
1 June 2019 | Volume 10 | Article 631

ORIGINAL RESEARCH

doi: 10.3389/fphar.2019.00631
published: 13 June 2019

Frontiers in Pharmacology | www.frontiersin.org

Edited by: 
Miia Turpeinen,  

University of Oulu,  
Finland

Reviewed by: 
Dong Hyun Kim,  

Inje University College  
of Medicine,  
South Korea 

Stanislav Yanev,  
Institute of Neurobiology (BAS),  

Bulgaria

*Correspondence: 
Li Sheng 

shengli@imm.ac.cn
Naihong Chen 

chennh@imm.ac.cn

†These authors have contributed 
equally to this work.

Specialty section: 
This article was submitted to  

Drug Metabolism and Transport,  
a section of the journal  

Frontiers in Pharmacology

Received: 03 March 2019
Accepted: 17 May 2019

Published: 13 June 2019

Citation: 
Zhang Z, Liu D, Jiang J, Song X, 

Zou X, Chu S, Xie K, Dai J, 
Chen N, Sheng L and Li Y (2019) 
Metabolism of IMM-H004 and Its 

Pharmacokinetic-Pharmacodynamic 
Analysis in Cerebral Ischemia/

Reperfusion Injured Rats.  
Front. Pharmacol. 10:631.  

doi: 10.3389/fphar.2019.00631

Metabolism of IMM-H004 and Its 
Pharmacokinetic-Pharmacodynamic 
Analysis in Cerebral Ischemia/
Reperfusion Injured Rats
Ziqian Zhang 1†, Dandan Liu 2,3†, Jianwei Jiang 1,2, Xiuyun Song 2, Xiaowen Zou 1, 
Shifeng Chu 2, Kebo Xie 4, Jungui Dai 4, Naihong Chen 2*, Li Sheng 1* and Yan Li 1

1 State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Beijing Laboratory of Non-Clinical Drug 
Metabolism and PK/PD Study, Key Laboratory of Active Substances Discovery and Drug Ability Evaluation, State Key 
Laboratory of Bioactive Substance and Function of Natural Medicines, Department of Drug Metabolism, Institute of Materia 
Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China, 2 State Key Laboratory of 
Bioactive Substances and Function Natural Medicines, Department of Pharmacology, Institute of Materia Medica, Chinese 
Academy of Medical Sciences and Peking Union Medical College, Beijing, China, 3 Tianjin University of Traditional Chinese 
Medicine, Tianjin, China, 4 State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of 
Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China

IMM-H004, a derivative of coumarin, is a promising candidate for the treatment of cerebral 
ischemia. The pharmacodynamic mechanisms of IMM-H004 are still under exploration. 
The present study was conducted to explore the pharmacoactive substances of IMM-
H004 from the perspective of drug metabolism. Four metabolites of IMM-H004 including 
demethylated metabolites M1 and M2, glucuronide conjugate IMM-H004G (M3), and 
sulfated conjugate M4 were found in rats in vivo. IMM-H004G was the major metabolite in 
rats and cultured human hepatocytes, and uridine diphosphate-glucuronosyltransferase 
(UGT) was found to catalyze the metabolism of IMM-H004 in human liver microsomes 
(HLMs) and rat liver microsomes (RLMs) with high capacity (Vmax at 3.25 and 5.04 nmol/
min/mg protein). Among 13 recombinant human UGT isoforms, UGT1A7, 1A9, 1A8, and 
1A1 appeared to be primarily responsible for IMM-H004G formation. The exposure and 
duration of IMM-H004G (28,948 h × ng/ml of area under the plasma concentration–time 
curve (AUC), 6.61 h of t1/2β) was much higher than that of the parent drug (1,638 h × ng/ml 
of AUC, 0.42 h of t1/2β) in transient middle cerebral artery occlusion/reperfusion (MCAO/R) 
rats, consistent with the malondialdehyde (MDA) inhibition effect for at least 10 h. Further 
pharmacological study revealed that IMM-H004G exhibited a similar neuroprotective 
activity to that of the parent drug on both oxygen-glucose deprivation injured PC12 cells 
and transient MCAO/R injured rats. These results demonstrate that both prototype and 
IMM-H004G are the active pharmaceutical substances, and IMM-H004G, at least in part, 
contributes to the maintenance of anti-cerebral ischemia efficacy of IMM-H004.

Keywords: drug metabolism, pharmacokinetic/pharmacodynamics (PK/PD), UDP-glucuronosyltransferases, 
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INTRODUCTION

Stroke is one of the leading causes of disability and death worldwide 
(Meschia et al., 2014). According to the World Health Organization, 
15 million people suffer stroke worldwide each year. Of these, 5 
million die and another 5 million are permanently disabled. About 
87% of all strokes are ischemic stroke. Up to now the only drug 
that has been approved by the Food and Drug Administration 
for the treatment of ischemic stroke is the thrombolytic tissue-
plasminogen activator. However, due to the short-term treatment 
time window and hemorrhage transformation, only a few patients 
benefit from the tissue-plasminogen activator (Peisker et al., 
2017). Therefore, it is essential to develop other therapies for 
patients with acute ischemic stroke. In addition to thrombolytic, 
neuroprotection is considered as another strategy for the treatment 
of stroke (Neuhaus et al., 2017). The approval of edaravone for 
treating stroke patients brings the hope for the development of 
novel neuroprotective agent (Lee and Xiang, 2018).

Coumarins are widely distributed in a variety of plants. 
It was reported that natural coumarin compounds, such as 
umbelliferone and esculetin, had neuroprotective effects by their 
antioxidant and anti-inflammatory activities (Subramaniam 
and Ellis, 2013; Wang et al., 2015; Sulakhiya et al., 2016). In 
previous studies, the structure-activity relationships of a series of 
3-piperazine substituted coumarin derivatives were analyzed (Li 
et al., 2010). It was found that IMM-H004, 7-hydroxy-5-methoxy-
4-methyl-3-(4-methylpiperazin-1-yl)-coumarin, exhibited potent 
neuroprotective effect in vitro and in vivo (Song et al., 2013; Ji et al., 
2014; Song et al., 2014; Zuo et al., 2014; Zuo et al., 2015; Chu et al., 
2017; Niu et al., 2017; Peña et al., 2017). And the neuroprotective 
effect of IMM-H004 on cerebral ischemia rats was even better 
than that of edaravone (Chu et al., 2017; Niu et al., 2017). After 
systematical pharmacological studies, IMM-H004 was considered 
to be an attractive anti-cerebral ischemia drug candidate.

