolites in the striatum
of mice

The striatum of mice in each group was collected on ice and
homogenate in saline at 1:10 (w/v). 50 pL of the mixture was
added with 200 pL of acetonitrile as the internal standard. After

Table 1  Primers used for qPCR.

Gene Primer sequence

1l-6 Forward: CTGCAAGAGACTTCCATCCAG
Reverse: AGTGGTATAGACAGGTCTGTTGG

1l-18 Forward: GCTACCTATGTCTTGCCCGT
Reverse: GACCATTGCTGTTTCCTAGG

Iba-1 Forward: ATCAACAAGCAATTCCTCGATGA
Reverse: CAGCATTCGCTTCAAGGACATA

Cox-2 Forward: GAAGTGGGGGTTTAGGATCATC

Reverse: CCTTTCACTTTCGGATAACCA
1i-10 Forward: GAATTCCCTGGGAGAGAAGC
Reverse: TTCTCACAGGGGAGAAATCG
Forward: AGAAGCTGTGCTATGTTGCTCTA
Reverse: TCAGGCAGCTCATAGCTCTTC

B-Actin
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centrifugation, the supernatant was dried under N, atmosphere and
redissolved in 50 pL acetonitrile:water (5:95, v/v). After centri-
fugation again, 5 uL supernatant was pipetted for the analysis of
dopamine (DA), dihydroxyphenylacetic acid (DOPAC), and
homovanillic acid (HVA). The neurotransmitters for determination
were separated by a C18 column (100 mm X 5 mm X 3 um), and
the mobile phase consisted of 0.05% formic acid—water (phase A)
and acetonitrile (phase B). Gradient elution conditions were as
following (A:B, v/v): 0.01 min: 95:5; 1.01 min: 70:30; 5.00 min:
5:95; 6.00 min: 5:95; 7.01 min: 5:95; 10.00 min; controller stop.
The C18 column was maintained at 30 °C and flow rate was
0.5 mL/min. Both positive and negative MRM modes were used
for quantification: 154.20—91.10 for DA (+), 167.10—123.10
for DOPAC (—), and 182.20—83.10 for HVA (—). Other mass
parameters were set as following: nebulizer gas, 2.7 L/min; drying
gas, 10.0 L/min; heating gas, 10.0 L/min; interface voltage,
—4.5 kV; interface temperature, 300 °C; CID gas, 230 kPa; DL
temperature and heat block temperature, 250 and 300 °C,
respectively. The levels of dopamine and its metabolites in the
striatum of PD model were evaluated by LC—MS/MS 8050
(Shimadzu).

2.15.  Western blot assay

The midbrain of the mice was lysed using non-denaturing lysis
buffer, and immunoblotting was performed as previously
described”'. Protein homogenates were subjected to Western blot
analysis using antibodies against CD68, GFAP, and GAPDH
(ABclonal, Wuhan, China). The blots were visualized by incu-
bating the membranes with ECL Plus reagents (Yeasen, Shanghai,
China) and developed with a LAS 4000 chemiluminescence sys-
tem (Fujifilm, Tokyo, Japan). The densities of the bands were
determined using Gel-Pro Analyzer 4.0 software (Media Cyber-
netics, MD, USA).

2.16.  Statistical analysis

Statistical analysis was performed with SPSS 18.0 statistical
software (SPSS Inc., Chicago, IL, USA). Data are expressed as
mean =+ standard deviation (SD). The significant differences
among groups were determined with One-way ANOVA followed
by LSD #-test. P < 0.05 was considered as statistical significance.

