<

pharmaceutics

Article

The Active Glucuronide Metabolite of the Brain Protectant
IMM-H004 with Poor Blood-Brain Barrier Permeability
Demonstrates a High Partition in the Rat Brain via
Multiple Mechanisms

Jianwei Jiang >3%, Lijun Luo 1?31, Ziqian Zhang "*>*, Xiao Liu >3, Naihong Chen !4, Yan Li "> and

Li Sheng 1.2:3*

check for
updates

Citation: Jiang, J.; Luo, L.; Zhang, Z.;
Liu, X.; Chen, N.; Li, Y.; Sheng, L. The
Active Glucuronide Metabolite of the
Brain Protectant IMM-H004 with Poor
Blood—Brain Barrier Permeability
Demonstrates a High Partition in the
Rat Brain via Multiple Mechanisms.
Pharmaceutics 2024, 16, 330.
https://doi.org/10.3390/
pharmaceutics16030330

Academic Editor: Yoshiyuki Kubo

Received: 24 January 2024
Revised: 21 February 2024
Accepted: 23 February 2024
Published: 27 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Bioactive Substances and Functions of Natural Medicines, Institute of Materia
Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China;
jwjiang98@zju.edu.cn (J.].); luolijun@imm.ac.cn (L.L.)

Department of Drug Metabolism, Institute of Materia Medica, Chinese Academy of Medical Sciences and
Peking Union Medical College, Beijing 100050, China

3 Beijing Key Laboratory of Non-Clinical Drug Metabolism and PK/PD Study, Institute of Materia Medica,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China
Department of Pharmacology, Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking
Union Medical College, Beijing 100050, China

*  Correspondence: zhangziqian@imm.ac.cn (Z.Z.); shengli@mm.ac.cn (L.S.); Tel.: +86-010-63165191 (Z2.Z.);
+86-010-63165185 (L.S.)

These authors contributed equally to this work.

Abstract: Background: Glucuronidation is an essential metabolic pathway for a variety of drugs. IMM-
HO004 is a novel neuroprotective agent against ischemic stroke, and its glucuronide metabolite IMM-
HO004G exhibits similar pharmacological activity. Despite possessing a higher molecular weight and
polarity, brain exposure of IMM-HO004G is much higher than that of IMM-H004. This study aimed to
investigate the brain metabolism and transport mechanisms of IMM-H004 and IMM-H004G. Methods:
First, the possibility of IMM-HO004 glucuronidation in the brain was evaluated in several human
brain cell lines and rat homogenate. Subsequently, the blood-brain barrier carrier-mediated transport
mechanism of IMM-H004 and IMM-HO004G was studied using overexpression cell models. In addition,
intracerebroventricular injection, in situ brain perfusion model, and microdialysis/microinjection
techniques were performed to study the distribution profiles of IMM-H004 and IMM-HO004G. Results:
IMM-HO004 could be metabolized to IMM-HO004G in both rat brain and HEB cells mediated by UGT1A7.
However, IMM-H004G could not be hydrolyzed back into IMM-HO004. Furthermore, the entry and
efflux of IMM-HO004 in the brain were mediated by the pyrilamine-sensitive H* /OC antiporter and
P-gp, respectively, while the transport of IMM-HO004G from the blood to the brain was facilitated by
OATP1A2 and OATP2B1. Ultimately, stronger concentration gradients and OATP-mediated uptake
played a critical role in promoting greater brain exposure of IMM-H004G. Conclusions: The active
glucuronide metabolite of the brain protectant IMM-HO004 with poor blood-brain barrier permeability
demonstrates a high partition in the rat brain via multiple mechanisms, and our findings deepen the
understanding of the mechanisms underlying the blood-brain barrier metabolism and transport of
active glucuronide conjugates.

Keywords: blood-brain barrier; glucuronide; conjugate metabolite; uridine diphosphate-
glucuronosyltransferase; organic anion-transporting polypeptide

1. Introduction

According to the World Stroke Organization, the incidence of stroke currently ranks
second among the leading causes of death and third in terms of combined mortality and
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disability worldwide in 2022 [1]. Thrombolytic tissue plasminogen activator (tPA) has been
the only agent approved by the Food and Drug Administration (FDA) for the treatment
of ischemic stroke. However, the narrow time window for thrombolytic treatment (4.5 h)
and the risk of hemorrhagic transformation limit the number of stroke patients who can
benefit from tPA [2]. Therefore, there is an urgent need for neuroprotective agents that have
extended treatment time windows and fewer side effects.

IMM-HO004, a novel 3-piperazinyl coumarin derivative, is currently under develop-
ment for the treatment of cerebral ischemia. Previous studies have shown that admin-
istering IMM-HO004 6 h after cerebral ischemia can prevent brain damage by activating
the anti-inflammatory pathway of CKLF1/CCR4 [3,4]. IMM-H004 has also been found to
protect against global cerebral ischemia in rats by inhibiting apoptosis and maintaining the
integrity of synaptic structures [5]. Additionally, it significantly reduces cerebral ischemia—
reperfusion injury and subsequent inflammation in spontaneously hypertensive rats [6].
These findings suggest that IMM-H004 holds promise as a treatment for cerebral ischemia.

Despite its effectiveness, IMM-HO004 has a very short elimination half-life (<1 h) in
rat plasma and brain tissues after intravenous dosing [7]. Subsequent studies have iden-
tified four metabolites of IMM-HO004 in rats, namely two demethylated metabolites, a
glucuronide conjugate (IMM-H004G), and a sulfated conjugate. Among these metabo-
lites, IMM-HO004G is found to be the major metabolite in both rats and cultured human
hepatocytes (Figure 1a). Multiple UDP glucuronosyltransferases (UGTs) are involved in
the formation of IMM-HO004G, with the highest contribution of UGT1A7, followed by
UGT1A9, 1AS8, and 1A1, whereas UGT1A3, 1A10, 2B15 and 1A6 exhibited less activity
toward IMM-HO004G [7]. Interestingly, brain exposure of IMM-HO004G in rats was found to
be six times higher than that of the parent drug [8]. Furthermore, pharmacological studies
have shown that IMM-HO004G exhibits neuroprotective activity similar to that of the parent
drug in both oxygen—glucose-deprived PC12 cells and rats with transient middle cerebral
artery occlusion-reperfusion (MCAO/R) injury. Hence, after administering IMM-H004,
the active glucuronide metabolite IMM-H004G may prolong the duration of drug action
and contribute to the efficacy of anticerebral ischemia treatment.
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Figure 1. Structures of IMM-H004/IMM-H004G and the blood-brain barrier: (a) partial chemical
information of IMM-H004 and IMM-HO004G; (b) schematic diagram of the structure of the blood-
brain barrier. Abbreviations: BCRP, breast cancer resistance protein; CYP, cytochrome P450; GLUT,
glucose transporter; MATE, multidrug and toxin extrusion transporter; MRP, multidrug resistance
protein; OAT, organic anion transporter; OATP, organic anion-transporting polypeptide; OCT, or-
ganic cation transporter; P-gp, P-glycoprotein; SULT, sulfotransferase; UGT, uridine diphosphate
glucuronosyltransferase.
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Generally, molecules with high lipophilicity and small molecular size can easily diffuse
across the blood-brain barrier (BBB) following the concentration gradient [9]. Compared
to IMM-HO004, IMM-HO004G is a highly polar and hydrophilic compound with a large
molecular weight. However, brain exposure of IMM-HO004G is significantly higher than
that of IMM-HO004. Due to its physicochemical properties, IMM-H004G is not favored for
passive diffusion across the BBB, suggesting that it may depend on a transport system to
reach high concentrations in the brain (Figure 1b). Additionally, it is widely recognized that
during the transportation across the BBB, drugs have the potential to undergo metabolic
transformations facilitated by drug-metabolizing enzymes that are present within the
BBB [10]. Therefore, does the high brain exposure of IMM-HO004G result from the in situ
metabolism of IMM-HO004, or is it transported into the brain through the BBB?

In this study, the impact of drug-metabolizing enzymes and transporters on the
brain distribution of IMM-H004 and IMM-HO004G was evaluated. This work strengthens
our understanding of the metabolic and transport mechanisms of active glucuronide
metabolites in the brain, which will be fundamental to the investigation of the toxicity and
efficacy of novel neuroprotective agents while also promoting further research into active
glucuronide compounds.

2. Materials and Methods
2.1. Chemicals and Materials

IMM-H004 and IMM-HO004 citrates (purity > 99%) were synthesized by the Laboratory
of Chemical Synthesis, and IMM-HO004G (purity > 99%) was provided by the Labora-
tory of Biosynthesis of Natural Products, Institute of Materia Medica, Chinese Academy
of Medical Science, as described previously [7,8]. Propranolol hydrochloride (internal
standard, IS), digoxin, mitoxantrone, methotrexate, tetraethylammonium chloride (TEA),
and metformin hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Diphenhydramine (DPH), cimetidine, quinidine, verapamil hydrochloride, L-carnitine,
and benzbromarone were purchased from J&K Scientific, Ltd. (Beijing, China). Atenolol,
pyrimethamine, rosuvastatin calcium (RSV), estradiol 17-(3-D-glucuronide) (E173G), ri-
fampicin (RFP), PSC833, MK571, and Ko143 were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Estrone 3-sulfate sodium (E3S) was obtained from Krre
Inc. (Beijing, China). Rifamycin SV was purchased from China National Institutes for
Food and Drug Control. Type I collagen from rat tail was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). The 0.25% trypsin—-EDTA solution was purchased from
Gibco (Carlsbad, CA, USA). The transwell insert (0.4 pm) was obtained from Millipore
(Billerica, MA, USA). The SH-SY5Y cell line was obtained from the Cell Resource Center,
Peking Union Medical College (Beijing, China). The normal human astrocyte cell line HEB
was purchased from the Experimental Animal Center of Sun Yat-Sen University of Medical
Sciences (Guangzhou, China). Immortalized human brain microvascular endothelial cells
hCMEC/D3 and related culture media were purchased from Millipore (Billerica, MA, USA).
Madin-Darby canine kidney II (MDCKII) cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). Wild-type Chinese hamster ovary (CHO) cells
were a gift from Prof. Naihong Chen (Institute of Materia Medica, Chinese Academy of
Medical Sciences and Peking Union Medical College, Beijing, China). The passage number
of the cell lines was between 5 and 20.