Despite intensive investigations into its pharmacological 
activities and mechanisms, the biotransformation of IMM-H004 
has not been addressed. The identification of drug metabolic 
pathways and the characterization of the enzymes involved in 
drug metabolism are important aspects in drug discovery and 
development. Detecting and characterizing metabolites in both 
experimental animals and humans are not only critical to evaluate 
potential risks for drug development but also helpful to understand 
the mechanism of drug action and identify pharmacokinetic 
(PK) properties to further improve and optimize the compound 
design. Therefore, the objectives of the present study were 1) to 
identify the major metabolites of IMM-H004 and the enzymes 
responsible for IMM-H004 metabolism in vivo and in vitro; and 
(2) to evaluate the pharmacokinetic/pharmacodynamics (PK/PD) 
relationship of IMM-H004 and the neuroprotective activities of 
major metabolites in vivo and in vitro.

MATERIALS AND METHODS

Chemicals and Reagents
IMM-H004 (purity >99%), M1, and M2 (purity >90%) (Li et al., 
2010) were synthesized by Laboratory of Chemical Synthesis, 

and IMM-H004G (M3) (purity >99%) for animal study was 
provided by Prof. Dai (Laboratory of Biosynthesis of Natural 
Products, Institute of Materia Medica, Chinese Academy of 
Medical Science and Peking Union Medical College, Beijing, 
China). Propranolol (internal standard, IS), β-glucuronidase, 
sulfatase, 3′-phosphoadenosine-5′-phosphosulfate (PAPS), 
uridine 5′-diphosphoglucuronic acid (UDPGA), and alamethicin 
were obtained from Sigma-Aldrich (St. Louis, MO). Rat liver 
microsomes (RLMs) and cytosols were prepared by differential 
ultracentrifugation, and the protein concentration was determined 
by bicinchoninic acid assay (Beyotime Institute of Biotechnology, 
Jiangsu, China). Pooled mixed-gender human liver microsomes 
(HLMs), human liver cytosols, recombinant human cytochrome 
P450 enzymes (CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2C8, 
CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP2J2, CYP3A4, 
CYP4A11, CYP4F2, and CYP4F3), recombinant human UDP-
glucuronosyltransferases (UGT1A1, UGT1A3, UGT1A4, 
UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT12B4, 
UGT12B7, UGT12B10, UGT12B15, and UGT12B17), and 
recombinant human sulfotransferase (SULT1A1, SULT1A2, 
SULT1A3, SULT1B1, SULT1C2, SULT1C4, SULT1E1, and 
SULT2A1) were purchased from BD Gentest (Woburn, MA).

Animals
Male Sprague–Dawley rats (260–280  g) were purchased from 
Vital River Experimental Animal Co., Ltd (Beijing, China). 
Standard pelleted laboratory chow and water were allowed ad 
libitum. All experiments were approved by the Animal Care and 
Welfare Committee of Peking Union Medical College and were 
strictly taken in accordance with guidelines regarding the use 
and care of laboratory animals issued by the Institute Animal 
Care and Welfare Committee.

Identification of IMM-H004
Metabolites in Rats
After intravenous (iv) injection with IMM-H004 citrate (6  mg/
kg, dissolved in saline to yield a concentration of 1.2 mg/ml), rats 
were housed individually in metabolic cages to allow separate 
collection of urine and feces until 72 h postdose. Additional rats 
were bile cannulated under light ether anesthesia. Each rat was 
housed individually in a metabolic cage and allowed to recover 
from anesthesia for 2 to 3 h. Then bile duct cannulated rats were 
iv injected with IMM-H004 citrate (6 mg/kg, dissolved in saline 
to yield a concentration of 1.2 mg/ml), bile samples were collected 
until 24 h postdose.

β-glucuronidase and sulfatase were dissolved in 
physiological saline to 3 and 10  mg/ml, respectively. Urine 
and bile samples (50  μL) were mixed with β-glucuronidase 
or sulfatase solution (200 μL) and incubated at 37°C for 1 h. 
The incubations were quenched with two volumes of ice-cold 
acetonitrile. Samples without β-glucuronidase or sulfatase 
were used as controls. The mixtures were centrifuged at 
18,800×g for 5 min. A 1 μL aliquot of supernatant was injected 
into liquid chromatography tandem mass spectrometry (LC-
MS/MS) for analysis.
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Feces samples were homogenized in 10-fold solvent of water 
and methanol (1:1) and diluted 10-fold in water. Bile and urine 
samples were diluted 100-fold in water. The concentrations of 
IMM-H004, M1, M2, and IMM-H004G in diluted bile, urine, 
and feces samples were determined by LC-MS/MS.

In Vitro Incubations
Cytochrome P450 (CYP450)-mediated metabolism of IMM-
H004 was conducted in RLMs or HLMs. IMM-H004 (10 μM) was 
incubated with RLMs/HLMs (0.5 mg protein/ml) in a final volume 
of 0.2 ml Tris-HCl buffer (50 mM, pH 7.4) containing 5 mM MgCl2. 
After 2 min preincubation at 37°C, the reactions were initiated by the 
addition of reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) regeneration system (10  mM β-nicotinamide adenine 
dinucleotide phosphate, 100 mM glucose-6-phosphate and 10 U/ml 
6-G-P dehydrogenase). After incubation for 30 min, the reactions 
were terminated by adding two volumes of ice-cold acetonitrile. 
Samples without NADPH were used as controls. The incubation 
mixture was vortexed and centrifuged at 18,800×g for 5 min. A 5 μL 
aliquot of the supernatant was injected into LC-MS/MS for analysis.

Glucuronidation reactions were characterized in RLMs or 
HLMs. The glucuronidation incubation mixture contained IMM-
H004 (10 μM), RLMs/HLMs (1 mg protein/ml), alamethicin (50 μg/
mg protein), and UDPGA (3 mM) in Tris-HCl buffer (50 mM, pH 
7.4) containing 5  mM MgCl2 at a final volume of 200  μL. After 
preincubation on ice for 15 min, the reactions were initiated by the 
addition of UDPGA and were incubated at 37°C for 30 min before 
being quenched with two volumes of ice-cold acetonitrile. Samples 
without UDPGA were used as controls. The incubation mixture 
was vortexed and centrifuged at 18,800×g for 5 min. A 1 μL aliquot 
of the supernatant was injected into LC-MS/MS for analysis.

Sulfation reactions were carried out using rat or human liver 
cytosol. The incubation mixture contained IMM-H004 (10 μM), 
rat/human liver cytosol (1 mg protein/ml), and PAPS (3 mM) in 
potassium phosphate buffer (100 mM, pH 7.4) at a final volume 
of 200 μL. After 5 min preincubation at 37°C, the reactions were 
initiated by the addition of PAPS. After incubation for 30 min, 
the reactions were terminated by the addition of two volumes 
of ice-cold acetonitrile. Samples without PAPS were used as 
controls. The incubation mixture was vortexed and centrifuged 
at 18,800×g for 5  min. A 1  μL aliquot of the supernatant was 
injected into LC-MS/MS for analysis.

