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ABSTRACT: The abnormal phosphorylation of the τ-protein is a
typical early pathological feature of Alzheimer’s disease (AD). The
excessive phosphorylation of the τ-protein in the brain causes the
formation of neurofibrillary tangles (NFTs) and increases the
neurotoxicity of amyloid-β (Aβ). Thus, targeting the τ-protein is
considered a promising strategy for treating AD. Herein, we
designed and synthesized a series of molecules containing
bifunctional groups to recognize the τ-protein and the E3 ligase.
The molecules were examined in vitro, and their effects were tested
on PC12 cells. In addition, we further studied the pharmacoki-
netics of compound I3 in healthy rats. Our data showed that compound I3 could effectively degrade τ-protein, reduce Aβ-induced
cytotoxicity, and regulate the uneven distribution of mitochondria, which may open a new therapeutic strategy for the treatment of
AD.

1. INTRODUCTION
Alzheimer’s disease (AD) is an irreversible neurodegenerative
disease.1 Abnormal high phosphorylation of the τ-protein is
considered an early pathological feature of AD. Excessive
phosphorylation of this protein in the brain can induce the
formation of neurofibrillary tangles (NFTs) and increase the
neurotoxicity of amyloid-β (Aβ), which is positively related to
the pathological progress of AD.2 The pathogenic mechanism
of the τ-protein includes two aspects: one is the abnormal
phosphorylation of the τ-protein, leading to microtubule
depolymerization, and the other is the double-stranded helical
filament polymerization-τ (PHF-τ) formed by the aggregation
of the τ-protein.3 Excessive or abnormal phosphorylation leads
to microtubule instability, mitochondrial dysfunction, and
neurotoxicity. This affects the internal transport of neuro-
transmitters, induces an inflammatory response, and forms
abnormal synapses, thus further promoting the development of
AD. Accordingly, the τ-protein has been considered a
promising therapeutic target for the treatment of AD.4

To date, strategies for treating the τ-protein are mainly based
on small-molecule inhibitors,5,6 traditional Chinese medi-
cine,7−10 and genetic engineering antibodies.11 Most candidate
inhibitors currently in clinical trials cannot be qualified, since
they have pleiotropic activities and exhibit relatively weak
biological functions on the τ-protein.12 Antibodies such as
BMS-98616813 and RO7105705,14,15 have been investigated;
yet, there have been some negative speculations about their
pharmacokinetics.

Recently, targeted protein degradation using proteolysis-
targeting chimeras (PROTACs) has emerged as an attractive
therapeutic modality in drug discovery.16 PROTACs degrades
proteins through the ubiquitin−proteasome system (UPS).
First, E1 activates ubiquitin and transfers it to the E2 binding
enzyme. E2 ubiquitin-conjugated enzymes are then formed by
the reaction of transmercaptan with the E2 conjugate. At the
same time, E3 ligase binds to the target protein (POI) and E2
enzymes, enabling ubiquitin to be delivered to the target
protein. From there, the proteasome recognizes ubiquitin on
the protein and degrades it. PROTACs hijack the inherent
intracellular UPS for POI ubiquitination and subsequent
proteasome degradation, inducing terpolymer complex
(POI−PROTAC−E3 ligase) ubiquitination that leads to target
protein destruction. The mechanism of the PROPAC
technology17 is shown in Figure 1. These PROTACs are
comprised of three parts: (1) a moiety for recognizing a
protein of interest (POI), (2) a moiety for binding to the E3
ligase, and (3) the linker for connecting these ligands.
PROTACs can target proteins considered “undruggable” or
“indestructible”.
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With PROTAC technology, more and more POIs such as τ,
fibroblast growth factor receptor substrate 2 (FRS2),
bromodomain-containing protein 4 (BRD4), estrogen receptor
(ER), and methionine aminopeptidase 2 (METAP-2) have
been successfully degraded. For example, ARV-471 and ARV-
110 (Figure 2A), which target ER and androgen receptor
(AR), respectively, have shown promising antitumor activ-
ities.18 Meanwhile, more than 600 types of E3 ligases19 have
been identified. Therein, four E3 ligases, namely, cellular
inhibitors of apoptosis 1 (CIAP1),20 von Hippel Lindau
(VHL),21 cereblon (CRBN),22 and double mouse minute 2
homologue (MDM2),23 are mainly used in PROTAC
technology. The most commonly used ligands of E3 ligases
are shown in Figure 2B.
In 2016, Chen et al.24 designed and synthesized a peptide