2.2. Animals

All animal studies were approved by the Animal Care and Welfare Committee of
Peking Union Medical College (approval code: 00007839) and strictly adhered to the
guidelines for the use and care of laboratory animals issued by the Institute Animal Care
and Welfare Committee. Male Sprague Dawley rats (260-280 g) were purchased from Vital
River Experimental Animal Co., Ltd. (Beijing, China). The animals were acclimated for one
week prior to the treatment and provided with free access to water and food.
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2.3. Metabolism in the Brain
2.3.1. In Vitro Metabolism in Human Brain Cells and Rat Brain Homogenate

SH-SY5Y, HEB, and hCMEC /D3 cells were utilized to investigate the in vitro metabolism
of IMM-H004 and IMM-HO004G in the brain. SH-SY5Y and HEB cells were cultured rou-
tinely in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
and a 100 U/mL penicillin—100 ug/mL streptomycin solution. hCMEC/D3 cells were
seeded on collagen type I coated 24-well plates and cultured in EndoGRO™-MV com-
plete medium following the manufacturer’s guidelines. The cells were incubated at 37 °C,
with 5% CO,, and were maintained in a humidified environment. Once the confluence
reached 70-80%, the cells were digested using a 0.25% trypsin—-EDTA solution, centrifuged
at 200x g for 5 min, and then resuspended in a fresh culture medium. For each experiment,
after seeding and 24 h incubation, the cells were washed twice with a prewarmed culture
medium, and then IMM-H004 or IMM-HO004G (1-100 umol/L) dissolved in the culture
medium was added. Incubation was carried out at 37 °C for 5 h or 24 h. After incubation,
the supernatants were collected. Subsequently, the cells were washed with cold HBSS three
times and lysed in a RIPA lysis buffer (Beyotime Inc., Shanghai, China). The concentrations
of IMM-HO004 and IMM-H004G were determined by liquid chromatography with tandem
mass spectrometry (LC-MS/MS).

Rat brains were homogenized in chilled saline (1:3, w/v) on ice to obtain the brain ho-
mogenate. The incubation mixtures composed of the brain homogenate (2 mg protein/mL),
alamethicin (50 ug/mg protein), IMM-H004 (10 pmol/L), and UDPGA (5 mmol/L) in
a final volume of 0.2 mL of Tris-HCl buffer (50 mmol/L, pH 7.4) containing 5 mmol/L
of MgCl,. Before initiating the reaction, the brain homogenate was preincubated with
alamethicin on ice for 15 min. Subsequently, IMM-H004 and UDPGA were added to initiate
the reaction. After incubating at 37 °C for 60 min, the reaction was quenched by adding
two volumes of acetonitrile containing IS (0.1 pg/mL). On the other hand, IMM-H004G
(1 pmol/L) was incubated with the brain homogenate (2 mg protein/mL) for up to 4 h. The
concentrations of IMM-H004 and IMM-HO004G were determined by LC-MS/MS.

2.3.2. Quantification of UGT Expression in SH-SY5Y and HEB Cells by qRT-PCR

The expression levels of UGT1A1, UGT1A3, UGT1A6, UGT1A7, UGT1AS8, UGT1A9,
UGT1A10, and UGT2B15 in SH-SY5Y and HEB cells were compared using qRT-PCR.
Total RNA was isolated using the RNeasy micro kit (Qiagen, Hilden, Germany) follow-
ing the manufacturer’s instructions. The concentrations and purity of the RNA samples
were accessed using a NanoPhotometer (Implen Gmbh, Munich, Germany). cDNA syn-
thesis was performed using High-Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, Wakefield, RI, USA). For each reaction, 1 ug of cDNA was combined with
a universal master mix, sense and antisense primers (0.4 pmol/L each), and oligonu-
cleotide probes (0.2 pmol/L). Primer and probe for UGTs and GAPDH were purchased
from Thermo Fisher Scientific (assay ID: Hs02511055_s1, Hs04194492_g1, Hs01592477_m1,
Hs02517015_s1, Hs01592482_m1, Hs02516855_sH, Hs02516990_s1, and Hs00870076_s1 for
8 UGTs; Hs02786624_g1 for GAPDH). The GAPDH gene was used as a reference gene. qRT-
PCR was conducted on the Step-One Plus Real-Time PCR System (Applied Biosystems).
The PCR reaction procedure was as follows: 95 °C for 20 s, followed by 45 cycles of 95 °C
for 3 s, and 62 °C for 30 s. Expression data were normalized to GAPDH expression using
the comparative Ct method to determine the relative mRNA expression of the eight UGTs.

2.3.3. In Vivo Metabolism of IMM-H004 in Rat Brain after Intracerebroventricular Injection

The metabolism of IMM-H004 in the brain was investigated through the intracere-
broventricular (icv) injection of IMM-HO004 in rats, and the drug concentration in each
brain region was analyzed. The rats were fixed on a benchmark stereotactic instrument
(Leica Biosystems, Deer Park, IL, USA) under isoflurane anesthesia. Using a microinjector
connected to a syringe pump, a 5 pL solution of IMM-H004 was dissolved in artificial
cerebrospinal fluid (ACSF) and injected (3.8 pg/kg) into the lateral ventricle. The injection
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coordinates were as follows: medial/lateral = 1.5 mm; anterior/posterior = —0.8 mm;
dorsal/ventral = —4 mm. Animals were sacrificed at 6, 15, 30, 45, and 60 min after drug
administration. The brains were collected and dissected on ice into the following regions:
the cerebellum, brainstem, hypothalamus, hippocampus, midbrain, striatum, and cortex.
The subsequent procedure for processing tissue samples was the same as the procedure
described in Section 2.3.1.

2.4. Transport Studies of IMM-H004 and IMM-H004G
2.4.1. Studies in hCMEC /D3 Cells
Kinetic Studies

Uptake assays into hCMEC/D3 cells were conducted in 24-well plates. All incuba-
tions were carried out at 37 °C in triplicate unless otherwise noted. In time-dependent
uptake studies, hCMEC/D3 cells were incubated with IMM-H004 (10 umol/L) and IMM-
HO004G (50 pmol/L) dissolved in HBSS under gentle shaking for up to 30 min. To in-
vestigate the impact of incubation temperature on the uptake of IMM-H004 and IMM-
H004G by hCMEC /D3 cells, incubation was performed at 4 or 37 °C for 10 min. To deter-
mine the kinetic parameters, the cells were incubated with IMM-H004 and IMM-H004G
(2-400 umol/L) for 10 min. The uptake data were fitted to the following equation using
nonlinear least-square regression analysis in GraphPad Prism 9 (GraphPad, San Diego, CA,
USA):

Vinax X S
Kn+S

where V is the uptake velocity (nmol/mg protein/min), and S is the initial concentra-
tion (umol/L). Viuax, K, and K;s represent the maximum uptake velocity (nmol/mg
protein/min), the Michaelis—-Menten constant (umol/L), and nonsaturable uptake clear-
ance (LL/mg protein/min), respectively. The saturable uptake of both IMM-H004 and
IMM-HO004G was plotted with the Eadie-Hofstee method by subtracting passive uptake
from the total uptake.

V: +Kns XS (1)

Identification of Transporters Using Inhibitors

The toxicity of all compounds, including inhibitors and substrates, toward hCMEC /D3
cells, was assessed using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay as described previously [11]. To assess the effects of pyrilamine-
sensitive proton-coupled organic cation (H*/OC) antiporter, organic anion transporter
(OAT), organic anion-transporting polypeptides (OATPs), organic cation transporter (OCT),
and novel organic cation—carnitine transporter (OCTN) inhibitors on the uptake process,
IMM-H004 or IMM-H004G (10 umol/L) combined with the inhibitors were added to the
medium after preincubating the cells with the inhibitors for 30 min. For evaluating the
impact of the multidrug and toxin extrusion transporter (MATE), P-glycoprotein (P-gp),
multidrug resistance protein (MRP), and breast cancer resistance protein (BCRP) on the
uptake, IMM-H004 or IMM-HO004G (10 umol/L) was preincubated with the cells for 2 h
before the addition of the inhibitors. After removing the supernatant, the cells were washed
twice with prewarmed HBSS and incubated with fresh HBSS for 20 min. At the end of
incubation, the supernatants were collected. The cells were washed with cold HBSS and
lysed using RIPA buffer. The protein content of the lysed cells was determined using a
bicinchoninic acid (BCA) assay kit (Beyotime Inc., Shanghai, China). The results were
expressed as a percentage of the vehicle control. The substrates and inhibitors used herein
are summarized in Table 1.
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Table 1. Concentrations of the substrates and inhibitors for transporter identification assays in
hCMEC/D3 cells.

Concentration Concentration

Transporter Substrate (umol/L) Inhibitor (umol/L) Reference
Pyrilamine-sensitive
H*/0C Diphenhydramine 1 Quinidine, Verapamil 100 [12-14]
antiporter

OAT Methotrexate 10 Benzbromarone 10 [15,16]
OCT Metformin 10 Cimetidine 100 [17,18]
OCTN Tetraethylammonium 20 L-Carnitine 5 [19-21]
OATP Estrone 3-sulfate 5 Rifampicin 100 [22,23]
MATE Metformin 10 Pyrimethamine 1 [24]
P-gp Digoxin 5 PSC833 5 [25,26]
BCRP Mitoxantrone 5 Ko143 5 [27,28]
MRP Methotrexate 10 MK571 10 [29,30]

2.4.2. Identification of Transporters Using Overexpressing Cells

CHO cells and MDCKII cells were stably transfected with lentiviruses carrying human
SCLO1A2 (encoding OATP1A2) and SCLO2B1 (encoding OATP2B1), respectively. Cell
transfected with lentiviruses carrying empty vectors served as control. Lentiviral plasmid
packages were obtained from OBiO Technology (Shanghai, China), and procedures fol-
lowed the instructions of the virus manual. Stably transfected cells were routinely grown
in a 100 mm dish in DMEM with 10% fetal bovine serum. Prior to the experiments, the
seeding density of the overexpressing cells in 24-well plates was 4 x 10° cells per well,
and the medium was supplemented with 2 mM sodium butyrate for 24 h. The cultured
cells were washed twice with prewarmed HBSS after removing the medium and then
treated with 10 umol/L IMM-HO004G and 100 umol/L rifampicin (or an equal amount
of solvent dimethyl sulfoxide) for 10 min. After incubation, the cells were washed four
times with cold HBSS. Follow-up sample processing procedures were as described in Sec-
tion 2.3.1. E17BG (5 pmol/L) and rosuvastatin (10 umol/L) were used as positive substrates
in CHO-OATP1A2 and MDCKII-OATP2B1 cells, respectively. The MDCKII-MDR1 cells
were previously established by our laboratory [11].

To further validate the effect of P-gp on the transport of IMM-H004G or IMM-H004,
MDCKII-MDR1 cells were seeded onto polycarbonate membrane transwell inserts in 24-
well plates and used for transport studies after 5 days or when the effective transepithelial
electric resistance (TEER) values exceeded 300 Q-cm?. The monolayers were initially rinsed
twice with HBSS. Subsequently, IMM-H004G or IMM-HO004 (10 umol/L) was added to
either the apical or basolateral side of the monolayer. Aliquots of 50 uL were collected
from the opposite compartment at various time points, covering a maximum duration of
120 min. Digoxin (5 umol/L) was used as a positive substrate, while PSC833 (5 pmol /L)
was used as an inhibitor in MDCKII-MDRI cells. The apparent permeability value (Pyp)
was calculated using the following equation:

dQ/dt

P”PP = ACO (2)

where dQ/dt is the slope of the cumulative transport amount over time during the study
period. A is the base area of the insert, and Cj is the initial addition concentration.
The efflux ratio (ER) was calculated as follows:

ER = PappB—a)/ Pappa—p) @3)

2.4.3. In Situ Brain Perfusion

The rat brain was perfused following a previously described method [31]. Briefly, the
common carotid arteries on both sides were cannulated and connected to the perfusion
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system, while the external carotid artery was ligated. At the beginning of perfusion, the
jugular veins on both sides were quickly incised. The perfusion procedure consisted of a
preperfusion wash with saline for 1 min, followed by drug infusion (2 umol/L IMM-H004
or IMM-HO004G) for 2, 5, and 10 min, and concluded with a postperfusion wash (saline
for 5 min) at a rate of 4.0 mL/min. To examine the impact of P-gp (PSC833, 5 umol/L)
and OATP (rifamycin SV, 100 umol/L) on BBB transport, the perfusate containing the
inhibitor was perfused for 1 min, and then the mixture of IMM-H004 or IMM-H004G
(10 pmol/L) and the inhibitor was perfused for 10 min. Following the perfusion, the rats
were decapitated, and their brains were homogenized (1:3, w/v) in chilled saline. The
concentrations of IMM-H004 and IMM-H004G were then determined by LC-MS/MS.