Structural Identification of Metabolites by Liquid 
Chromatography Tandem Mass Spectrometry and 
Nuclear Magnetic Resonance (NMR)
Identification of M1 and M2 was based on comparing the 
retention time and fragmentation mass spectrum with standards. 
Chromatographic separation was performed on a CAPCELL 
PAK ADME (absorption, distribution, metabolism, and 
excretion) column (3 μm, 2.1 mm × 100 mm, Shiseido, Tokyo, 
Japan). The mobile phases were water with 0.5% formic acid 
(mobile phase A) and methanol with 0.5% formic acid (mobile 
phase B) pumped at 0.25  ml/min. The elution condition was 
20% mobile phase B for 1.0 min, ascending to 80% B in 8.0 min, 
holding for 1.0 min, and reequilibrating to 20% B within 0.5 min 
and maintained for 3.5 min.

IMM-H004G was separated on a Zorbax C18 column (5 μm, 
4.6  mm × 150  mm, Agilent, USA). The mobile phases were 
water with 0.5% formic acid (mobile phase A) and acetonitrile 
with 0.5% formic acid (mobile phase B) pumped at 1 ml/min. 
The elution condition was started with 2% mobile phase B, 
ascending to 30% B in 9.0  min, ascending to 90% B within 
0.5  min and maintained for 4  min, and descending to 2% B 
within 0.5  min and maintained for 5  min. Fraction eluted at 
7.0 to 7.5 min was collected, concentrated, and dried. 1H NMR 
and 13C NMR spectra of samples were performed at 600 and 
150 MHz on Bruker AVIIIHD 600 NMR spectrometer (Bruker, 
Germany) respectively. The chemistry shifts were recorded in δ 
(ppm) and referenced to the solvent peaks (dimethyl sulfoxide 
(DMSO)-d6).

Comparison of IMM-H004 Metabolism 
in Human and Rat Liver Microsomes
To compare the metabolic capability of IMM-H004 demethylation 
in rat and human liver microsomes, the kinetics of M1 and M2 
formation in HLMs or RLMs were determined. Enzyme kinetic 
experiments were performed in triplicate. The incubation 
mixtures contained HLM/RLM (1 mg protein/ml), IMM-H004 
(0.1–1,800 μM), and NADPH (1.2 mM) in a final volume of 0.2 ml 
Tris-HCl buffer (50 mM, pH 7.4) containing 5 mM MgCl2. The 
reaction was incubated at 37°C for 20 min and stopped by adding 
200 μL of ice-cold acetonitrile containing IS (100 ng/ml). After 
vortex-mixing and centrifugation, M1 and M2 in the supernatant 
were analyzed by LC-MS/MS.

To explore glucuronidation difference of IMM-H004 between 
humans and rats, the kinetics of IMM-H004G formation in 
UDPGA-supplemented HLMs and RLMs were determined. The 
incubation mixtures consisted of HLMs or RLMs (0.025  mg 
protein/ml), alamethicin (50 μg/mg protein), IMM-H004 (0.5–
2,500  μM), and UDPGA (5  mM) in a final volume of 0.2  ml 
Tris-HCl buffer (50 mM, pH 7.4) containing 5 mM MgCl2. HLM 
or RLM was preincubated with alamethicin on ice for 15 min. 
The reaction was incubated at 37°C for 10 min and quenched by 
adding 200 μL of ice-cold acetonitrile containing IS (100 ng/ml). 
After vortex-mixing and centrifugation, IMM-H004G in the 
supernatant was analyzed by LC-MS/MS.

IMM-H004 Metabolism by Human 
Hepatocytes
Primary human hepatocytes were used to predict the 
metabolism of IMM-H004 in humans. Cryopreserved 
human hepatocytes were obtained from Bioreclamation 
IVT (Baltimore, MD, USA). Three different hepatocyte 
preparations (Lot CDP, ZHL, and DSX) were pooled in this 
study. Hepatocytes were resuspended and seeded in 96-well 
plates at a density of 0.7 × 106 cells/ml. After 24 h of culture, 
cells were washed with Hanks’ balanced salt solution, followed 
by addition of 30 nM IMM-H004 dissolved in Hanks’ balanced 
salt solution. Incubations were carried out at 37°C up to 3 h 
under gentle shaking. Cell culture supernatant was collected 
within 3  h and determined by LC-MS/MS. All experiments 
were conducted in triplicate.
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Identification of Metabolizing Enzymes
To identify metabolizing enzymes, IMM-H004 was incubated 
with different types of human recombinant enzymes.

CYP450s. IMM-H004 was incubated in triplicate with 13 
individual human complementary DNA (cDNA) expressed CYPs 
(CYP1A1, 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 2J2, 3A4, 
4A11, 4F2, and 4F3) at 37°C. The incubation mixtures contained 
individual CYP450 enzymes (50 pmol/ml), IMM-H004 (1 μM), and 
NADPH regeneration system in a final volume of 0.2 ml Tris-HCl 
buffer (50 mM, pH 7.4) containing 5 mM MgCl2. The mixtures were 
incubated for 40 min before being quenched with two volumes of 
ice-cold acetonitrile containing IS (100 ng/ml). After vortex-mixing 
and centrifugation, M1 and M2 in the supernatant were analyzed by 
LC-MS/MS.

UGTs. IMM-H004 was incubated in triplicate with UGT1A1, 
1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 12B4, 12B7, 12B10, 12B15, 
and 12B17 at 37°C. The incubation mixtures contained individual 
UGT enzyme (0.2 mg protein/ml), IMM-H004 (1 μM), and UDPGA 
(5 mM) in a final volume of 0.2 ml Tris-HCl buffer (50 mM, pH 7.4) 
containing 5 mM MgCl2. The mixtures were incubated for 30 min 
before being quenched with two volumes of ice-cold acetonitrile 
containing IS (100 ng/ml). After vortex-mixing and centrifugation, 
IMM-H004G in the supernatant was analyzed by LC-MS/MS.

Sulfotransferases (SULTs). IMM-H004 was incubated in 
triplicate with SULT1A1, 1A1*1, 1A2, 1A3, 1C2, 1C4, 1E1, 1B1, 
and 2A1 at 37°C. The incubation mixtures contained individual 
SULT enzyme (0.1 mg protein/ml) and IMM-H004 (1 μM), PAPS 
(1 mM) in a final volume of 0.2 ml Tris-HCl buffer (50 mM, pH 7.4) 
containing 5 mM MgCl2. The mixtures were incubated for 60 min 
before being quenched with two volumes of ice-cold acetonitrile 
containing IS (100 ng/ml). After vortex-mixing and centrifugation, 
M4 in the supernatant was analyzed by LC-MS/MS.