3. Results

3.1.  MI was the main metabolite of FLZ generated by the gut
microbiota

We have previously detected eight metabolites of FLZ in experi-
mental animals, among which M1, the demethylated product of
FLZ, was the main metabolite in quantity. Since M1 was abundant
in feces, we speculated that the gut microbiota might be involved
in the conversion of FLZ to M1. To verify this hypothesis, we
incubated FLZ with mouse colonic contents to identify the
possible metabolites of FLZ and their chemical structures. In the
culture of the colonic contents and FLZ, both FLZ
(tr = 13.8 min) and M1 (g = 12.2 min) were detected, indi-
cating that FLZ could be converted to M1 by the gut microbiota
(Fig. 1A). The extracted ion chromatograms (EICs) obtained from
LC/MS"-IT-TOF analysis show that FLZ and M1 were responded
well in the positive ion analysis mode (FLZ: 450.1532, M1:

436.1430, Fig. 1B). We then elucidated the profiles of FLZ con-
version to M1 (Fig. 1C). Incubation of FLZ (0.2 mg/mL) with the
colonic contents of mice resulted in a gradually decreased level of
FLZ, and accordingly, M1 was detectable within 15 min of in-
cubation. The absolute quantification results showed that almost
all FLZ was transformed to M1 after incubation in the colonic
contents for 60 min, and the generated M1 was at a stable level
within 60—240 min, indicating that during this period, M1 was not
metabolized by the gut microbiota (Fig. 1D). To further determine
gut microbiota is responsible for the FLZ-to-M1 conversion, we
incubated FLZ (50 pg/mL) with the 15 gut microbiota strains
in vitro, and then detected the concentrations of M1 and FLZ in
the cultures, respectively. As shown in Fig. 1E, among the 15 gut
microbiota strains, A. baumanii, P. aeruginosa, S. boydii, P. mir-
abilis, E. faecalis and E. faecium metalized FLZ to M1 after 12 h-
incubation. It was worth noting that the ratio of M1/FLZ in A.
baumanii was higher compared with all the other investigated
bacteria (Fig. 1E). These data suggest that M1 was the main
metabolite of FLZ which was converted by gut microbiota.

3.2.  The liver, kidney, and small intestine were not the main
organs in the conversion of FLZ to M1

To determine whether the gut microbiota is specific and mainly
responsible for FLZ-to-M1 conversion, we incubated FLZ
(0.2 mg/mL) or M1 (0.2 mg/mL) with different metabolic com-
ponents that were rich in drug metabolic enzymes, including the
microsomes, S9, cytosol of the liver and kidney, as well as the
microsomes of the small intestine, and then measured the amounts
of FLZ and M1 in the cultures. As shown in Fig. 2A, after incu-
bating for 30 min, FLZ can be metabolized in the liver micro-
somes system, while a very low concentration of M1 was detected
in the culture, and M1 was not detected in the system of liver S9 or
liver cytosol. To further confirm the role of NADPH in FLZ
conversion, we incubated FLZ with NADPH and non-NADPH
system for 120 min in liver microsomes. The result shows that
the transformation of FLZ to M1 was a NADPH dependent
enzymatic reaction (Fig. 2B). Besides, FLZ was not detected when
M1 was incubated with liver microsomes, S9, and cytosol (Fig. 2C
and D). These results reveal that both FLZ and M1 could be
metabolized in the liver S9 and microsomes system, but nearly no
mutual conversion between FLZ and M1. When FLZ or M1 was
incubated with microsomes, S9, cytosol of the kidney, there was
almost no M1 or FLZ detected, suggesting that there was nearly
no conversion between FLZ and M1 in the kidney (Fig. 2E and F).
In addition, FLZ could be metabolized by small intestine micro-
somes with no M1 detected (Fig. 2G), while M1 was almost not
metabolized by small intestine microsomes (Fig. 2H), indicating
that M1 was not a metabolite of FLZ in small intestine micro-
somes. These results exclude the role of liver, kidney, and small
intestine in the metabolism of FLZ to M1, and indirectly
confirmed the uniqueness of the gut microbiota in FLZ-to-M1
conversion.

3.3.  CYP51 was involved in the conversion of FLZ to M1 in the
gut microbiota

We further explored the enzyme involved in the conversion of
FLZ to M1 in the gut microbiota. CYP51 is the most abundant
demethylase in the gut microbiota®”, and a high level of CYP51
activity was found in A. baumanii, the main bacterium that
metabolized FLZ to M1 in the present study (Supporting
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Information Fig. S1). We then performed computer-assistant vir-
tual docking by BIOVIA Discovery Studio Client software to
study the binding activity of CYP51 to FLZ. The result shows that
FLZ exhibited excellent docking performance on CYP51, with a
binding free energy of —56.0122 kcal/mol (Fig. 3A and B). FLZ
could possibly anchor into the binding site of CYP51 with the
following interactions: the hydrogen bond between the phenolic
hydroxyl group and the site of His225, Lys351, Arg469; the
carbon—hydrogen bond between the oxygen of another phenolic
hydroxyl group and Gly464; and the pi—alkyl interaction between
the benzene ring and Cys479, Leu380.