The unidirectional transfer constant K;;, (mL/min/g) was calculated using the follow-
ing equation:
Qpr

K- =
" Cpf x T

4)

where Qy,/Cpy is the apparent brain distribution volume, Qy, is the measured amount of
compound in brain tissue, Cyy is the concentration of compound in the perfusate, and T is
the perfusion time.

2.5. Pharmacokinetic Study in Rats
2.5.1. Plasma Protein Binding

The rat plasma protein binding of IMM-H004 and IMM-HO004G (0.5-10 pg/mL) was
investigated using a rapid equilibrium dialysis (RED) assay. The RED plate inserts utilized
in this assay contained a dialysis membrane with a molecular weight cut-off of 8 kDa
(Thermo Fisher Scientific, Waltham, MA, USA). For the assay, aliquots of plasma (0.2 mL)
and phosphate-buffered saline (0.35 mL) were added to the sample chamber and buffer
chamber, respectively. The plate was then sealed and incubated at 37 °C, 200 rpm for 4 h.
Following the dialysis period, the concentrations of IMM-H004 and IMM-H004G were
determined using LC-MS/MS. The ratio of the drug concentration in the buffer to that in
the plasma chamber was used to calculate the unbound fraction (fu) of the drugs.

2.5.2. Pharmacokinetics

Rats were anesthetized with isoflurane. Microdialysis intracerebral guide cannulas
and CMA 12 Elite Probe (PAES membrane with a MWCO of 20 kDa, 2 mm membrane
length (CMA /Microdialysis AB, Stockholm, Sweden)) were implanted into the cerebral
cortex at the coordinates relative to bregma: medial/lateral = 3.0 mm; anterior/posterior =
0.5 mm; dorsal/ventral = —3.0 mm. After a 24 h recovery period, the intracerebral probe
was connected to the microdialysis cannula, and Ringer’s solution was perfused at a flow
rate of 2.0 uL/min. Then, IMM-H004 citrate or IMM-HO004G (10 mg/kg) was injected
intravenously (iv). Dialysate samples were collected every 5 to 60 min for a duration of 7 h.
The probe recovery in vitro was determined by dialyzing a standard mixture of IMM-HO004
(50 ng/mL) and IMM-HO004G (300 ng/mL) infused with Ringer’s solution.

Blood samples were collected from the orbital plexus into heparinized tubes and
subsequently centrifuged to separate the plasma. The concentrations of IMM-HO004 and
IMM-HO004G in both the dialysate and plasma samples were determined using LC-MS/MS
analysis. Subsequently, the free concentrations in the brain and plasma were corrected with
probe recovery and fu for further analysis, respectively. The pharmacokinetic parameters
were calculated via noncompartmental analysis (NCA) using Phoenix WinNonlin 6.3
(Pharsight Corporation, Sunnyvale, CA, USA). The brain—plasma partition coefficient (Kp)
was determined as the ratio of the area under the concentration—time curve for the brain
(AUCprain) to that of the plasma (AUC,asma)-

2.6. Determination of IMM-H004 and IMM-H004G Using LC-MS/MS

All samples were mixed with two volumes of ice-cold acetonitrile containing IS
(propranolol, 0.1 ug/mL) and centrifugation at 18,800 g for 5 min. The supernatant
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containing IMM-H004 and IMM-H004G was analyzed using LC-MS/MS according to the
previously reported methods [8,32]. In brief, the LC-MS/MS system consisted of an API
4000 mass spectrometer (AB SCIEX, Framingham, MA, USA) coupled with a Shimadzu
UPLC LC-30A (Shimadzu Corporation, Kyoto, Japan). The analytical column used was
a Zorbax Eclipse Plus C18 column (2.1 x 50 mm, 3.5 um, Agilent, Santa Clara, CA, USA).
The separation was performed at a flow rate of 0.3 mL/min. The mobile phase consisted
of methanol and water both containing 0.5% formic acid. Quantification was carried out
using the multiple reaction monitoring transition m/z 305.1—248.1 (IMM-H004), m/z
481.3—305.1 IMM-H004G), and m/z 260.1—183.1 (propranolol, IS).

2.7. Statistical Analysis

Data were processed using Excel 2019 (Microsoft Inc., Washington, DC, USA) and are
presented as mean =+ SD. The statistical analysis of the data between the two groups was
performed using an unpaired ¢-test. Statistical significance was considered as p < 0.05.

3. Results
3.1. Metabolism of IMM-HO004 and IMM-H004G in Brain Cells and Brain Homogenate

Brain cells consist primarily of neurons, neuroglial cells, and cerebral endothelial
cells. SH-SY5Y, HEB, and hCMEC /D3 are three commonly used human-derived cell lines,
employed for the study of neurons, neuroglial cells, and cerebral microvascular endothelial
cells, respectively. Thus, the metabolism of IMM-H004 and IMM-H004G in the brain and
the species differences were evaluated using these three human brain cell lines and the rat
brain homogenate (Figure 2a).
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Figure 2. Metabolism of IMM-H004 and IMM-HO004G in human brain cells and rat brain homogenate:
(a) schematic diagram of the metabolism study in human brain cell lines and rat brain homogenate;
(b) production of IMM-H004G when IMM-HO004 (1-100 pmol/L) was incubated with HEB cells for up
to 5 h (n = 2); (c) expression of UGTs mRNA in HEB and SH-SY5Y cells (1 = 3); (d) in vitro generation
rates of IMM-H004 to IMM-HO004G in rat brain homogenate and HEB cells (1 = 3).

In the SH-SY5Y and hCMEC/D3 cell systems, IMM-H004G was not detected, while in
the HEB system, the production of IMM-H004G depended on both time and concentration
(Figure 2b). Conversely, when IMM-H004G was incubated with these cells for 24 h, no
significant amounts of IMM-H004 were detected.
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It was reported that human brain microvessels did not exhibit obvious expression of
any UGT genes [33]. Since IMM-H004 can form its glucuronide conjugate in HEB cells,
the expression of eight UGT genes involved in the glucuronidation of IMM-H004 was
investigated in both HEB and SH-SY5Y cells to determine any intercellular difference. As
shown in Figure 2c, all eight UGT isoforms were detected in HEB cells, with UGT1A7
being the predominant UGT gene expressed. A smaller amount of UGT1AS transcript was
detected (approximately 10-fold less), while the expression of other UGT genes was weak
(0.3-3.5%). In comparison, SH-SY5Y cells exhibited detectable levels of all eight UGT genes
but at much lower levels than HEB cells. In vitro studies using cultured human brain cell
lines have revealed that the interconversion of IMM-H004 and IMM-HO004G is primarily
facilitated by UGTs, with a predominant transformation of IMM-H004 into IMM-H004G.
This metabolic conversion predominantly occurs in neuroglial cells, where UGT1A?7 is
believed to play a crucial role in the glucuronidation of IMM-H004.

To investigate the potential species differences in the glucuronidation of IMM-H004
between rats and human brains, IMM-HO004 (10 umol/L) was incubated with the rat brain
homogenate for 1 h. The formation of IMM-H004G was observed to be time-dependent.
Interestingly, both the rat brain homogenate and HEB cells exhibited a similar metabolic
rate in generating IMM-HO004G, as depicted in Figure 2d. These results suggest that the
rat brain may possess a comparable ability to humans in catalyzing the glucuronidation
of IMM-HO004.

Additionally, similar to the findings observed in human brain cell lines, incubating
IMM-HO004G (1 pmol/L) with the rat brain homogenate (2 mg/mL protein) for 4 h did
not result in a reduction in its concentration (Supplementary Information, Figure S1). This
provides additional evidence that the conversion of IMM-H004G back into IMM-H004 is
difficult within the brain.

3.2. Metabolism of IMM-HO004 after Intracerebroventricular Injection

It is established that icv injection can provide insights into the real-time metabolic state
of drugs within the brain. To assess this, IMM-H004 was injected into the lateral ventricle
of rats, and the concentrations of IMM-HO004 and its glucuronide metabolite IMM-H004G
in different brain regions were analyzed (Figure 3). The determination of dosage was based
on the initial concentration of IMM-HO004 in the brain following iv injection.
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Figure 3. Metabolism of IMM-HO004 after intracerebroventricular injection: (a) schematic diagram
of intracerebroventricular injection. The red dot indicates the position of the bregma and the green
pentagram represents the injection site; (b) concentration-time profiles of IMM-H004 and IMM-H004G
in different regions of rat brain after intracerebroventricular injection of IMM-H004 at 3.8 ug/kg
(n=4).

The results demonstrated that IMM-HO004 was detected in all brain regions, including
the cerebellum, brainstem, hypothalamus, hippocampus, midbrain, striatum, and cortex,
within 6-60 min after icv injection. The highest concentration of IMM-H004 was found in the
hippocampus near the injection site, followed by the cortex, striatum, and hypothalamus.
Lower concentrations were observed in the midbrain, cerebellum, and brainstem. In
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contrast, IMM-HO004G was only detected at lower concentrations in the hypothalamus.
Additionally, trace amounts of IMM-H004 and IMM-H004G were also detected in the
plasma. The hypothalamus-to-plasma AUC ratio of IMM-H004G was 3.13, suggesting that
IMM-HO004G in the hypothalamus originated from in situ metabolism. As IMM-H004G
was exclusively detected in the hypothalamus after icv injection and at significantly lower
levels than iv injection, these findings confirmed that the glucuronidation of IMM-H004
occurs in the brain but to a limited extent.

3.3. Uptake Kinetics in hCMEC/D3 Cells

Brain microvascular endothelial cells constitute the blood-brain barrier and express
various transporters to protect the brain against exogenous substances. The hCMEC/D3
cell line, derived from isolated human brain capillary endothelial cells, is widely utilized
as an in vitro model for studying the transport mechanisms of drugs across the BBB. This
is attributed to its expression of 144 SLC transporters and 23 ABC efflux transporters [34].
To investigate the transport characteristics of IMM-H004 and IMM-H004G across the
BBB, a study was conducted on the uptake kinetics of IMM-H004 and IMM-H004G in
hCMEC/D3 cells.