PK and PD Study in Rats
The plasma pharmacokinetics (PK) and pharmacodynamics (PD) 
of IMM-H004 and IMM-H004G were investigated in a cerebral 
ischemia-reperfusion rat model produced by middle cerebral artery 
occlusion/reperfusion (MCAO/R) after iv administration of IMM-
H004. In brief, rats underwent a 1-h MCAO and then received IMM-
H004 citrate (10 mg/kg, dissolved in saline to yield a concentration 
of 2 mg/ml) immediately after reperfusion, an effective dosing time 
as reported (Zuo et al., 2015; Yang et al., 2017). For sham surgery, all 
the arteries were exposed for the surgical period, but the filament 
was not inserted into the MCA. Blood samples were collected 
through external jugular vein cannula into heparinized tubes at 
0.033, 0.167, 0.5, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h postdose for IMM-
H004 and IMM-H004G detection (50  μL of blood at each time 
point) and at 0.5, 1, 2, 4, 7, and 10 h postdose for malondialdehyde 
(MDA) detection (80 μL of blood at each time point). Plasma was 
immediately separated by centrifugation at 900×g for 5 min. Plasma 
concentrations of IMM-H004 and IMM-H004G in ischemia-
reperfusion rats were determined by LC-MS/MS analysis. The PK 
parameters were calculated by noncompartmental analysis using 
WinNonlin Version 6.1 (Pharsight, Mountain View, CA). Plasma 
MDA concentrations in ischemia-reperfusion and sham rats within 
24 h were estimated by enzyme-linked immunosorbent assay.

Liquid Chromatography Tandem Mass 
Spectrometry Analysis
The LC-MS/MS system consisted of Shimadzu 30A UPLC and 
API 4000 triple quadruple mass spectrometer (AB SCIEX, USA). 
Data acquisition and analysis were accomplished using Analyst 
1.5.2 software. The analytes and IS were chromatographed by 
injection of 1 μL sample. The mobile phases consisted of solvent 
A (0.5% formic acid in water) and solvent B (0.5% formic acid 
in methanol) at a flow rate of 0.3  ml/min on an Eclipse Plus 
C18 column (2.1 mm × 50 mm, 3.5 μm, Agilent, USA), and the 
operating temperature was 40°C. The elution condition was 10% 
solvent B for 0.7 min, ascending to 98% B in 2.3 min, holding 
for 3.0  min and reequilibrating to 10% B within 0.1  min and 
maintained for 2.4 min (Jiang JW, 2018). The specific transitions 
monitored were 305→248 for IMM-H004, 291→234 for M1, 
291→248 for M2, 481→305 for IMM-H004G, 385→305 for M4, 
and 260→183 for IS.

Neuroprotection of IMM-H004 
and IMM-H004G
In Vitro
The neuroprotective activity of IMM-H004 and IMM-H004G 
was evaluated on PC12 cells damaged by oxygen-glucose 
deprivation (OGD). PC12 cells were purchased from the 
American Type Culture Collection. Cultures were maintained at 
37°C in 5% CO2 in a humidified incubator. For cell viability assay, 
PC12 cells were incubated in 96-well plates at a density of 5 × 
104/ml for 24 h. In the sham group, PC12 cells were cultured in 
Dulbecco’s modified eagle medium supplemented with 5% fetal 
bovine serum and 5% equine serum (Gibco, USA). In the OGD 
group, PC12 cells were cultured in glucose-free Earle’s balanced 
salt solution supplemented with 15  mM Na2S2O4 for 2  h and 
then incubated with compounds of nerve growth factor (NGF, 
10 μM), edaravone (10 μM, 50 μM), IMM-H004 (1 μM, 10 μM), 
and IMM-H004G (1  μM, 10  μM), respectively. After 24  h of 
incubation, MTT (5  mg/ml) was added into the cell cultures 
and incubated for an additional 4  h. Then the supernatant 
was removed and 100  μL DMSO was added. Absorbance was 
measured using an Ultramark microplate reader at a wavelength 
of 562 nm. The cell viability was expressed as a percentage of the 
absorbance density value of control cultures.

In Vivo
Transient MCAO/R was applied to compare the neuroprotection 
of IMM-H004 and IMM-H004G. Rats were fasted overnight 
with free access to water and randomly assigned to different 
groups. Rats were anesthetized with a mixture of 5% isoflurane 
and 95% oxygen and maintained with a mixture of 3% isoflurane 
and 97% oxygen during the surgical procedure. A 4-0 nylon 
thread, the tip of which was burned (diameter 0.36 mm), was 
inserted into the right internal carotid artery and advanced until 
the origin of the right MCA was occluded. After 60 min of the 
occlusion, the thread was withdrawn to allow reperfusion, and 
then the rats were returned to the chamber. Saline or edaravone 
at dose of 6 mg/kg or IMM-H004 citrate and IMM-H004G at 
dose of 10 mg/kg (dissolved in saline to yield a concentration of 
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2 mg/ml) were administered by intravenous injection immediately 
after reperfusion.

The rats were assessed for neurologic deficits at 24  h after 
reperfusion according to Zea Longa’s five-point scale. A score of 
0 indicates no neurological deficit; a score of 1 indicates failure to 
extend left forepaw fully; a score of 2 indicates circling to the left; a 
score of 3 indicates falling to the left; a score of 4 indicates did not 
walk spontaneously and had a depressed level of consciousness; 
and a score of 5 indicates death. The animals without symptoms of 
neurological impairment or dying after the surgery were rejected. 
All animals were killed 24  h after reperfusion. Brains of the 
animals were removed and cut into 2 mm-thick slices, for a total of 
six slices per animal. The slices were immersed in a 2% solution of 
2,3,5-triphenyltetrazolium chloride in phosphate buffered saline 
at 37°C for 20 min and then fixed in 4% formaldehyde overnight. 
Images of the slices were obtained with a scanner and a computer. 
The infarct area and the total area were calculated by tracing the 
areas on the computer screen with Image J. The percentage of the 
infarct volume was expressed as the infarct volumes (white parts)/
the whole volume of the cortex.

Statistical Analysis
Data are presented as mean ± SD or SEM. Statistical evaluation 
was performed using one-way analysis of variance. Significant 
difference was further performed in conjunction with the 
Student–Newman–Keuls method. Statistical significance was 
accepted at p < 0.05.

RESULTS

Identification of IMM-H004 Metabolites 
In Vivo and In Vitro
The protonated IMM-H004 molecule (m/z 305) was detected 
under positive ion mode, which further dissociated in MS2 to 
produce the fragment ions at m/z 248, m/z 220, m/z 192, and m/z 
177 (Table 1). The metabolic profile of IMM-H004 in rat urine, 
feces, bile, and in vitro incubations was analyzed by LC-MS/MS. 
Four metabolites (M1, M2, IMM-H004G, and M4) of IMM-
H004 were detected (Figure 1).

M1 and M2 could be detected in rat urine, bile, feces, RLMs, 
and HLMs incubations. Both of them generated a protonated 
molecule of m/z 291 which was 14 Da smaller than that of the 
protonated parent compound, suggesting the loss of methyl. 