Kelch-like ECH associated protein 1 (KEAP1)-CUL3-based
PROTAC, named TH006, to degrade the τ-protein via VHL.
TH006 can successfully degrade the τ-protein in the animal
brain through the ubiquitination system, providing a data basis
for the research and development of τ-protein degraders. Two
years later, Lu et al.25 identified Keap1 as a novel candidate for
PROTACs that could be applied to degrade the nonenzymatic
τ-protein. By applying KEAP1 siRNA and the proteasomal

inhibitor MG132, they demonstrated that the τ-degradation of
the peptide PROTACs is closely associated with KEAP1 and
depends on the ubiquitin-proteasome pathway. However, as a
peptide ligand, this strategy has some limitations, including
peptide instability, poor blood−brain barrier penetrability, and
other drug gability problems.
Okamura et al.26 discovered a molecular compound

THK5105 (labelled 18F) that could specifically bind to the τ-
protein in the brain tissue homogenates of AD patients. In this
study, we propose using the PROTAC strategy to develop a
novel PROTAC for the degradation of the τ-protein. We
applied THK5105 as a τ-protein targeting ligand, thalidomide
as a recruiting ligand for the E3 ligase, and PEG as the link
chain to develop novel bifunctional small-molecule com-
pounds.

2. RESULTS AND DISCUSSION
2.1. Chemistry. The primary role of the τ-protein is to

maintain the stability of microtubules in the axon; yet, when
the protein is misfolded or abnormal high phosphorylation
occurs, the τ-protein can promote the formation of neuro-
fibrillary tangles and induce nerve cell damage and death.
Therefore, the development of τ-protein degraders is regarded
as a promising approach for anti-AD drug discovery. In this
study, a series of novel chimeric molecules with bifunctional
groups were synthesized. To achieve satisfying selective
recognition and degradation of the τ-protein, the small-
molecule probe THK5105 was introduced as the τ-targeted
ligand.27 Thalidomide was chosen as the moiety to recruit E3
ligases, and the two parts were connected by a PEG linker. To
improve the synthetic efficiency, we introduced the alkynyl
group via the propargyl bromide on the 4-OH of the indole
moiety in the thalidomide structure, thus obtaining compound
II, as well as the azide group on one end of polyethylene glycol
tosylate (Tso-PEG-oTs) via sodium azide, thus obtaining
compound III. Through a simple click reaction of compound II
with compound III, the final designed compound I (I2−I4)
was obtained (Scheme 1).

Figure 1. Schematic diagram of PROTACS technology. POI, protein
of interest.

Figure 2. (A) Structures of ARV-110 and ARV-471. (B) Structures of commonly used E3 ligase ligands.
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2.2. Morphological Observation. The PC12 cell line is
one of the most commonly used cell lines in neuroscience
research, including studies of neurotoxicity, neuroprotection,
neurosecretion, neuroinflammation, and synaptogenesis.28 We
first investigated the morphological effects of the new
compounds on the PC12 cells. After the PC12 cells were
treated with I2−I4 (10 μM) for 24 h, no significant
morphological changes were observed (Figure 3), which
indicated that compounds I2−I4 were not toxic to the cells.

2.3. Degradation of the τ-Protein. To investigate the
degradation ability of compounds I2−I4 with regard to the τ-
protein, PC12 cells were treated with I2, I3, or I4 for 24 h.
Cells were then lysed, and the total proteins were analyzed by
Western blot. As shown in Figure 4, I2−I4 could reduce the

expression of endogenous τ-protein in PC12 cells at a
concentration of 10 μM compared to a normal group (P <
0.05). The degradation abilities of compounds I2−I4 are
similar.
2.4. τ-Degradation is Dose- and Time-Dependent.We

further assessed the dose- and time degradation profiles of τ-
degradation. When PC12 cells were treated with increasing
doses of I3 (from 12.5 to 200 μM) for 24 h, the level of the τ-
protein gradually decreased in a dose-dependent manner
(Figure 5A); the statistical difference between testing and
control cells was seen after concentrations of 25 μM and above
were applied.