The uptake time profiles of IMM-H004 (10 pmol/L) and IMM-HO004G (50 pmol/L) are
illustrated in Figure 4a. It was found that the uptake of IMM-H004 was markedly higher
than IMM-HO004G. Moreover, both IMM-H004 and IMM-HO004G exhibited time-dependent
accumulation in hCMEC /D3 cells within 30 min. Therefore, a 10 min uptake period was
selected for subsequent uptake kinetic and inhibition studies.
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Figure 4. Uptake characteristics of IMM-H004 and IMM-H004G in hCMEC/D3 cells: (a) time-
dependent uptake of IMM-HO004 (10 pmol/L) and IMM-H004G (50 pmol/L); (b) the effect of tem-
perature on the uptake of IMM-H004 and IMM-H004G (10 umol/L, 10 min); (c,d) the concentration-
dependent uptake of IMM-H004 and IMM-H004G (2400 pmol/L, 10 min). n = 3. *** p < 0.001 vs.
control group.

In general, energy consumption and active transport processes are minimal at tem-
peratures between 0 and 4 °C. While the diffusion rate may diminish with a decreased
temperature, the rate of mediated transport falls sharply. Therefore, comparing the uptake
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of substances at 4 °C and 37 °C can confirm the involvement of carrier-mediated transport
processes in drug transport.

As shown in Figure 4b, the uptake of IMM-H004 and IMM-HO004G showed a significant
decrease at 4 °C, with respective reductions of 57.1% and 70.6%, compared to 37 °C (p < 0.01).
These results suggest that the transport of these compounds is dependent on temperature
and energy, implying that carrier-mediated processes contribute to their transport.

Furthermore, the concentration-dependent curves of IMM-H004 and IMM-H004G
both exhibited an initial rapid increase, followed by a gentle, constant, and positive slope,
indicating the occurrence of both saturable and unsaturated uptake (Figure 4c,d). The
occurrence of saturable uptake of IMM-H004 and IMM-HO004G further confirms the in-
volvement of transporters in mediating the uptake of these compounds. The K;;, values for
IMM-H004 and IMM-H004G were determined as 89.5 and 10.7 umol/L, respectively, based
on the calculated kinetic parameters. The V¢ /Ky, ratios for the transporter-mediated
uptake of IMM-H004 and IMM-H004G were 18.8 and 1.50 uL/min/mg protein, respec-
tively. The K;;s values for the passive diffusion rate of IMM-H004 and IMM-HO004G were
0.877 and 0.100 uL/min/mg protein, respectively. The K;;s values for the passive diffusion
rate of IMM-H004 were 8.77 times that of IMM-H004G, indicating the greater membrane
permeability of IMM-HO004.

3.4. Identification of the Transporters in hCMEC/D3 Cells by Inhibitors

To investigate the transport mechanisms of IMM-H004 and IMM-H004G in more de-
tail, we performed inhibition assays on nine transporters that exhibit the highest expression
levels in the BBB and are involved in drug transport. All the positive substrates and in-
hibitors used in this study were tested at nontoxic concentrations, as confirmed by the MTT
assay with a cell survival rate greater than 90%. DPH, metformin, TEA, methotrexate, E3S,
digoxin, and mitoxantrone were employed as substrates for pyrilamine-sensitive H* /OC
antiporter, OCT and MATE, OCTN, OAT and MRP, OATP, P-gp, and BCRP, respectively.

As shown in Figure 5, the uptake or efflux of positive substrates in hCMEC/D3
cells decreased by 30-90% in the presence of corresponding inhibitors, confirming the
reliability of the experiment system. Notably, quinidine and verapamil, inhibitors of
the pyrilamine-sensitive H" /OC antiporter, reduced the uptake of IMM-H004 by 57.7%
and 61.5%, respectively, indicating the involvement of the pyrilamine-sensitive H* /OC
antiporter in the uptake transport of IMM-HO004. However, the uptake of IMM-H004G
was not affected by these inhibitors. Interestingly, the OATP inhibitor rifamycin resulted
in a 39.6% reduction in the uptake of IMM-H004G. This suggests that IMM-H004G may
be a substrate for the OATP uptake transporter. Moreover, the P-gp inhibitor PSC833
increased the uptake of IMM-H004 to 1.3 times that of the control, without affecting the
uptake of IMM-HO004G. This indicates that P-gp is selectively involved in the efflux of IMM-
HO004. No significant impact on the uptake of IMM-H004 and IMM-H004G was observed
with inhibitors targeting other transporters, including OAT, OCT, OCTN, BCRP, and MRP.
This suggests that these transporters are unlikely to be associated with the transport of
IMM-H004 and IMM-H004G.
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Figure 5. Effect of transporter inhibitors on the accumulation of IMM-H004 and IMM-H004G in
hCMEC/D3 cells: (a) DPH (diphenhydramine, 1 umol/L) is the substrate, and quinidine and ve-
rapamil (100 umol/L) are the inhibitors of H* /OC antiporter; (b) metformin (10 pmol/L) and
cimetidine (100 pmol/L) are the substrate and inhibitor of OCT, respectively; (c) TEA (tetraethy-
lammonium, 20 pmol/L) and L-carnitine (5 umol/L) are the substrate and inhibitor of OCTN,
respectively; (d) methotrexate (10 umol/L) and benzbromarone (10 umol/L) are the substrate and
inhibitor of OAT, respectively; (e) E3S (estrone 3-sulfate, 5 umol/L) and rifamycin (100 pmol/L) are
the substrate and inhibitor of OATP, respectively; (f) metformin (10 umol/L) and pyrimethamine
(1 pmol/L) are the substrate and inhibitor of MATE, respectively; (g) digoxin (5 umol/L) and PSC833
(5 umol/L) are the substrate and inhibitor of P-gp, respectively; (h) mitoxantrone (5 umol/L) and
Ko143 (5 umol/L) are the substrate and inhibitor of BCRP, respectively; (i) methotrexate (10 pmol/L)
and MK571 (10 umol/L) are the substrate and inhibitor of BCRP, respectively. n = 3. *** p < 0.001,
**p <0.01, * p <0.05 vs. control group.

3.5. Transport in Overexpressing Cells

To further explore the potential role of OATPs in facilitating the entry of IMM-H004G
into the brain, we successfully constructed CHO-OATP1A2 and MDCKII-OATP2B1 cells
overexpressing these transporters using a lentiviral vector system (Figure 6a,b). Overexpres-
sion was validated by the increased uptake of positive substrates, showing a 10.8-fold and
5.6-fold increase compared to the control cells (Figure 6¢,d). In OATP1A2- and OATP2B1-
overexpressing cells, the IMM-HO004G uptake was markedly higher, with 9.7-fold and
190-fold increases compared to the control cells, respectively (Figure 6e,f), suggesting that
IMM-HO004G is a substrate for OATP and exhibits stronger selectivity toward OATP2B1.

The MDCKII-MDR1 cell model is commonly used for identifying P-gp substrates.
In the presence of PSC833, a P-gp inhibitor, the ER of digoxin, a known P-gp substrate,
decreased from 21.14 to 1.41, confirming the reliable P-gp transport activity of the system
(Figure 6g). The ER of IMM-H004 was 2.96, exceeding the threshold ER of 2, and it
decreased to 1.10 in the presence of the P-gp inhibitor, indicating that IMM-H004 has the
potential to be a P-gp substrate.
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Figure 6. Transmembrane process of IMM-H004 and IMM-H004G mediated by P-gp and OATPs:
(a) schematic diagram of the construction of transporter-overexpressing cells; (b) the photographs of
green fluorescent protein (GFP) of CHO-OATP1A2 and MDCKII-OATP2B1 cells, respectively, scale
bar = 1000 um; (c) E17BG (estradiol-173-glucuronide, 5 umol /L) was used as a positive group in CHO
cells; (d) RSV (rosuvastatin, 10 umol/L) was used as a positive group in MDCKII cells; (e f) the uptake
of IMM-HO004G (10 umol/L) in OATP-overexpressing and mock cells; RFP (rifampicin, 100 umol /L)
served as a pan-OATP inhibitor; (g) the Pgy, values of IMM-H004 (10 umol/L) in monolayers of
MDCKII-MDR1 cells. n = 3. *** p < 0.001, ** p < 0.01, * p < 0.05 vs. control group. ns, not significant.

3.6. In Situ Brain Perfusion in Rats

In situ brain perfusion studies can comprehensively evaluate the influence of the
physicochemical properties and transporter effects of IMM-H004 and IMM-H004G on
their entry into the brain (Figure 7a). Both IMM-H004 and IMM-HO004G exhibited time-
dependent BBB crossing within 10 min (Supplementary Information Figure S2). As dis-
played in Figure 7b, the Kj, value of IMM-HO004 was 18 times higher than that of IMM-
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HO004G, indicating a faster rate of entry into the brain for IMM-HO004, based on the drug’s
physicochemical properties and transporter effects. Furthermore, the P-gp inhibitor PSC833
led to an increase in the Kj,, value of IMM-H004 by 4.3 times compared to the control,
suggesting that P-gp extremely limited the penetration of IMM-HO004 into the brain. On
the other hand, when an OATP inhibitor was added to the perfusion solution, there was
no significant change in the Kj, value of IMM-H004G, demonstrating that the facilitating
effect of OATP on the brain uptake of IMM-HO004G in rats may be limited.
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Figure 7. In situ brain perfusion of IMM-H004 and IMM-HO004G in rats: (a) schematic diagram of in
situ brain perfusion; (b) effect of P-gp and OATP inhibitors on the uptake characteristics of IMM-H004
and IMM-H004G using the in situ brain perfusion method. The concentration of IMM-H004 and
IMM-H004G was 10 umol/L. The concentrations of P-gp inhibitor PSC833 and the OATP inhibitor
rifamycin SV were 5 umol/L and 100 pmol/L, respectively. n = 3. * p < 0.05 vs. control group.
ns, not significant.

3.7. Pharmacokinetics in Rats

To gain a deeper understanding of the origin and brain entry mechanism of IMM-
HO004G, separate intravenous injections of IMM-H004 and IMM-H004G were administered
to rats. The microdialysis technique was employed to assess the levels of the drugs in the
brain, which measures the free drug concentration (Figure 8a). The fu values of IMM-H004
and IMM-HO004G in rat plasma (0.5-10 pug/mL) were determined as 0.025 £ 0.002 and
0.315 £ 0.008, respectively (Supplementary Information, Figure S3). Consequently, the total
plasma concentration was converted to the free plasma concentration using the fu value, and
the pharmacokinetic parameters were calculated based on the free plasma concentration.

As presented in Figure 8b, following the iv injection of IMM-H004G, both IMM-H004G
and a trace amount of IMM-H004 were detected in the plasma and brain. The plasma con-
centrations of IMM-H004G and IMM-HO004 at 2 min were 40,215 nmol/L and 39.8 nmol /L,
respectively. The peak brain concentrations were 1712 nmol/L and 35.1 nmol/L, respec-
tively. The AUC}, i values were 1923 and 93.8 nmol/L-h, respectively. The higher con-
centration of IMM-HO004G observed in the brain after intravenous injection indicates that
IMM-HO004G can penetrate the BBB and be distributed in the brain without depending on
the in situ metabolism of IMM-H004.