Upon collision-induced dissociation, the fragment ions m/z 234, 
m/z 206, and m/z 163 of M1 were 14 Da smaller than those of the 
parent drug, and the fragment ions 248, 220, 192, and 177 of M2 
were consistent with those of the parent drug. Since the retention 
times and fragmentation profiles of M1 and M2 were consistent 
with those synthesized reference compounds, M1 and M2 were 
identified as 6-demethylation and N-demethylation IMM-H004, 
respectively (Figures 2 and 3).

M3 (named IMM-H004G) was present in rat urine, 
bile, RLMs, and HLMs incubations. It showed a protonated 
molecular ion at m/z 481, 176 Da higher than that of the parent 
drug, suggesting that it was a conjugate. The MS/MS spectrum 
of m/z 481 gave an intense ion at m/z 305, a loss of 176 Da from 
the precursor ion, indicating that it was a glucuronide conjugate. 
Treatment of urine with β-glucuronidase resulted in the 
disappearance of IMM-H004G. The structure of IMM-H004G 
was further characterized by NMR. 13C NMR data (in DMSO-d6) 
clearly showed the presence of a glucuronic acid moiety [δC 
71.7 (C-4″), 72.9 (C-2″), 74.3 (C-5″), 76.3 (C-3″), 99.4 (C-1″), 
171.5 (C-6″)]; the remaining NMR data were similar to those of 
IMM-004 (Sun MN, 2013). In the heteronuclear multiple bond 
correlation (HMBC) spectrum, the key HMBC correlations 
from H-1″ (δH 5.11, d, J = 7.2 Hz), H-6 (δH 6.57, d, J = 2.4 Hz), 
and H-8 (δH 6.64, d, J = 2.4 Hz) to C-7 (δC 159.3) were observed 
(Table 2). These results demonstrated that IMM-H004G was 
7-O-β-glucuronide conjugate of IMM-H004 (Figure 3).

M4 was found in rat urine, bile, and human/rat liver cytosol 
incubations. It showed a protonated molecular ion at m/z 385, 
80 Da higher than that of the parent drug, indicating the formation 
of a conjugate. The collisional activated decomposition product 
ion spectrum of m/z 385 showed an ion at m/z 305, a loss of 80 Da 
from the protonated molecular ion, suggesting the presence of a 
sulfate conjugate. Treatment of urine with sulfatase resulted in the 
disappearance of M4, further suggesting that M4 was a sulfated 
conjugate of IMM-H004.

Further quantitative analysis of rat urine, bile, and feces by 
LC-MS/MS showed that the total urinary IMM-H004G and 
IMM-H004 recovered over the 72-h sampling period was 72.5% 
of intake, and urinary IMM-H004G was 69.7% of intake. The 
recovery of IMM-H004G and IMM-H004 in bile accounted for 
76.1% of intake, and the recovery of IMM-H004G accounted for 
75.9% of intake. The fecal specimens mainly contained IMM-
H004, accounting for 18% of the dose. Therefore, IMM-H004G 
was the main excretion form of the drug in vivo.

IMM-H004 Metabolism in Liver 
Microsomes and Hepatocytes
Michaelis-Menten kinetic parameters clearly demonstrated the 
difference between demethylation and glucuronidation of IMM-
H004 in RLM and HLM (Figure 4). The estimated apparent Km 
and Vmax values for demethylation and glucuronidation together 
with the intrinsic clearance are summarized in Table 3. Obviously, 
the maximal rate of N-demethylation (0.07–0.12 nmol/min/mg 
protein) was much lower than that of 6-demethylation (1.34–
1.99 nmol/min/mg protein) and glucuronidation (3.25–5.04 nmol/
min/mg protein) in both species. Besides, glucuronidation 

TABLE 1 | Liquid chromatography–mass spectrometry–mass spectrometry (LC/
MS2) data of IMM-H004 and its metabolites.

Metabolite Retention 
time (min)

MS 
[M+H]+

m/z (relative abundance, %)

IMM-H004 6.54 305 248 (67), 220 (45), 
192 (93), 177 (86)

M1 5.34 291 234 (100), 206 (34), 163 (65)
M2 6.67 291 248 (100), 220 (42), 

192 (65), 177 (52)
IMM-H004G (M3) 4.74 481 305 (100)
M4 5.35 385 305 (100)
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pathway exhibited at least 40-fold Vmax/Km value compared 
with 6-demethylation. Therefore, glucuronidation was a high-
capacity pathway. The glucuronidation Vmax in rat samples 
(5.04  nmol/min/mg protein) was 1.6-fold higher than that 
in human samples (3.25  nmol/min/mg protein); this finding 
indicated that rats would have a greater capacity than humans 
for glucuronidation.

IMM-H004G and trace of M4 could be detected in cell 
supernatant after IMM-H004 was incubated with hepatocytes, 
while M1 and M2 were not detectable (Figure 5A). After 3 h of 
human hepatocytes incubation, more than 70% of IMM-H004 
was converted to IMM-H004G, and the total concentration 

of IMM-H004 and IMM-H004G was nearly equal to the 
initial concentration of IMM-H004 (30 nM) added in the cell 
supernatant (Figure 5B). The results indicated that IMM-
H004G was the major metabolite of IMM-H004 in human 
hepatocytes, and the metabolic profile of IMM-H004 in humans 
was probably consistent with that of rats.

Metabolism of IMM-H004 by cDNA-
Expressed Human Metabolizing Enzymes
To identify the enzymes involved in the formation of M1 and M2, 
a panel of cDNA-expressed recombinant CYP450 enzymes was 

FIGURE 1 | Representative extracted ion chromatogram of IMM-H004 and its metabolites in urine.
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screened for their activities. As shown in Figure 6A, conversion 
of IMM-H004 to M2 was catalyzed by CYP1A1, 2C9, 2D6, and 
3A4, and to a lesser extent by CYP1A2, 2C8, 2C19, and 2J2. To 
make a better estimate of the relative contribution of each CYP450 
enzyme to the overall clearance of IMM-H004 in humans, the 
enzyme activities were normalized by the average content of 
each enzyme in HLM (Gong et al., 2012). As a result, CYP2C9 
and CYP3A4 were predicated to be the major contributors for 
the formation of M2. Meanwhile, M1 could not be detected in 
all CYP450 enzymes incubations, suggesting less possibility that 
these enzymes are involved in the formation of M1. So other 

phase I metabolizing enzymes responsible for M1 formation 
remain to be discovered.

To evaluate the activities of UGT enzymes for the formation of 
IMM-H004G, IMM-H004 was incubated with individual human 
cDNA-expressed UGT enzyme in the presence of UDPGA. As 
indicated in Figure 6B, conversion of IMM-H004 to IMM-
H004G was catalyzed by UGT1A7, 1A9, 1A8, and 1A1 and to a 
lesser extent by UGT1A3, 1A10, and 2B15.