To further clarify whether CYP51 is a key enzyme that me-
diates the demethylation of FLZ, inhibitors of CYP51, itracona-
zole and voriconazole, were employed to further validate the
speculation. As shown in Fig. 3C, the activity of CYP51 in the
reaction system of colonic contents was inhibited by itraconazole
and voriconazole in a dose-dependent manner, respectively.
Accordingly, the concentration of FLZ was increased and M1 was
decreased in the colonic contents (Supporting Information
Fig. S2), and therefore reduced the ratio of M1/FLZ (Fig. 3D).
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These data suggest that the activity of CYP51 in gut microbiota
was positively correlated with the capability of metabolizing FLZ,
supporting our finding that CYP51 might be the key enzyme in the
conversion of FLZ to M1.

3.4.  Pharmacokinetics study of FLZ and M1 in plasma and
brain of mice

The pharmacokinetic profiles of FLZ and M1 are represented in
Fig. 4. After the oral administration of FLZ, there was a bimodal
phenomenon of the concentration—time curve of FLZ in plasma.
The peak time was 5 and 180 min, respectively, and the Cy,,x was
about 361.0 ng/mL with rapid elimination in plasma (Fig. 4A).
However, incubated with FLZ in plasma, the concentration of M1
was only about 1—2 ng/mL (Fig. 4B), therefore resulted in rela-
tively a low ratio of M1/FLZ in mouse plasma treated with FLZ
(Fig. 4C). When oral administration of mice with an equal dosage
of M1, FLZ was soon detected and the concentration reached its
peak at 2 h, with Cy,,x about 259.8 ng/mL, while the concentration
of M1 in the plasma was only about 1—2 ng/mL (Fig. 4D and E).
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FLZ is metabolized to M1 by the gut microbiota. (A) HPLC chromatogram of FLZ-to-M1 conversion in mice colonic contents (FLZ:

tr = 13.8 min, M1: g = 12.2 min). (B) EIC of M1 and FLZ in positive ion mode, the m/z values in this chromatogram: M1, 436; FLZ, 450. (C)
The molecular formula and metabolic process of FLZ to M1. (D) Conversion of FLZ to M1 by the gut microbiota in colonic contents (n = 4 in
each group). (E) The ratio of M1/FLZ in 15 intestinal bacteria strains (n = 6 in each group). Data are presented as mean + SD, n = 4.
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Figure2  The metabolism of FLZ and M1 in liver, kidney, and small intestine. Microsomes, S9, and cytosol of liver and kidney as well as small
intestine were extracted from mice and then incubated with FLZ or M1. Percentage of FLZ and M1 in mouse liver microsomes, S9, and cytosol
incubated with FLZ (A) or M1 (C) at 30 min. Percentage of FLZ and M1 in mouse liver microsomes incubated with FLZ (B) or M1 (D) for
120 min. Percentage of FLZ and M1 in mouse kidney microsomes, S9, and cytosol incubated with FLZ (E) or M1 (F) at 30 min. Percentage of
FLZ and M1 in mouse small intestine homogenate incubated with FLZ (G) or M1 (H) for 120 min. Data are presented as mean & SD (n = 4 in
each group). ND: not detected.
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CYP51 contributed to the conversion of FLZ to M1 in the gut microbiota. Molecular docking was performed by BIOVIA Discovery

Studio Client software to study the binding activity of CYP51 to FLZ. (A) Molecular docking 3D diagram of FLZ and CYP51. (B) Molecular
docking 2D diagram of FLZ and CYP51. The colonic contents were extracted from mice and then incubated with FLZ and Itraconazole or
Voriconazole for 6 h. (C) The activity of CYP51 in gut microbiota. (D) The ratio of M1/FLZ in gut microbiota. Data are presented as mean £ SD
(n = 4 in each group). *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control.