After the iv injection of IMM-HO004 citrate, The AUCpj3sma values for IMM-H004G
and IMM-H004 were determined as 16,418 and 141 nmol/L-h, respectively. The AUCain
values were 1053 and 196 nmol/L-h, respectively. The Kp (AUCpain/ AUCp1asma) values for
IMM-H004G and IMM-HO004 were 0.06 and 1.39, respectively. Notably, the AUC,asma and
AUCy4in for IMM-HO004G were 116 times and 5.4 times higher than those of IMM-H004,
respectively.
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Figure 8. Pharmacokinetics of IMM-H004 and IMM-HO004G in rats: (a) schematic diagram of the
cerebral microdialysis technique; (b) free concentration-time profiles of IMM-H004 and IMM-H004G
following intravenous injection of IMM-H004G and IMM-HO004 citrate at a dose of 10 mg/kg (1 = 3).

4. Discussion

Glucuronidation, catalyzed by UDP glucuronosyltransferases (UGTs), is the most
important phase II metabolic pathway [35]. Although glucuronidation has traditionally
been viewed as a drug detoxification mechanism, there is a growing recognition that certain
glucuronidation products possess pharmacological effects, such as anti-inflammatory,
antioxidant, and antitumor activities, serving as the basis for the efficacy of drugs [36—42].
Particularly, certain active glucuronide conjugates can also exert effects on the central
nervous system (CNS). For instance, morphine-6-glucuronide (M6G) acts as a potent
agonist of opioid receptors and is involved in the analgesic process of morphine [43].
Quercetin-3-O-p3-D-glucuronide (Q3GA), a metabolite of orally administered quercetin in
rats, can penetrate the blood-brain barrier, improve oxidative stress in the brain, and exert
neuroprotective effects [44].

UGTs have been detected in the brains of humans and various animal species, in-
cluding mice, rats, and macaques [45]. Some studies suggested that several drugs, such
as morphine, resveratrol, and efavirenz, can generate glucuronide conjugates in the brain
microsomes, tissue homogenates, or cells [46—48]. Although their activity in the brain is
lower than in the liver or other extra-hepatic organs, and UGTs have a minor impact on the
overall glucuronidation of xenobiotics, they surely play a crucial role in maintaining the
steady state of endogenous compounds [49,50]. It is speculated that UGTs can also have a
major effect on the local efficacy of substances that enter the brain. Therefore, the primary
purpose of this study was to explore the possibility of the in situ metabolism of IMM-H004
into IMM-HO004G after entering brain tissue.

The location of UGT expression in brain tissue is controversial [3-5,32,49]. According
to de Leon [51], UGTs are present in relatively low levels within brain tissue but appear
to be more concentrated at brain capillaries, playing a role in the BBB. Ouzzine et al. [50]
also reported that UGTs are primarily expressed in endothelial cells and astrocytes. Even in
brain microvessel endothelial cells, there has been evidence of lamotrigine glucuronidation
activity [52]. However, Shawahna et al. [33] did not observe any expression of UGT genes
in human brain microvessels. The current consensus suggests that UGT activity is present
in both neuronal and glial cells, with significantly higher activity in glial cells than in
neurons. Our in vitro studies indicate the detection of UGT1A7 expression in human glial
cells, with minimal expression observed in human neuronal cells. Furthermore, only the
glial cells demonstrated the ability to glucuronidate IMM-HO004. Similarly, UGT1A7 mRNA
expression has been observed in rat astrocytes [53], and glucuronidation activity toward
IMM-H004 has been detected in the rat brain, suggesting the consistent glucuronidation of
IMM-HO004 in both rat and human brains. To further uncover the glucuronidation activity in
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different brain regions, Asai et al. [54] compared the glucuronidation activity of B-estradiol,
a UGT1A substrate, in microsomal proteins from various brain regions in rats. They
observed that the hippocampus exhibited the highest activity, which was approximately
twice that of the cerebrum. Consistently, following the icv injection of IMM-H004 in rats,
IMM-HO004G was only detected in the hippocampus, indicating the highest activity in the
hippocampus and thus pointing to the limited glucuronidation of IMM-H004 in the brain.

Due to the tight junctions in the endothelial cells of the BBB, drugs in the vascular
system cannot enter through the gaps between microvascular endothelial cells. They can
only pass through the cell membrane. After undergoing glucuronidation, drugs have
increased molecular weight and polarity, which theoretically poses a challenge for their
entry into the brain. Based on the physicochemical properties, IMM-H004G is not favored
for passive diffusion across the BBB; thus, it may require a transport system to achieve high
concentrations in the brain.

Transporters presented on the BBB can be divided into two categories: ATP-binding
cassette (ABC) superfamily transporters and solute carrier (SLC) superfamily transporters.
ABC transporters, including P-gp, BCRP, and MRPs, mediate drug efflux transport, while
SLC transporters, serving as bidirectional or uptake transporters, facilitate drug entry into
the brain. The top four SLC transporters include glucose transporter 1 (GLUT1), L-type
amino acid transporter 1 (LAT1), monocarboxylate transporters (MCTs), and nucleoside
transporters (ENTs), which are primarily involved in the transportation of endogenous
substances in the brain [55,56]. Following these, OATP2B1, OATP1A2, OCTs, and OCTNs
participate in the brain transport of drugs such as nefazodone, zolmitriptan, lamotrigine,
and memantine. There is limited knowledge about the brain transport of glucuronide
conjugates. According to the literature, M6G is reported to be a substrate for GLUT-1
and Oatp2, while 173-estradiol and its glucuronide metabolite, as well as edaravone
glucuronide, are substrates for Oatp2 and MRP4, respectively [57-59].

Both IMM-H004 and IMM-HO004G are amphoteric molecules, each containing a piper-
azine ring as the basic group and featuring a phenolic hydroxyl and carboxyl group as the
acidic groups, respectively. The analysis using ADMET Predictor 8.5 software (Simulations
Plus, Inc., Lancaster, CA, USA) showed that, under physiological conditions (pH = 7.4),
IMM-HO004 and IMM-H004G may mainly exist in cationic form and zwitterionic form,
respectively (Figure 9). Correspondingly, inhibitor assays conducted in hCMEC /D3 cells re-
vealed that the uptake of IMM-H004 and IMM-HO004G is primarily mediated by the H* /OC
antiporter and OATPs, respectively. Other cationic transporters, such as OCT and OCTN,
do not play a role in the transport of either compound. Additionally, P-gp is potentially
involved in the efflux of IMM-HO004. Although the glucose transporter GLUT has been
reported to be involved in the transport of morphine-6-glucuronide [57], ourunpublished
experiments using GLUT1-silenced hCMEC /D3 cells did not yield positive results.

Overexpressing cells are an effective tool for further validating the function and in-
volvement of transporters. Regrettably, the sequence and encoding gene for the pyrilamine-
sensitive H* /OC antiporter protein have not been determined yet [60]. Consequently, it
is currently impossible to construct an overexpression cell line to confirm its involvement
in the uptake of IMM-HO004. However, we validated the efflux effect of P-gp protein on
IMM-H004 using the MDCKII-MDR1 cell transwell model.

OATP1A2 and OATP2B1 are considered to be the most abundant OATPs at the BBB.
OATP1A2 is predominantly localized on the apical side of the brain capillary endothelial
cells, while OATP2B1 is primarily distributed on the basolateral sides [61]. Although both
OATP1A2 and OATP2B1 have been implicated in the transport of neuroactive steroids and
various exogenous compounds including statins, antidiabetics, antihistamines, and central
active drugs like triptans [61], there are still subtle differences between them. OATP1A2
exhibits broad substrate specificity for the BBB, while OATP2B1 has a relatively narrower
substrate specificity [62].

Consistent with the findings from the OATP inhibitor assay in hCMEC/D3 cells,
the uptake of IMM-HO004G was significantly higher in cells overexpressing OATP1A2
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and OATP2B1 compared to the control cells. Particularly noteworthy was the striking
190-fold increase in uptake observed in MDCKII-OATP2B1 cells compared to the control
cells. Furthermore, we explored the involvement of other OATPs by using MDCKII cells
overexpressing OATP1B1 and OATP1B3. Although the uptake of IMM-H004G by both
cell lines was notably higher than that of the control cells, it did not exceed a tenfold
increase (Supplementary Information, Figure 54). Taken together, these results indicate
that IMM-H004G may have a significantly higher selectivity for OATP2B1 than other
OATP subtypes.

IMM-H004 IMM-H004G
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Figure 9. Software prediction of pKa values for IMM-H004 and IMM-HO004G (2-column fitting image;
color is not needed).

Drug permeability across the BBB is primarily governed by passive diffusion and
carrier-mediated transport. Compared to cellular models, which are valuable tools for
examining the impact of individual factors, animal models can offer a more comprehensive
understanding of drug permeation. In situ brain perfusion is widely regarded as the
gold standard method for measuring BBB permeability [63]. Therefore, we conducted in
situ rat brain perfusion studies. Consistent with the uptake kinetic assay results using
hCMEC/D3 cells (K5 values), the K;, value of IMM-HO004 was markedly higher than that
of IMM-HO004G, highlighting the higher brain entry rate of IMM-HO004. The addition of the
P-gp inhibitor PSC833 noticeably increased the K;, value of IMM-HO004, underscoring the
significant role of P-gp-mediated efflux in limiting the overall accumulation and extent of
IMM-H004 penetration into the brain. Conversely, IMM-H004G, despite its slower entry
rate, achieved a greater extent of brain exposure, which is attributed to the lesser effect
of efflux transporters such as P-gp on its BBB permeability. However, the OATP inhibitor
showed no substantial effect on the entry process of IMM-HO004G into the brain.

In contrast to what is known for humans, very little is known about the substrate
specificity and affinity of rodent orthologues of OATP2B1. Some researchers argue that
species differences should be taken into consideration when studying OATP2B1 [64]. For
example, Hussner et al. [65] reported that there are species differences in the recognition
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of OATP2B1 transporter for steroid sulfate conjugates between rats and humans. Since
IMM-HO004G exhibits significantly higher selectivity for OATP2B1 than for other OATPs,
we speculate that species differences in OATP2B1 may be a key factor contributing to the
negative result of the OATP inhibition assay in the rat brain perfusion. Humanized animal
models may provide a feasible solution for addressing potential species differences.

Based on tissue cells containing (3-glucuronidase activity that can hydrolyze glu-
curonide conjugates to produce aglycones, Terao et al. [66] proposed that glucuronide
conjugates of quercetin serve as prodrugs in the vascular system, and their pharmaco-
logical effects are exerted through hydrolysis to release the parent drug. In the case of
IMM-HO004G, a glucuronide conjugate that exhibits higher brain exposure than its parent
form with similar activity both in vitro and in vivo, the interconversion of IMM-H004 and
IMM-HO004G in the brain was investigated. Our findings demonstrate that IMM-H004G
cannot be hydrolyzed back into IMM-HO004 in either rat brain tissue homogenates or human
brain cells, suggesting that IMM-H004G exerts pharmacological effects on the brain on
its own.