In addition, we examined the metabolism of IMM-H004 
with individual human cDNA-expressed SULT enzyme in 
the presence of PAPS. The highest activity was observed with 

FIGURE 2 | Fragmentation profiles of M1 (A) and M2 (B) on MS.
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SULT1E1, followed by 1A3 and 1A1. Activities were markedly 
lower with SULT1A2, 1C4, and 2A1 and were negligible with 
SULT1C2 and 1B1 (Figure 6C).

PK and PD Study of IMM-H004 in Rats
The mean plasma concentration-time profiles of IMM-H004 
and IMM-H004G are presented in Figure 7A, and major PK 
parameters are shown in Table 4. After iv injection of IMM-H004 
to MCAO/R rats, IMM-H004 eliminated rapidly with a short 
plasma elimination half-life (t1/2β) of 0.42 h. The concentration of 
IMM-H004G in plasma increased to a maximum of 13,020 ng/ml 

within 15 min after dosing, then declined slowly with a t1/2β value 
of 6.61 h. The mean area under curve of IMM-H004G in plasma 
was 11.22-fold higher than that of IMM-H004. Meanwhile, 
no significant difference of PK was found between sham and 
MCAO/R rats (data not shown).

The effect of IMM-H004 on MDA levels is shown in Figure 
7B. After 0.5 h of reperfusion, the plasma MDA level in MCAO/R 
rats was significantly higher than that in the sham group. IMM-
H004 was shown to significantly lower the increased MDA 
level at 2 h and maintained for at least 10 h after administration 
compared to the MCAO/R group.

So the PK-PD data indicated that, compared with the parent 
drug, IMM-H004G exhibited a longer exposure time and higher 
exposure level and therefore had a better correlation with the 
duration of drug efficacy.

Neuroprotection of IMM-H004 and IMM-
H004G in Oxygen-Glucose Deprivation-
Injured PC12 Cells
The neuroprotective activity against OGD-induced neuronal 
injury in PC12 cells by IMM-H004 and IMM-H004G at 1 
and 10  μM were evaluated by cell viability assay. As shown in 
Figure 8, cell viability of the model group decreased to 64.9% of 
the control group (p < 0.001). Cells treated with IMM-H004 and 
IMM-H004G at concentrations of 1 and 10 μM had significant 
(p < 0.05) preservation of viability. In addition, only trace of IMM-
H004 could be detected in PC12 cultures after 24 h of incubation 
with IMM-H004G, much lower than the effective concentration 
of 1 μM in vitro. The result supports the neuroprotective activity 
of IMM-H004G.

Likewise, IMM-H004 and IMM-H004G significantly decreased 
brain infarct volume and neurological deficits following MCAO/R. 
At 24 h after ischemia-reperfusion, model rats exhibited visible 
intracerebral damage (infarct volume, 22.8%) and major neurological 

FIGURE 3 | Possible metabolic pathway of IMM-H004.

TABLE 2 | NMR spectroscopic data for IMM-H004G (600 MHz, DMSO-d6)

Position δC δH (J in Hz)

2 157.5
3 130.3
4 147.9
4a 105.2
5 158.8
6 97.2 6.57 (d, J = 2.4)
7 159.3
8 95.6 6.64 (d, J = 2.4)
8a 153.8
1ʹ 48.4 3.17 (2H, s)
2ʹ 54.8 -a

1″ 99.4 5.11 (d, J = 7.2)
2″ 72.9 3.25 (m)
3″ 76.3 3.32 (m)
4″ 71.7 3.28 (m)
5″ 74.3 3.79 (d, J = 9.6)
6″ 171.5
4-CH3 17.1 2.59 (s)
5-OCH3 56.3 3.86 (s)
N-CH3 45.2 2.33 (s)

aNot observed.
DMSO, dimethyl sulfoxide; NMR, nuclear magnetic resonance.
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deficits. In rats treated with IMM-H004 and IMM-H004G, the 
infarct volume was markedly reduced (p  <  0.01) (Figure 9). It 
was accompanied by a significant improvement (p < 0.01) of the 
neurological test score (Figure 10).

DISCUSSION

Drug metabolism research is an essential part of drug discovery 
and development. A comprehensive understanding of metabolic 
pathways and analysis of the concentration-effect relationship 

of new candidates and major metabolites can help us to reveal 
the pharmacoactive substances of a drug and provide useful 
information for drug development and clinical application.

IMM-H004 has been shown to have significant 
neuroprotective effect on a variety of pathological models. It 
could block chemokine-like factor 1-C27-induced calcium 
mobilization and chemotaxis, decrease the toxicity of Aβ, reduce 
inflammatory response, and improve blood–brain barrier  
function (Li et al., 2010; Song et al., 2013; Ji et al., 2014; Song 
et  al.,  2014; Zuo et al., 2014; Zuo et al., 2015; Chu et al., 2017; 
Niu et al., 2017). Unexpectedly, IMM-H004 underwent extremely 

FIGURE 4 | Michaelis–Menten kinetics of IMM-H004 demethylation and glucuronidation in rat and human liver microsomes. (A) Kinetic analysis of M1 generation 
by IMM-H004 demethylation; (B) kinetic analysis of M2 generation by IMM-H004 demethylation; (C) kinetic analysis of IMM-H004G generation by IMM-H004 
glucuronidation. Error bars represent SD (n = 3).

TABLE 3 | Michaelis–Menten parameters for IMM-H004 demethylation and glucuronidation in rat and human liver microsomes.

Parameter M1 M2 IMM-H004G

rat human rat human rat human

Vmax (nmol/min/mgprotein)a 1.34 1.99 0.12 0.07 5.04 3.25
Km (μM)a 1,244.0 2,935.0 111.9 491.4 9.5 119.3
CLint (μL/min/mg protein)b 1.08 0.68 1.08 0.14 529.83 27.20

aNonlinear regression analysis was performed by software of GraphPad Prism to get Michaelis–Menten apparent parameters, and the analysis was carried out by the mean values of 
three concentrations at each time point.
bCLintwas calculated by Vmax/Km.
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FIGURE 5 | Metabolism of IMM-H004 by primary human hepatocytes. (A) Representative extracted ion chromatogram of IMM-H004 and its metabolites. The elution 
condition was 10% solvent B for 1 min, ascending to 98% B in 2 min, holding for 3.0 min, reequilibrating to 10% B within 0.1 min, and maintained for 2.4 min at a 
flow rate of 0.3 ml/min. (B) Production of IMM-H004G in human hepatocytes with 30 nM of IMM-H004. Error bars represent SD (n = 3).

FIGURE 6 | Metabolism of IMM-H004 by cDNA-expressed human metabolizing enzymes. (A) M2 formation by cytochromes P450 (CYP450s); (B) IMM-H004G 
formation by UDP-glucuronosyltransferases (UGTs); (C) M4 formation by sulfotransferases (SULTs). Error bars represent SD (n = 3).
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short elimination half-life (0.19  h) in rat plasma and brain 
(Zhang et al., 2017). However, due to the low exposure and short 
elimination half-life of IMM-H004, it is difficult to explain its 
pharmacology activity. As such, it is very meaningful to investigate 
how the effect of IMM-H004 lasts for a long time and whether 
pharmacologically active metabolites are present. Subsequently, 
the metabolism of IMM-H004 was systematically investigated 
in vitro (with HLMs, human hepatocytes, and RLMs) and in rats 
in vivo.