The conversion ratio of FLZ/M1 reached its peak at 2 h (Fig. 4F),
suggesting a possible conversion mode from M1 to FLZ in vivo.
We then investigated the concentration of FLZ in the brain of
mice. The results show that whether oral administration of FLZ or
M1, FLZ could be detected in the brain, while the concentration of
M1 was below the detection limit (0.1 ng/mL) analyzed by
LC—MS/MS. It was worth noting that 2 h after administration of
M1, the level of FLZ in the brain reached its peak, with the
concentration-time curve consistent with that of plasma (Fig. 4G
and H). These data suggest that a conversion from M1 to FLZ
might exist after M1 was absorbed in vivo.

3.5.
blood

COMT was involved in the conversion of M1 to FLZ in

To confirm the conversion of M1 to FLZ after its absorption, we
incubated FLZ and M1 with the mouse blood, respectively. The
results showed that almost no FLZ converted to M1 in the blood
(Fig. 5A), while M1 could be converted to FLZ, with a ratio of
about 30% in the blood (Fig. 5B), demonstrating that M1 was
remethylated in blood. Then we sought to find out which enzyme
was responsible for the methylation of M1 in the blood. As COMT
is the major methylase in the blood, we performed computer-
assistant virtual docking by BIOVIA Discovery Studio Client
software to investigate the binding activity of COMT to M1. The
results show that M1 exhibited excellent docking performance on

COMT with a binding free energy of —44.5554 kcal/mol (Fig. 5C
and D). M1 could possibly anchor into the binding site of COMT
with the following interactions: the hydrogen bond between the
phenolic hydroxyl group and the site of Asp151, Ser122, Ser169;
the pi—donor hydrogen bond between the benzene ring and
Trp193; and the pi—anion interaction between the benzene ring
and Aspl51.

We employed entacapone, an inhibitor of COMT to further
clarify that COMT might be a key enzyme to methylate M1. The
results indicate that entacapone dose-dependently inhibited the
activity of COMT in mouse blood (Fig. 5E), which accordingly,
resulted in reduced concentration of FLZ and increased concen-
tration of M1 in the blood (Supporting Information Fig. S3). And
therefore, M1/FLZ ratio was reduced in the blood accordingly
(Fig. 5F), suggesting that COMT might be the key enzyme in the
conversion of M1 to FLZ.

3.6.  Intestinal dysbacteriosis reduced FLZ absorption in the
chronic PD mouse model

To further validate gut microbiota contributed to the absorption of
FLZ, we developed pseudo-germ-free (PGF) mice and PGF plus
MPTP/p-intoxicated PD mouse model. At the first 3 days, anti-
biotics were given twice a day and the colonic contents of the
mice were collected on the third day for bacterial examination.
The data show that oral treatment with the antibiotics for 3 days
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Figure 4

Pharmacokinetics study of FLZ and M1 in mice. Mice were orally administrated with FLZ (50 mg/kg) or M1 (50 mg/kg), and then

plasma and brain were collected at different time points. The concentration—time curve of FLZ (A) or M1 (B) in plasma treated with FLZ. (C)
The ratio of M1/FLZ in plasma treated with FLZ. The concentration—time curve of FLZ (D) or M1 (E) in plasma treated with M1. (F) The ratio of
FLZ/M1 in plasma treated with M1. The concentration-time curve of FLZ in the brain treated with FLZ (G) or M1 (H). Data are presented as

mean = SD (n = 5 in each group).