5. Conclusions

The formation of IMM-HO004G in the brain was confirmed in the present study. More
importantly, although IMM-H004G had a slower entry rate, it achieved a greater extent
of exposure in the brain. This is because its BBB permeability is less affected by efflux
transporters such as P-gp, and it benefits from OATP uptake, enabling it to exert its
independent pharmacological effects. Overall, these findings deepen our understanding of
the metabolism and transport mechanisms underlying CNS drugs and provide valuable
insights for the development of CNS drugs that undergo glucuronidation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics16030330/s1, Figure S1: Incubation of IMM-H004G
(1 pmol/L) in rat brain homogenate (2 mg/mL protein) for up to 4 h (n = 3). Figure S2: In situ brain
perfusion of IMM-H004 and IMM-H004G (2 umol/L) in rats for up to 10 min (n = 3). Figure S3: Rat
plasma protein binding and free fractions (fu values) of IMM-H004 and IMM-H004G (0.5-10 pug/mL,
n = 3). Figure S4: Uptake of IMM-H004G in MDCKII-OATP1B1 and MDCKII-OATP1B3 cells.

Author Contributions: Conceptualization, J.J., L.L., Z.Z. and L.S.; methodology, J.J., L.L., Z.Z. and
X.L.; software, L.L. and L.S,; validation, J.J., L.L. and Z.Z,; formal analysis, J.J., LL., Z.Z. and L.S,;
investigation, J.J., L.L., Z.Z. and X.L.; resources, L.S. and N.C.; data curation, J.J., LL. and Z.Z,;
writing—original draft preparation, L.L. and L.S.; writing—review and editing, L.S.; visualization,
L.L. and L.S.; supervision, L.S. and Y.L.; project administration, L.S.; funding acquisition, L.S. and Y.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 81603190), CAMS Innovation Fund for Medical Sciences (Grant number 2021-12M-1-028),
and the National Key R&D Program of China (Grant number 2022YFA0806400).

Institutional Review Board Statement: Animal experiments were approved by the Animal Care and
Welfare Committee of Peking Union Medical College (approval code: 00007839).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be available upon rational request.

Acknowledgments: We were very grateful to Jungui Dai (Institute of Materia Medica, Chinese
Academy of Medical Sciences, and Peking Union Medical College, Beijing, China) for providing
IMM-H004G powder.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/pharmaceutics16030330/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16030330/s1

Pharmaceutics 2024, 16, 330 19 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Feigin, V.L.; Brainin, M.; Norrving, B.; Martins, S.; Sacco, R.L.; Hacke, W.; Fisher, M.; Pandian, J.; Lindsay, P. World Stroke
Organization (WSO): Global Stroke Fact Sheet 2022. Int. . Stroke 2022, 17, 18-29. [CrossRef]

Jin, X.; Liu, J.; Liu, W. Early Ischemic Blood Brain Barrier Damage: A Potential Indicator for Hemorrhagic Transformation
Following Tissue Plasminogen Activator (tPA) Thrombolysis? Curr. Neurovascular Res. 2014, 11, 254-262. [CrossRef]

Ai, Q; Chen, C.; Chu, S.; Luo, Y.; Zhang, Z.; Zhang, S.; Yang, P.; Gao, Y.; Zhang, X.; Chen, N. IMM-HO004 Protects against Cerebral
Ischemia Injury and Cardiopulmonary Complications via CKLF1 Mediated Inflammation Pathway in Adult and Aged Rats. Int.
J. Mol. Sci. 2019, 20, 1661. [CrossRef]

Ai, Q.D,; Chen, C; Chu, S.; Zhang, Z.; Luo, Y.; Guan, F; Lin, M.; Liu, D.; Wang, S.; Chen, N. IMM-H004 Therapy for Permanent
Focal Ischemic Cerebral Injury via CKLF1/CCR4-Mediated NLRP3 Inflammasome Activation. Transl. Res. 2019, 212, 36-53.
[CrossRef]

Zuo, W.; Zhang, W.; Han, N.; Chen, N.-H. Compound IMM-H004, a Novel Coumarin Derivative, Protects against CA1 Cell Loss
and Spatial Learning Impairments Resulting from Transient Global Ischemia. CNS Neurosci. Ther. 2015, 21, 280-288. [CrossRef]
Yang, P-F,; Song, X.-Y.; Zeng, T.; Ai, Q.-D.; Liu, D.-D.; Zuo, W.; Zhang, S.; Xia, C.-Y.; He, X.; Chen, N.-H. IMM-H004, a Coumarin
Derivative, Attenuated Brain Ischemia/Reperfusion Injuries and Subsequent Inflammation in Spontaneously Hypertensive Rats
through Inhibition of VCAM-1. RSC Adv. 2017, 7, 27480-27495. [CrossRef]

Zhang, Z.; Liu, D,; Jiang, ].; Song, X.; Zou, X.; Chu, S.; Xie, K.; Daj, J.; Chen, N.; Sheng, L.; et al. Metabolism of IMM-H004 and Its
Pharmacokinetic-Pharmacodynamic Analysis in Cerebral Ischemia/Reperfusion Injured Rats. Front. Pharmacol. 2019, 10, 631.
[CrossRef] [PubMed]

Jiang, J.; Zhang, Z.; Zou, X.; Wang, R.; Bai, J.; Zhao, S.; Fan, X.; Sheng, L.; Li, Y. Determination of IMM-H004 and Its Active
Glucuronide Metabolite in Rat Plasma and Ringer’s Solution by Ultra-Performance Liquid Chromatography-Tandem Mass
Spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2018, 1074-1075, 16-24. [CrossRef] [PubMed]

Gosselet, F.; Loiola, R.A.; Roig, A.; Rosell, A.; Culot, M. Central Nervous System Delivery of Molecules across the Blood-Brain
Barrier. Neurochem. Int. 2021, 144, 104952. [CrossRef] [PubMed]

Ghosh, C.; Puvenna, V.; Gonzalez-Martinez, J.; Janigro, D.; Marchi, N. Blood-Brain Barrier P450 Enzymes and Multidrug
Transporters in Drug Resistance: A Synergistic Role in Neurological Diseases. Curr. Drug Metab. 2011, 12, 742-749. [CrossRef]
[PubMed]

Li, X.; Hu, J.; Wang, B.; Sheng, L.; Liu, Z.; Yang, S.; Li, Y. Inhibitory Effects of Herbal Constituents on P-Glycoprotein in Vitro and
in Vivo: Herb-Drug Interactions Mediated via P-Gp. Toxicol. Appl. Pharmacol. 2014, 275, 163-175. [CrossRef] [PubMed]
Higuchi, K.; Kitamura, A.; Okura, T.; Deguchi, Y. Memantine Transport by a Proton-Coupled Organic Cation Antiporter in
hCMEC/D3 Cells, an in Vitro Human Blood-Brain Barrier Model. Drug Metab. Pharmacokinet. 2015, 30, 182-187. [CrossRef]
Shimomura, K.; Okura, T.; Kato, S.; Couraud, P--O.; Schermann, J.-M.; Terasaki, T.; Deguchi, Y. Functional Expression of a
Proton-Coupled Organic Cation (H+/OC) Antiporter in Human Brain Capillary Endothelial Cell Line hCMEC/D3, a Human
Blood-Brain Barrier Model. Fluids Barriers CNS 2013, 10, 8. [CrossRef] [PubMed]

Wang, X.; Qi, B.; Su, H.; Li, J.; Sun, X,; He, Q.; Fu, Y,; Zhang, Z. Pyrilamine-Sensitive Proton-Coupled Organic Cation (H+/OC)
Antiporter for Brain-Specific Drug Delivery. J. Control. Release 2017, 254, 34—43. [CrossRef]

El-Sheikh, A.A K.; Greupink, R.; Wortelboer, H.M.; van den Heuvel, J.].M.W.,; Schreurs, M.; Koenderink, J.B.; Masereeuw, R.;
Russel, EG.M. Interaction of Immunosuppressive Drugs with Human Organic Anion Transporter (OAT) 1 and OAT3, and
Multidrug Resistance-Associated Protein (MRP) 2 and MRP4. Transl. Res. 2013, 162, 398—409. [CrossRef]

Iwaki, M.; Shimada, H.; Irino, Y.; Take, M.; Egashira, S. Inhibition of Methotrexate Uptake via Organic Anion Transporters OAT1
and OAT3 by Glucuronides of Nonsteroidal Anti-Inflammatory Drugs. Biol. Pharm. Bull. 2017, 40, 926-931. [CrossRef] [PubMed]
Umehara, K.-L; Iwatsubo, T.; Noguchi, K.; Usui, T.; Kamimura, H. Effect of Cationic Drugs on the Transporting Activity of Human
and Rat OCT/Oct 1-3 in Vitro and Implications for Drug-Drug Interactions. Xenobiotica 2008, 38, 1203-1218. [CrossRef]

Ito, S.; Kusuhara, H.; Yokochi, M.; Toyoshima, J.; Inoue, K.; Yuasa, H.; Sugiyama, Y. Competitive Inhibition of the Luminal Efflux
by Multidrug and Toxin Extrusions, but Not Basolateral Uptake by Organic Cation Transporter 2, Is the Likely Mechanism
Underlying the Pharmacokinetic Drug-Drug Interactions Caused by Cimetidine in the Kidney. J. Pharmacol. Exp. Ther. 2012, 340,
393-403. [CrossRef]

Tamai, I.; Nakanishi, T.; Kobayashi, D.; China, K.; Kosugi, Y.; Nezu, J.; Sai, Y.; Tsuji, A. Involvement of OCTN1 (SLC22A4) in
pH-Dependent Transport of Organic Cations. Mol. Pharm. 2004, 1, 57-66. [CrossRef]

Tamai, I.; Ohashi, R.; Nezu, ].; Yabuuchi, H.; Oku, A.; Shimane, M.; Sai, Y.; Tsuji, A. Molecular and Functional Identification of
Sodium Ion-Dependent, High Affinity Human Carnitine Transporter OCTN2. J. Biol. Chem. 1998, 273, 20378-20382. [CrossRef]
Nishida, K.; Takeuchi, K.; Hosoda, A.; Sugano, S.; Morisaki, E.; Ohishi, A.; Nagasawa, K. Ergothioneine Ameliorates Oxaliplatin-
Induced Peripheral Neuropathy in Rats. Life Sci. 2018, 207, 516-524. [CrossRef]

Wu, L.-X,; Guo, C.-X.; Qu, Q.; Yu, J.; Chen, W.-Q.; Wang, G.; Fan, L.; Li, Q.; Zhang, W.; Zhou, H.-H. Effects of Natural Products on
the Function of Human Organic Anion Transporting Polypeptide 1B1. Xenobiotica 2012, 42, 339-348. [CrossRef]