Four metabolites of IMM-H004 including demethylated 
metabolites M1 and M2, glucuronide conjugate IMM-H004G, and 
sulfated conjugate M4 were identified in vitro. Enzyme kinetics 
analysis demonstrated that demethylation of IMM-H004 was a 
low capacity and affinity pathway. In contrast to demethylation, 
glucuronidation offered high affinity and capacity in both RLM 
and HLM. These results indicate that glucuronidation may 
play an important role in the metabolism of IMM-H004. The 
major metabolites of IMM-H004 observed in vivo in rats were 
consistent with that in vitro. After iv administration of IMM-
H004, most of the drug was recovered in bile and urine as IMM-
H004G, indicating that IMM-H004G was the major metabolite 
of the drug in rats.

Many functional groups can react with UDPGA to form O-, 
N- and S-glucuronides, respectively (Bock, 2015). IMM-H004 
contains a hydroxyl group and a tertiary amine on the piperazine 
ring in its structure. Therefore, there are two possibilities for 
glucuronide metabolites of IMM-H004. Actually, we detected 
only one glucuronide metabolite of IMM-H004 by LC-MS/MS. 
Our NMR results confirmed that the glucuronide metabolite 
was the phenolic glucuronide. Like other compounds, the 
hydroxyl group appears to be a more active group that forms 
glucuronide.

FIGURE 7 | Plasma concentration-time profiles of IMM-H004 and IMM-H004G (A) and the effect on plasma malondialdehyde (MDA) suppression (B) in middle 
cerebral artery occlusion/reperfusion (MCAO/R) rats after IMM-H004 administration. IMM-H004 citrate (10 mg/kg dissolved in saline) was given immediately to 
MCAO rats after reperfusion via tail vein injection, and the collection of blood sample was timed according to the time of IMM-H004 iv injection. Error bars represent 
SD (n = 5). One-way analysis of variance was used, #p < 0.05, ##p < 0.01 vs. Control, *p < 0.05, **p < 0.01 vs. Model group.

TABLE 4 | PK parameters of IMM-H004 and IMM-H004G in MCAO/R rats after 
iv dosing of IMM-H004 citrate (10 mg/kg dissolved in saline).

Parameters Unit IMM-H004 IMM-H004G

t1/2β h 0.42 ± 0.03 6.61 ± 0.86
Tmax h 0.03 ± 0.00 0.17 ± 0.00
Cmax ng/ml 7,463 ± 1,234 13,020 ± 923
MRT(0-t) h 0.18 ± 0.01 7.89 ± 0.57
MRT(0-∞) h 0.19 ± 0.02 8.16 ± 0.65
AUC(0-t) h×ng/ml 1,638 ± 245 28,948 ± 2,017
AUC(0-∞) h×ng/ml 1,643 ± 247 29,103 ± 2,049

Data are expressed as mean ± SD (n = 5).
AUC, area under the plasma concentration–time curve; MRT, mean residence time.

FIGURE 8 | Neuroprotective activity of IMM-H004 and IMM-H004G against 
oxygen-glucose deprivation (OGD)-induced neuronal injury in PC12 cells. 
Error bars represent SD (n = 12). One-way analysis of variance was used, 
###p < 0.001 vs. Control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Model group.
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It is well known that conjugation of hydroxyl groups of 
phenols can occur with both glucuronate and sulfate and that 
there are species differences in glucuronidation or sulfation 
rates between animals and humans due to different expression 
levels of UGT and SULT subtypes (Vaidyanathan and Walle, 
2002). Due to the lack of M4 reference standards, the kinetics of 
sulfated conjugate of IMM-H004 in liver microsomes cannot be 
compared with that of glucuronide conjugates, so the metabolite 
profile of IMM-H004 was further investigated in primary human 

hepatocyte to predict the metabolism of IMM-H004 in humans. 
The results showed that although a small amount of sulfated 
conjugate can be detected, IMM-H004 was predominantly 
metabolized to IMM-H004G in human hepatocytes. Therefore, 
glucuronidation may be the primary metabolic pathway of IMM-
H004 in humans, similar to coumarin, a precursor compound of 
IMM-H004 (Ford et al., 2001; Wang et al., 2006; Leonart et al., 
2017). But considering the glucuronidation clearance in RLM is 
much higher than that of HLM, the role of glucuronide conjugate 
in the metabolism and disposition of IMM-H004 in humans 
needs to be further investigated in vivo.

Glucuronidation is known to be catalyzed by a family of UGT 
enzymes. Human UGTs, consisting of at least 22 proteins, are 
divided into five subfamilies including UGT1A, 2A, 2B, 3A, and 
8A on the basis of sequence identity. Members of the UGT1A and 
2B subfamilies play a key role in drug metabolism (Rowland et al., 
2013). Since the induction/inhibition and genetic polymorphism 
of UGTs are associated with drug therapy strategy and safety, it 
is important to identify the major metabolizing enzymes that act 
on a drug to predict interindividual variability in drug exposure 
and the potential of drug–drug interactions.

To determine the UGTs involved in IMM-H004 glucuronidation, 
recombinant human UGTs were applied. Our results indicated 
that UGT1A7, 1A9, 1A8, and 1A1 were the most active enzymes 
toward the glucuronidation of IMM-H004. Other UGTs also 
catalyzed the reaction, albeit less efficiently. Therefore, multiple 
UGT isoforms are involved in the IMM-H004 glucuronidation. 
When a drug is metabolized by a single enzyme, changing the 
enzyme activity is more likely to have a marked effect on the 
overall PK of the compound. Coadministration of drugs results 
in an increased likelihood of drug interactions. In contrast, the 
involvement of multiple UGT enzymes in the metabolism of 
IMM-H004 correspondingly makes it less likely that the PK profile 

FIGURE 9 | Effect of IMM-H004 and IMM-H004G on infarct volume of MCAO/R rats. (A) Representative brain slices stained by 2,3,5-triphenyltetrazolium chloride; 
(B) quantitative evaluation of infarct volume. Error bars represent SEM (n = 10). One-way analysis of variance was used, ###p < 0.001 vs. Sham, **p < 0.01 vs. Model 
group.