reduced the bacterial colony in the mouse feces by 2 logs, indi-
cating PGF status was developed (Supporting Information
Fig. S4). Mice were then orally administrated with FLZ
(75 mg/kg) for 8 weeks, meanwhile antibiotic-exposed normal
control mice and MPTP/p mice were daily administrated with
antibiotics for maintaining a PGF status. The results show that,
compared with normal mice, the relative abundance of Lachno-
spiraceae_FCS020_group, Bifidobacterium, Lactobacillus,
Enterorhabdus, Tyzzerella_3, Bilophila, Eubacter-
ium_nodatum_group, Anaeroplasma significantly changed in the
feces of the MPTP/p-induced PD mice (Supporting Information
Table S1 and Fig. S5), while the concentrations of FLZ in PD
mice were not significantly changed (Fig. 6). Then CYP51 activity
was detected by microbial-derived ELISA Kkits assay and the result
showed that CYP51 activity of PD mice was not affected
compared with normal mice (Supporting Information Fig. S6),
further demonstrating that the conversion of FLZ to M1 in the gut
microbiota was mainly mediated by CYP51 in the gut microbiota.
Fig. 6A and D shows that the concentrations of FLZ and M1 in
plasma were markedly decreased in antibiotic-exposed PGF mice
and PGF plus MPTP/p mice compared with their corresponding
control mice, respectively. The distributions of FLZ and M1 in the
brain were also markedly decreased in the PGF status of mice
(Fig. 6B and E). In addition, intestinal dysbacteriosis led to
increased concentration of FLZ and reduced M1 in the collected
24-h feces (Fig. 6C and F). Taken together, these data further

support that the gut microbiota plays a vital role in the pharma-
cokinetics of FLZ.

3.7.  The therapeutic efficacy of FLZ was reduced on PD mouse
model with intestinal dysbacteriosis

Since the gut microbiota plays an important role in FLZ absorp-
tion, we further explored the role of the gut microbiota in the
neuroprotection of FLZ in MPTP/p-induced chronic PD mouse
model. Our results showed that FLZ (75 mg/kg) treatment
markedly increased the time of PD mice staying on the rod, TH
positive neuron numbers in the substantial nigra, and the con-
centration of DA and its metabolites in the striatum, suggesting
the motor behavior and dopaminergic neuronal functions were
improved by FLZ, while FLZ failed to alleviate the symptoms and
pathology of PD in the state of PGF induced by antibiotics
(Fig. 7A—F). Moreover, administration of antibiotics attenuated
the inhibition of FLZ on microglia and astrocytes activation, as
indicated by increased CD68 and GFAP expression, markers of
microglia and astrocytes activation, compared with FLZ-treated
alone in the midbrain of mice (Fig. 7G—I). Accordingly, intesti-
nal dysbacteriosis increased mRNA expression of pro-
inflammatory cytokines //-6, 1l-13, Iba-1, and Cox-2, as well as
decreased mRNA expression of anti-inflammatory cytokine //-10
in the midbrains of mice treated with FLZ, which were consistent
with the activation of microglia and astrocytes (Fig. 7J—N). These
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COMT contributed to the conversion of M1 to FLZ in the blood. Blood was collected from mice and then incubated with FLZ or M1

for 120 min. (A) Incubation of FLZ with mouse blood. (B) Incubation of M1 with mouse blood. BIOVIA Discovery Studio Client software was
used to perform molecular docking of M1 and COMT. (C) Molecular docking 3D diagram. (D) Molecular docking 2D diagram. Mice blood were
extracted from mice and then incubated with M1 and entacapone for 120 min: (E) The activity of COMT in the blood. (F) The ratio of FLZ/M1 in
the blood. Data are presented as mean £ SD (n = 4 in each group). **P < 0.01, ***P < 0.001 vs. Control.

results strongly suggest that the gut microbiota is a key regulator
in the absorption and the following neuroprotection of FLZ on PD.
4. Discussion

In this study, we mainly investigated the critical role of gut
microbiota in the absorption and efficacy of FLZ on PD, and have
addressed three important findings. Firstly, M1 was the main
metabolite of FLZ, which was demethylated in the gut microbiota
possibly by CYP51. Secondly, M1 was then absorbed into the
blood and remethylated to FLZ, which was possibly mediated by
COMT. Most importantly, the disturbance of the gut microbiota
induced by antibiotics decreased the absorption of FLZ, resulting
in a significantly reduced level of FLZ in the blood and brain, and
thereby alleviated the therapeutic efficacy of FLZ on the chronic

PD mouse model. Therefore, the present study provides a para-
digm showing the importance of the gut microbiota in modifying
the bioavailability and therapeutic efficacy of FLZ.