Fattinger, K.; Cattori, V.; Hagenbuch, B.; Meier, PJ.; Stieger, B. Rifamycin SV and Rifampicin Exhibit Differential Inhibition of the
Hepatic Rat Organic Anion Transporting Polypeptides, Oatpl and Oatp2. Hepatology 2000, 32, 82-86. [CrossRef]


https://doi.org/10.1177/17474930211065917
https://doi.org/10.2174/1567202611666140530145643
https://doi.org/10.3390/ijms20071661
https://doi.org/10.1016/j.trsl.2019.05.007
https://doi.org/10.1111/cns.12364
https://doi.org/10.1039/C7RA02154B
https://doi.org/10.3389/fphar.2019.00631
https://www.ncbi.nlm.nih.gov/pubmed/31249524
https://doi.org/10.1016/j.jchromb.2017.12.030
https://www.ncbi.nlm.nih.gov/pubmed/29329091
https://doi.org/10.1016/j.neuint.2020.104952
https://www.ncbi.nlm.nih.gov/pubmed/33400964
https://doi.org/10.2174/138920011798357051
https://www.ncbi.nlm.nih.gov/pubmed/21568937
https://doi.org/10.1016/j.taap.2013.12.015
https://www.ncbi.nlm.nih.gov/pubmed/24380838
https://doi.org/10.1016/j.dmpk.2014.12.006
https://doi.org/10.1186/2045-8118-10-8
https://www.ncbi.nlm.nih.gov/pubmed/23351963
https://doi.org/10.1016/j.jconrel.2017.03.034
https://doi.org/10.1016/j.trsl.2013.08.003
https://doi.org/10.1248/bpb.b16-00970
https://www.ncbi.nlm.nih.gov/pubmed/28566636
https://doi.org/10.1080/00498250802334409
https://doi.org/10.1124/jpet.111.184986
https://doi.org/10.1021/mp0340082
https://doi.org/10.1074/jbc.273.32.20378
https://doi.org/10.1016/j.lfs.2018.07.006
https://doi.org/10.3109/00498254.2011.623796
https://doi.org/10.1053/jhep.2000.8539

Pharmaceutics 2024, 16, 330 20 of 21

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ito, S.; Kusuhara, H.; Kuroiwa, Y.; Wu, C.; Moriyama, Y.; Inoue, K.; Kondo, T.; Yuasa, H.; Nakayama, H.; Horita, S.; et al. Potent
and Specific Inhibition of mMatel-Mediated Efflux of Type I Organic Cations in the Liver and Kidney by Pyrimethamine. J.
Pharmacol. Exp. Ther. 2010, 333, 341-350. [CrossRef]

Schinkel, A.H.; Wagenaar, E.; Mol, C.A.; van Deemter, L. P-Glycoprotein in the Blood-Brain Barrier of Mice Influences the Brain
Penetration and Pharmacological Activity of Many Drugs. J. Clin. Investig. 1996, 97, 2517-2524. [CrossRef] [PubMed]

Shen, E; Bailey, B.J.; Chu, S.; Bence, A.K.; Xue, X.; Erickson, P.; Safa, A.R.; Beck, W.T.; Erickson, L.C. Dynamic Assessment of
Mitoxantrone Resistance and Modulation of Multidrug Resistance by Valspodar (PSC833) in Multidrug Resistance Human Cancer
Cells. J. Pharmacol. Exp. Ther. 2009, 330, 423-429. [CrossRef] [PubMed]

Doyle, L.A.; Yang, W.; Abruzzo, L.V,; Krogmann, T.; Gao, Y.; Rishi, A.K.; Ross, D.D. A Multidrug Resistance Transporter from
Human MCF-7 Breast Cancer Cells. Proc. Natl. Acad. Sci. USA 1998, 95, 15665-15670. [CrossRef] [PubMed]

Allen, ].D.; van Loevezijn, A.; Lakhai, ].M.; van der Valk, M.; van Tellingen, O.; Reid, G.; Schellens, ].H.M.; Koomen, G.-J.; Schinkel,
A.H. Potent and Specific Inhibition of the Breast Cancer Resistance Protein Multidrug Transporter in Vitro and in Mouse Intestine
by a Novel Analogue of Fumitremorgin C. Mol. Cancer Ther. 2002, 1, 417-425.

Yokooji, T. Role of ABC efflux transporters in the oral bioavailability and drug-induced intestinal toxicity. Yakugaku Zasshi 2013,
133, 815-822. [CrossRef]

Hara, Y,; Sassi, Y.; Guibert, C.; Gambaryan, N.; Dorfmiiller, P.; Eddahibi, S.; Lompré, A.-M.; Humbert, M.; Hulot, ].-S. Inhibition of
MRP4 Prevents and Reverses Pulmonary Hypertension in Mice. J. Clin. Investig. 2011, 121, 2888-2897. [CrossRef]

Takasato, Y.; Rapoport, S.I.; Smith, Q.R. An in Situ Brain Perfusion Technique to Study Cerebrovascular Transport in the Rat. Am.
J. Physiol. 1984, 247, H484-H493. [CrossRef] [PubMed]

Zhang, Z.; Wu, X.; Zhao, M.; Yang, Y.; Wang, Y.; Hu, J.; Wang, B.; Sheng, L.; Li, Y. Determination of IMM-H004, a Novel
Neuroprotective Agent, in Rat Plasma and Brain Tissue by Liquid Chromatography-Tandem Mass Spectrometry. J. Chromatogr. B
Anal. Technol. Biomed. Life Sci. 2017, 1048, 49-55. [CrossRef] [PubMed]

Shawahna, R.; Uchida, Y.; Decleves, X.; Ohtsuki, S.; Yousif, S.; Dauchy, S.; Jacob, A.; Chassoux, F; Daumas-Duport, C.; Couraud,
P-O.; et al. Transcriptomic and Quantitative Proteomic Analysis of Transporters and Drug Metabolizing Enzymes in Freshly
Isolated Human Brain Microvessels. Mol. Pharm. 2011, 8, 1332-1341. [CrossRef] [PubMed]

Helms, H.C.; Abbott, N.J.; Burek, M.; Cecchelli, R.; Couraud, P.-O.; Deli, M.A.; Forster, C.; Galla, H.J.; Romero, I.A.; Shusta, E.V.;
et al. In Vitro Models of the Blood-Brain Barrier: An Overview of Commonly Used Brain Endothelial Cell Culture Models and
Guidelines for Their Use. ]. Cereb. Blood Flow Metab. 2016, 36, 862-890. [CrossRef] [PubMed]

Jan¢ova, P; Siller, M. Phase II Drug Metabolism. In Topics on Drug Metabolism; IntechOpen: London, UK, 2012; pp. 35-60.
[CrossRef]

Cho, Y.-C,; Park, J.; Cho, S. Anti-Inflammatory and Anti-Oxidative Effects of Luteolin-7-O-Glucuronide in LPS-Stimulated Murine
Macrophages through TAK1 Inhibition and Nrf2 Activation. Int. J. Mol. Sci. 2020, 21, 2007. [CrossRef] [PubMed]

Zhang, Y.; Song, T.T.; Cunnick, J.E.; Murphy, P.A.; Hendrich, S. Daidzein and Genistein Glucuronides in Vitro Are Weakly
Estrogenic and Activate Human Natural Killer Cells at Nutritionally Relevant Concentrations. J. Nutr. 1999, 129, 399—-405.
[CrossRef] [PubMed]

Harada, M.; Kan, Y.; Naoki, H.; Fukui, Y.; Kageyama, N.; Nakai, M.; Miki, W.; Kiso, Y. Identification of the Major Antioxidative
Metabolites in Biological Fluids of the Rat with Ingested (+)-Catechin and (-)-Epicatechin. Biosci. Biotechnol. Biochem. 1999, 63,
973-977. [CrossRef]

Ebner, T.; Wagner, K.; Wienen, W. Dabigatran Acylglucuronide, the Major Human Metabolite of Dabigatran: In Vitro Formation,
Stability, and Pharmacological Activity. Drug Metab. Dispos. 2010, 38, 1567-1575. [CrossRef]

Ryder, T.F.; Calabrese, M.F.; Walker, G.S.; Cameron, K.O.; Reyes, A.R.; Borzilleri, K.A.; Delmore, J.; Miller, R.; Kurumbail,
R.G.; Ward, J. Acyl Glucuronide Metabolites of 6-Chloro-5-[4-(1-Hydroxycyclobutyl) Phenyl]-1 H-Indole-3-Carboxylic Acid
(PF-06409577) and Related Indole-3-Carboxylic Acid Derivatives Are Direct Activators of Adenosine Monophosphate-Activated
Protein Kinase (AMPK). J. Med. Chem. 2018, 61, 7273-7288. [CrossRef]

Trescot, A.M.; Datta, S.; Lee, M.; Hansen, H. Opioid Pharmacology. Pain Physician 2008, 11, S133-S153. [CrossRef]

Yamamoto, M.; Jokura, H.; Hashizume, K.; Ominami, H.; Shibuya, Y.; Suzuki, A.; Hase, T.; Shimotoyodome, A. Hesperidin
Metabolite Hesperetin-7-O-Glucuronide, but Not Hesperetin-3"-O-Glucuronide, Exerts Hypotensive, Vasodilatory, and Anti-
Inflammatory Activities. Food Funct. 2013, 4, 1346-1351. [CrossRef]

Osborne, P.B.; Chieng, B.; Christie, M.J]. Morphine-6-Glucuronide Has a Higher Efficacy than Morphine as a Mu-Opioid Receptor
Agonist in the Rat Locus Coeruleus. Br. J. Pharmacol. 2000, 131, 1422-1428. [CrossRef]

Moon, J.-H.; Tsushida, T.; Nakahara, K.; Terao, ]J. Identification of Quercetin 3-O-3-D-Glucuronide as an Antioxidative Metabolite
in Rat Plasma after Oral Administration of Quercetin. Free Radic. Biol. Med. 2001, 30, 1274-1285. [CrossRef]

Wheeler, A.M.; Orsburn, B.C.; Bumpus, N.N. Biotransformation of Efavirenz and Proteomic Analysis of Cytochrome P450s and
UDP-Glucuronosyltransferases in Mouse, Macaque, and Human Brain-Derived In Vitro Systems. Drug Metab. Dispos. 2023, 51,
521-531. [CrossRef]