FIGURE 10 | Effect of IMM-H004 and IMM-H004G on neurological behavior 
of MCAO/R rats. Error bars represent SEM (n = 10). One-way analysis of 
variance was used, ###p < 0.001 vs. Sham, **p < 0.01, ***p < 0.001 vs. 
Model group.
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of IMM-H004 was affected by other drugs. Since the abundant 
isoforms of UGT enzyme expression in human liver are UGT2B7, 
1A4, 2B4, 1A1, 2B15, and 1A9, followed by UGT1A6 and 1A3, 
while UGT1A7 and 1A8 are mainly expressed in extrahepatic 
tissues (Izukawa et al., 2009; Achour et  al., 2017; Tourancheau 
et al., 2018), it is anticipated that UGT1A1 and 1A9 are the major 
contributors for the formation of IMM-H004G in humans. It 
has been reported that hydroxycoumarin derivatives were good 
substrates of UGT. For example, 4-methylumbelliferone has been 
widely used as a nonspecific probe substrate for the evaluation 
of recombinant human UGTs activity (Uchaipichat et al., 2004). 
Although a variety of UGTs participate in the glucuronidation 
of hydroxycoumarins (Dong et al., 2012; Shan et al., 2014), 
UGT1A9 with greater capacity in bulk and complex phenol 
glucuronidation generally exhibits the highest catalytic activity 
(Ethell et al., 2002; Liang et al., 2010; Xia et al., 2014). Our data 
are consistent with these literatures.

PK/PD studies can reveal the relationship between drug 
concentration and efficacy, which helps to understand the 
mechanism of drug action. MCAO/R rat models were applied 
for IMM-H004 PK-PD study. MDA, the earliest indicator to 
reflect the efficacy of IMM-H004, served as a biomarker in 
plasma for PD, which was also because correlation between 
plasma MDA levels and severity of the disease was reported on 
both acute ischemic stroke patients and MCAO/R rats (Awooda 
et al., 2015; Jena et al., 2017). In line with previous reports, 
plasma MDA levels of our experiment were significantly 
increased in MCAO/R rats. IMM-H004 treatment was able to 
reduce MDA levels in MCAO/R rats, and the beneficial effect 
persisted for at least 10  h after treatment. As IMM-H004 is 
eliminated rapidly with a short plasma elimination half-life 
(0.42 h at 10 mg/kg, longer than t1/2β 0.19 h at 6 mg/kg reported 
before, indicating that the drug elimination may be saturated 
at 10 mg/kg and there may be differences between experiments 
in different batches of animals), the exposure of IMM-H004 
cannot adequately explain the duration of PD effect. IMM-
H004G has a longer half-life and greater exposure in blood 
circulation than IMM-H004. Our previous brain microdialysis 
study also indicated that the exposure of IMM-H004G in 
rat brain extracellular fluid was 10.5-fold higher than that of 
IMM-H004 (Jiang et al., 2018). Therefore, IMM-H004G is the 
predominant form present in the body and drug target tissue. 
As the PK profile of IMM-H004G was consistent with the MDA 
inhibition curve, we speculated that IMM-H004G was likely to 
be an active metabolite.

Glucuronidation is generally considered as a process of 
detoxification and inactivation, because glucuronides usually 
possess less intrinsic biological or chemical activity than their 
parent forms and exhibit higher polarity and excretability. 
But there are exceptions; some glucuronide conjugates are 
active and contribute to pharmacological activities. The most 
typical examples with in-depth research were morphine-6-O-
glucuronide and quercetin-3-O-glucuronide: Analgesic effect 
of morphine-6-O-glucuronide was achieved via activation of 
mu-opioid receptors, a G-protein-coupled receptor (Frölich 
et al., 2011). In addition, morphine-6-O-glucuronide was 
predominantly trapped in the extracellular fluid of brain with 

a high AUC value and therefore durably available to bind 
at opioid receptors inducing more potent central analgesia 
than morphine (Stain-Texier et al., 1999). Quercetin-3-O-
glucuronide was also reported as an active compound which 
could inhibit intracellular reactive oxygen species in mouse 
fibroblast 3T3 cells induced by H2O2 attack and suppress 
invasion of MDA-MB-231 breast cancer cells and matrix 
metalloproteinase 9 (MMP-9) induction (Shirai et al., 2002; 
Yamazaki et al., 2014). Although hydroxycoumarin derivatives 
exhibit various biological activities and are susceptible to 
glucuronidation, there is no report on the biological activity 
of coumarin glucuronide conjugates. We investigated the 
neuroprotective effect of IMM-H004G.

IMM-H004G exhibited similar neuroprotection to that of 
parent compound in vitro and in vivo, which provided evidence 
that IMM-H004G may play a role in the neuroprotection of 
IMM-H004. Previous studies showed that IMM-H004 with 
high lipophilicity and low molecular size could easily cross the 
blood–brain barrier (Tmax = 0.21 h) (Jiang et al., 2018). Therefore, 
we speculated that IMM-H004 may perform its activity rapidly, 
whereas IMM-H004G, with slower elimination and greater 
exposure in plasma and brain (Jiang et al., 2018), may contribute 
to the maintenance of anticerebral ischemia efficacy of IMM-
H004 at least partly.

In addition, the secondary peak of IMM-H004G in Figure 7, 
more than 70% recovery of the drug in both biliary and urine 
mainly as IMM-H004G and undetectable IMM-H004G in 
feces, suggested together the existence of drug enterohepatic 
circulation. The enterohepatic circulation ensured reabsorption 
and persistence of the drug, and glucuronidation was the basis of 
enterohepatic circulation process. As a result, IMM-H004G may 
also contribute to anti-cerebral ischemia efficacy indirectly by 
improving the PK behavior of the drug.

Meanwhile, it was worth noting that the metabolite M1 also 
showed neuroprotective activity in cell cultures. Despite low 
exposure in vivo, M1 had an IC50 value of 2.12 × 10−8 M as an 
antagonist of the potent stroke target chemokine-like factor 1 in 
previous research (Li et al., 2010; Kong et al., 2011; Sun et al., 
2013; Kong et al., 2014). And we cannot rule out the existence 
possibility of other unknown active metabolites, the lagged 
effect of IMM-H004 by the time required from cell signaling to 
biological effects, and the generation of IMM-H004 from IMM-
H004G in certain microenvironment of target tissue. So the 
duration effect of IMM-H004 may be the result of a collective 
effect of IMM-H004, IMM-H004G, and other active metabolites. 
Wherefore, more comprehensive and in-depth research needs to 
be done in the future.

CONCLUSION

In conclusion, four metabolites of IMM-H004 including 
demethylated metabolites, glucuronide conjugate IMM-H004G, 
and sulfated conjugate were detected in vitro and in vivo. 
Multiple drug metabolizing enzymes, including CYPs, UGTs, 
and SULTs, are involved in IMM-H004 metabolism. IMM-
H004G is the major metabolite of IMM-H004 in rats and in 
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human hepatocyte. The exposure and duration of IMM-H004G 
in MCAO/R rats are greater than that of IMM-H004. Notably, 
IMM-H004G exhibits a similar neuroprotective activity to that 
of the parent drug both in vitro and in vivo. IMM-H004G, at 
least in part, contributes to the maintenance of anticerebral 
ischemia efficacy of IMM-H004.
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