Increasing evidences have been rapidly emerging that gut
microbiota expresses a variety of enzymes, which could alter the
activity and absorption of drugs by modifying their chemical
structures™. It was reported that more than 30 commonly pre-
scribed drugs were metabolically altered by the enzymes in gut
microbiota®* %°, including methylase/demethylase, S-glucuroni-
dase, nitroreductase, azoreductase, and so on”’ ', For example,
sulfasalazine, a sulfa drug used for the treatment of ulcerative
colitis, is absorbed in the colon and converted to its pharmaco-
logically active form of 5-amino 5-salicylic acid by azoreductase
in gut microbiota®®*. FLZ is a novel synthetic derivative of
squamosamide for the treatment of PD. Since its main metabolite
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Figure 6

Effects of the gut microbiota on FLZ absorption in the chronic PD mouse model. The normal control mice, antibiotic-exposed control

mice, non-antibiotic-exposed MPTP/p mice, and antibiotic-exposed MPTP/p mice were orally administrated with FLZ 75 mg/kg and the con-
centrations of FLZ and M1 were detected in plasma, brain, and feces by LC—MS/MS. The concentration of FLZ in the plasma (A), brain (B), and
feces (C). The concentration of M1 in the plasma (D), brain (E), and feces (F). Data are presented as mean £ SD (n = 5 in each group).
&p < 0.05, ¥4P < 0.01, ¥¢%p < 0.001 vs. FLZ treated Control mice; P < 0.05, P < 0.01, #*P < 0.001 vs. FLZ treated antibiotic-exposed

MPTP/p PD mice.

M1 almost detected in feces, we assumed gut microbiota might
confer to the metabolism of FLZ. In the present study, we found
that the majority of FLZ was demethylated to M1 after FLZ
incubated with colonic contents, and then M1 was soon absorbed
into the blood, where M1 was remethylated to FLZ. This phe-
nomenon demonstrated that in addition to FLZ that directly
absorbed into the blood, we cannot exclude that gut microbiota
contributed to the absorption of FLZ.

CYP51 is a cytochrome P450 heme thiolate-containing
enzyme involved in the biosynthesis of membrane sterols in all
organisms from bacteria to animals®**. As an important deme-
thylase in gut microbiota, CYP51 has the characteristic of binding
with palmatine, tetrahydropalmatine, dauricine, and tetrandrine,
suggesting its important role in drug metabolism of gut micro-
biota®® ®. After liver, kidney, and small intestine were excluded
in the metabolism of FLZ to M1, we focus on CYP51 in gut
microbiota in FLZ metabolism. The data show that not only high
activity of CYP51 was detected in A. baumanii, a bacterium that
could metabolize FLZ to M1, but also FLZ and CYP51 had high
binding activity in virtual docking analysis, suggesting that
CYP51 might mediate the demethylation of FLZ to MI1. This
conclusion is further supported by the fact that inhibition of
CYP51 markedly reduced the FLZ-to-M1 conversion in colonic
contents. Meanwhile, we found an interesting phenomenon that
the concentration of FLZ in blood and brain was much higher than
M1 after oral administration of M1 to mice, suggesting that there
might be a pathway that remethylated M1 to its prototype FLZ.
COMT is an important methylase that could catalyze the transfer
of a methyl group from S-adenosylmethionine to drugs
in vivo™™*°. COMT was validated as the key enzyme that reme-
thylated M1 to FLZ in blood, as the conversion of M1 to FLZ was
markedly reduced when COMT was inhibited by entacapone. In
the present study, we proposed a cyclic process for