Yamada, H.; Ishii, K.; Ishii, Y.; Ieiri, I.; Nishio, S.; Morioka, T.; Oguri, K. Formation of Highly Analgesic Morphine-6-Glucuronide
Following Physiologic Concentration of Morphine in Human Brain. J. Toxicol. Sci. 2003, 28, 395-401. [CrossRef] [PubMed]
Sabolovic, N.; Heurtaux, T.; Humbert, A.-C.; Krisa, S.; Magdalou, J. Cis- and Trans-Resveratrol Are Glucuronidated in Rat Brain,
Olfactory Mucosa and Cultured Astrocytes. Pharmacology 2007, 80, 185-192. [CrossRef] [PubMed]


https://doi.org/10.1124/jpet.109.163642
https://doi.org/10.1172/JCI118699
https://www.ncbi.nlm.nih.gov/pubmed/8647944
https://doi.org/10.1124/jpet.109.153551
https://www.ncbi.nlm.nih.gov/pubmed/19423841
https://doi.org/10.1073/pnas.95.26.15665
https://www.ncbi.nlm.nih.gov/pubmed/9861027
https://doi.org/10.1248/yakushi.13-00142
https://doi.org/10.1172/JCI45023
https://doi.org/10.1152/ajpheart.1984.247.3.H484
https://www.ncbi.nlm.nih.gov/pubmed/6476141
https://doi.org/10.1016/j.jchromb.2017.02.005
https://www.ncbi.nlm.nih.gov/pubmed/28213295
https://doi.org/10.1021/mp200129p
https://www.ncbi.nlm.nih.gov/pubmed/21707071
https://doi.org/10.1177/0271678X16630991
https://www.ncbi.nlm.nih.gov/pubmed/26868179
https://doi.org/10.5772/29996
https://doi.org/10.3390/ijms21062007
https://www.ncbi.nlm.nih.gov/pubmed/32187984
https://doi.org/10.1093/jn/129.2.399
https://www.ncbi.nlm.nih.gov/pubmed/10024618
https://doi.org/10.1271/bbb.63.973
https://doi.org/10.1124/dmd.110.033696
https://doi.org/10.1021/acs.jmedchem.8b00807
https://doi.org/10.36076/ppj.2008/11/S133
https://doi.org/10.1039/c3fo60030k
https://doi.org/10.1038/sj.bjp.0703697
https://doi.org/10.1016/S0891-5849(01)00522-6
https://doi.org/10.1124/dmd.122.001195
https://doi.org/10.2131/jts.28.395
https://www.ncbi.nlm.nih.gov/pubmed/14746343
https://doi.org/10.1159/000104149
https://www.ncbi.nlm.nih.gov/pubmed/17579296

Pharmaceutics 2024, 16, 330 21 of 21

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Togna, A.R.; Antonilli, L.; Dovizio, M.; Salemme, A.; De Carolis, L.; Togna, G.L; Patrignani, P.; Nencini, P. In Vitro Morphine
Metabolism by Rat Microglia. Neuropharmacology 2013, 75, 391-398. [CrossRef]

Kutsuno, Y.; Hirashima, R.; Sakamoto, M.; Ushikubo, H.; Michimae, H.; Itoh, T.; Tukey, R.H.; Fujiwara, R. Expression of UDP-
Glucuronosyltransferase 1 (UGT1) and Glucuronidation Activity toward Endogenous Substances in Humanized UGT1 Mouse
Brain. Drug Metab. Dispos. 2015, 43, 1071-1076. [CrossRef]

Ouzzine, M.; Gulberti, S.; Ramalanjaona, N.; Magdalou, J.; Fournel-Gigleux, S. The UDP-Glucuronosyltransferases of the
Blood-Brain Barrier: Their Role in Drug Metabolism and Detoxication. Front. Cell Neurosci. 2014, 8, 349. [CrossRef] [PubMed]
de Leon, J. Glucuronidation Enzymes, Genes and Psychiatry. Int. J. Neuropsychopharmacol. 2003, 6, 57-72. [CrossRef] [PubMed]
Ghosh, C.; Hossain, M.; Puvenna, V.; Martinez-Gonzalez, J.; Alexopolous, A.; Janigro, D.; Marchi, N. Expression and Functional
Relevance of UGT1A4 in a Cohort of Human Drug-Resistant Epileptic Brains. Epilepsia 2013, 54, 1562-1570. [CrossRef]
Gradinaru, D.; Minn, A.-L.; Artur, Y.; Minn, A.; Heydel, ].-M. Effect of Oxidative Stress on UDP-Glucuronosyltransferases in Rat
Astrocytes. Toxicol. Lett. 2012, 213, 316-324. [CrossRef]

Asai, Y.; Sakakibara, Y.; Onouchi, H.; Nadai, M.; Katoh, M. Characterization of 3-Estradiol 3-Glucuronidation in Rat Brain. Biol.
Pharm. Bull. 2017, 40, 1556-1560. [CrossRef]

Billington, S.; Salphati, L.; Hop, C.E.C.A,; Chu, X,; Evers, R.; Burdette, D.; Rowbottom, C.; Lai, Y.; Xiao, G.; Humphreys, W.G.;
et al. Interindividual and Regional Variability in Drug Transporter Abundance at the Human Blood-Brain Barrier Measured by
Quantitative Targeted Proteomics. Clin. Pharmacol. Ther. 2019, 106, 228-237. [CrossRef]

Bao, X.; Wu, J; Xie, Y,; Kim, S.; Michelhaugh, S.; Jiang, J.; Mittal, S.; Sanai, N.; Li, J. Protein Expression and Functional Relevance
of Efflux and Uptake Drug Transporters at the Blood-Brain Barrier of Human Brain and Glioblastoma. Clin. Pharmacol. Ther. 2020,
107,1116-1127. [CrossRef]

Bourasset, E; Cisternino, S.; Temsamani, J.; Scherrmann, ].-M. Evidence for an Active Transport of Morphine-6-Beta-d-Glucuronide
but Not P-Glycoprotein-Mediated at the Blood-Brain Barrier. ]. Neurochem. 2003, 86, 1564-1567. [CrossRef] [PubMed]
Sugiyama, D.; Kusuhara, H.; Shitara, Y.; Abe, T.; Meier, PJ.; Sekine, T.; Endou, H.; Suzuki, H.; Sugiyama, Y. Characterization of
the Efflux Transport of 173-Estradiol-d-173-Glucuronide from the Brain across the Blood-Brain Barrier. . Pharmacol. Exp. Ther.
2001, 298, 316-322. [PubMed]

Mizuno, N.; Takahashi, T.; Kusuhara, H.; Schuetz, ].D.; Niwa, T.; Sugiyama, Y. Evaluation of the Role of Breast Cancer Resistance
Protein (BCRP/ABCG2) and Multidrug Resistance-Associated Protein 4 (MRP4/ABCC4) in the Urinary Excretion of Sulfate and
Glucuronide Metabolites of Edaravone (MCI-186; 3-Methyl-1-Phenyl-2-Pyrazolin-5-One). Drug Metab. Dispos. 2007, 35, 2045-2052.
[CrossRef] [PubMed]

Kurosawa, T.; Tega, Y.; Uchida, Y.; Higuchi, K.; Tabata, H.; Sumiyoshi, T.; Kubo, Y.; Terasaki, T.; Deguchi, Y. Proteomics-Based
Transporter Identification by the PICK Method: Involvement of TM7SF3 and LHFPL6 in Proton-Coupled Organic Cation Antiport
at the Blood-Brain Barrier. Pharmaceutics 2022, 14, 1683. [CrossRef] [PubMed]

Schifer, A.M.; Meyer Zu Schwabedissen, H.E.; Bien-Méller, S.; Hubeny, A.; Vogelgesang, S.; Oswald, S.; Grube, M. OATP1A2
and OATP2B1 Are Interacting with Dopamine-Receptor Agonists and Antagonists. Mol. Pharm. 2020, 17, 1987-1995. [CrossRef]
[PubMed]

Cheng, Z.; Liu, Q. Uptake Transport at the BBB—Examples and SAR. In Blood-Brain Barrier in Drug Discovery: Optimizing Brain
Exposure of CNS Drugs and Minimizing Brain Side Effects for Peripheral Drugs; Wiley Online Library: Hoboken, NJ, USA, 2015; pp.
125-145. [CrossRef]

Dij, L.; Kerns, E.H.; Bezar, LE; Petusky, S.L.; Huang, Y. Comparison of Blood-Brain Barrier Permeability Assays: In Situ Brain
Perfusion, MDR1-MDCKII and PAMPA-BBB. . Pharm. Sci. 2009, 98, 1980-1991. [CrossRef]

Kinzi, J.; Grube, M.; Zu Schwabedissen, H.E.M. OATP2B1-The Underrated Member of the Organic Anion Transporting Polypep-
tide Family of Drug Transporters? Biochem. Pharmacol. 2021, 188, 114534. [CrossRef] [PubMed]

Hussner, ].; Foletti, A.; Seibert, I.; Fuchs, A.; Schuler, E.; Malagnino, V.; Grube, M.; Meyer Zu Schwabedissen, H.E. Differences in
Transport Function of the Human and Rat Orthologue of the Organic Anion Transporting Polypeptide 2B1 (OATP2B1). Drug
Metab. Pharmacokinet. 2021, 41, 100418. [CrossRef] [PubMed]

Terao, J.; Murota, K.; Kawai, Y. Conjugated Quercetin Glucuronides as Bioactive Metabolites and Precursors of Aglycone in Vivo.
Food Funct. 2011, 2, 11-17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neuropharm.2013.08.019
https://doi.org/10.1124/dmd.115.063719
https://doi.org/10.3389/fncel.2014.00349
https://www.ncbi.nlm.nih.gov/pubmed/25389387
https://doi.org/10.1017/S1461145703003249
https://www.ncbi.nlm.nih.gov/pubmed/12899737
https://doi.org/10.1111/epi.12318
https://doi.org/10.1016/j.toxlet.2012.07.014
https://doi.org/10.1248/bpb.b17-00089
https://doi.org/10.1002/cpt.1373
https://doi.org/10.1002/cpt.1710
https://doi.org/10.1046/j.1471-4159.2003.01990.x
https://www.ncbi.nlm.nih.gov/pubmed/12950465
https://www.ncbi.nlm.nih.gov/pubmed/11408557
https://doi.org/10.1124/dmd.107.016352
https://www.ncbi.nlm.nih.gov/pubmed/17682070
https://doi.org/10.3390/pharmaceutics14081683
https://www.ncbi.nlm.nih.gov/pubmed/36015309
https://doi.org/10.1021/acs.molpharmaceut.0c00159
https://www.ncbi.nlm.nih.gov/pubmed/32343897
https://doi.org/10.1002/9781118788523.ch7
https://doi.org/10.1002/jps.21580
https://doi.org/10.1016/j.bcp.2021.114534
https://www.ncbi.nlm.nih.gov/pubmed/33794186
https://doi.org/10.1016/j.dmpk.2021.100418
https://www.ncbi.nlm.nih.gov/pubmed/34628357
https://doi.org/10.1039/C0FO00106F
https://www.ncbi.nlm.nih.gov/pubmed/21773581

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Animals 
	Metabolism in the Brain 
	In Vitro Metabolism in Human Brain Cells and Rat Brain Homogenate 
	Quantification of UGT Expression in SH-SY5Y and HEB Cells by qRT-PCR 
	In Vivo Metabolism of IMM-H004 in Rat Brain after Intracerebroventricular Injection 

	Transport Studies of IMM-H004 and IMM-H004G 
	Studies in hCMEC/D3 Cells 
	Identification of Transporters Using Overexpressing Cells 
	In Situ Brain Perfusion 

	Pharmacokinetic Study in Rats 
	Plasma Protein Binding 
	Pharmacokinetics 

	Determination of IMM-H004 and IMM-H004G Using LC-MS/MS 
	Statistical Analysis 

	Results 
	Metabolism of IMM-H004 and IMM-H004G in Brain Cells and Brain Homogenate 
	Metabolism of IMM-H004 after Intracerebroventricular Injection 
	Uptake Kinetics in hCMEC/D3 Cells 
	Identification of the Transporters in hCMEC/D3 Cells by Inhibitors 
	Transport in Overexpressing Cells 
	In Situ Brain Perfusion in Rats 
	Pharmacokinetics in Rats 

	Discussion 
	Conclusions 
	References