FLZ—M1—FLZ conversion, which might be one of the important
mechanisms for FLZ absorption, and gut microbiota might be one
of the most significant pathways involved in the pharmacokinetics
of FLZ. Although CYP51 is abundant in liver as well, nearly no
M1 was detected in the liver after incubating with FLZ, indicating
that liver is not the main organ that metabolizes FLZ to M1. For
this phenomenon, we speculated that the generated M1 from FLZ
by CYP51 in liver might rapidly be converted into other metab-
olites by hepatic enzymes, resulting in the low concentration of
M1 in liver. However, the inference needs further investigation.
Since FLZ is a potent neuroprotective agent for the treatment
of PD, we further verify the role of the gut microbiota in the
absorption and the therapeutic effects of FLZ on PD in a chronic
mouse model induced by MPTP plus probenecid*'. FLZ could
obviously alleviate motor deficits and improve dopaminergic
neuron functions, which might be due to the inhibitory effects of
FLZ on neuroinflammation. To observe the role of the gut
microbiota in FLZ absorption and therapeutical efficacy on PD,
we treated PD mice with antibiotic cocktails to develop the PGF
animal model. It is a common animal model to investigate the
metabolic interaction between the host and the gut microbiota on
drug biotransformation®”*'. In this model, the antibiotic cocktail,
including cefadroxil, terramycin, and erythromycin, could signif-
icantly reduce the number of the gut microbiota, and the distur-
bance of the gut microbiota could be considered as PFG status. In
the status of the gut microbiota disturbance, the absorption of FLZ
and the FLZ distribution in the brain markedly decreased, and the
amount of FLZ in feces was significantly increased, which further
validated that the gut microbiota was critical in the process of FLZ
absorption. However, we found that compared with normal mice,
although intestinal dysbacteriosis occurred in MPTP/p induced PD
mouse model, the absorption of FLZ in PD mice was not
decreased. We therefore designed experiment to compare the
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Figure 7  Effects of the gut microbiota on the neuroprotection of FLZ in MPTP/p-induced PD mouse model. FLZ (75 mg/kg) was administered
to non-antibiotic-exposed MPTP/p mice and antibiotic-exposed MPTP/p mice for 8 weeks. (A) Rotarod test (n = 12 in each group). (B)
Immunohistochemistry of TH staining in substantia nigra (n = 4 in each group). Representative sections of the substantia nigra from four mice
were showed. (C) Numbers of TH positive cells (n = 4 in each group). Levels of DA (D), DOPAC (E), and HVA (F) in the striatum. (G)
Representative Western blots of CD68 and GFAP. Western blot assay of CD68 (H) and GFAP (I) expression in midbrain. The mRNA expression
(n = 5 in each group) of 1I-6 (J), 1l-18 (K), Iba-1 (L), Cox-2 (M), and II-10 (N). Data are presented as mean + SD. *P < 0.05, **P < 0.01,
##5P < 0.001 vs. Control mice; P < 0.05, "P < 0.01 vs. MPTP/p mice; P < 0.05, **P < 0.01 vs. FLZ treated MPTP/p mice.
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CYP51 activity in control and the chronic PD model, and verified
CYP51 activity was not decreased in PD model, which might be a
main reason to explain the above phenomenon. Drug stability and
intact drug absorption are relevant to its pharmacological efficacy.
We further investigated the role of the gut microbiota in thera-
peutic effects of FLZ in MPTP/p-induced PD. The results clearly
show that disturbance of the gut microbiota markedly attenuated
the neuroprotective effects of FLZ on PD, as demonstrated by
aggravated motor behavior, reduced dopaminergic neuron func-
tions and activated neuroinflammation. From these data, we
conclude that the therapeutical effects of FLZ on PD are closely
related to the gut microbiota. For one reason, the gut microbiota
conferred to FLZ absorption and thus improved its efficacy, and
for the other, we speculated that FLZ might directly interact with
the gut microbiota and improve its efficacy through the gut—brain
axis. However, the latter needs to be further elucidated.

Our findings clarify the critical roles of the gut microbiota in
the metabolism and absorption of FLZ and provide a theoretical
basis for the clinical pharmacokinetic studies of FLZ in the
treatment of PD. In addition, the study raises an important issue
for patients orally receiving FLZ treatment together with antibi-
otics, which contributes to the clinical rational application of
FLZ. The study also suggests that the investigation of drug
metabolism by the gut microbiota would be an improvement in
drug development and provided new opportunities for the devel-
opment of more effective or safer therapies using host-microbe
combinations.
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