Scheme 1. Synthetic Scheme for Compounds Ia

aReagents and conditions are as follows: (a) DMF, 150 °C, 5 h; (b) K2CO3, DMF, 60 °C; (c) DMF, 40 °C, 4 h; (d) K2CO3, DMF, 60 °C; and (e)
N2, rt, 24 h.

Figure 3. Effects of compounds on cell morphology (×200). (A)
Blank. (B) I2 (10 mM for 24h). (C) I3 (10 μM for 24h). (D) I4 (10
μM for 24h).

Figure 4. τ-Protein expression in PC12 cells treated with I2−I4 (10
μM) for 24 h. Data were analyzed by Western blot. GAPDH was used
as a loading control. *P < 0.05 vs the control group.
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PC12 cells were treated with 50 μM I3 for 0, 6, 12, 24, 36,
and 48 h. As shown in Figure 5B, the level of the τ-protein
gradually decreased in a time-dependent manner; the statistical
difference between the testing and control cells was seen after
24 h.
2.5. τ-Degradation via the Proteasome Pathway. We

further tested whether I3 promoted τ-degradation via a
polyubiquitination system. The proteasome inhibitor MG132
and the autophagy inhibitor bafilomycin A1 (BA) were
separately used to disturb major protein degradation routes,
namely, the proteasome pathway and the autophagy pathway,
respectively. As shown in Figure 6, when MG132 or BA was

used alone, there was no significant difference in τ-protein
expression in comparison with that in normal controls (P >
0.05). It was suspected that blocking the ubiquitin−
proteasome system with MG132 might activate other pathways
to degrade τ-protin.29 In addition, no change in τ-protein
expression was found in the MG132+I3 cotreatment group.
Yet, the level of τ-protein was significantly down-regulated in
the BA+I3 cotreatment group (P < 0.05), which indicated that
the induction of τ-degradation by I3 could be depressed by
MG132. This further suggested that the I3 induced τ-
degradation via the polyubiquitination pathway.
2.6. Rescuing the Uneven Distribution of Mitochon-

dria. τ-Protein overexpression affects cell morphology,
including uneven mitochondrial distribution.30 Thus, green
fluorescent protein-τ (GFP-τ) was transferred into the PC12
cells and used to investigate the ability of compound I3 to
rescueuneven mitochondria distribution. As shown in Figure 7,
the mitochondria of cells with τ-overexpression tend to cluster
on one side of the nucleus. However, after the I3 treatment,
the mitochondria of τ-overexpressed cells were more evenly

distributed in the whole cytoplasm. The results suggested that
the partial degradation of intracellular τ-protein could improve
the uneven distribution of mitochondria.
2.7. Reducing the Toxicity of Aβ. Excessive phosphor-

ylation of the τ-protein in the brain increases the neurotoxicity
of Aβ.31 Thus, in this study, we used the MTT assay to
evaluate the potential of compound I3 to reduce the toxicity of
Aβ. The effect of compound I3 on cell viability was first
examined. As shown in Figure 8A, compound I3 (<200 μM)
had no significant effect on cell viability; yet, when the
concentration of compound I3 reached 200 μM, the survival
rate of the PC12 cells significantly decreased (P < 0.05).
Compound I3 (<100 μM) was then cotreated with Aβ1−42
(10 μM). Compared with the Aβ1−42 treatment group,
compound I3 increased the cell survival rate at a dosage of
6.25−12.5 mM (Figure 8B). This suggests that the τ-protein
has a certain role in stabilizing cell activity; if it is excessively
degraded, it will be detrimental to and decrease cell activity.
There was a significant difference (P < 0.05) between the 12.5
μM group and the Aβ1−42 treatment group, suggesting that
compound I3 can reduce the cytotoxicity induced by Aβ1−42.
These results demonstrated that I3 could partially counteract
the toxicity of Aβ1−42 by lowering intracellular τ-levels in
wild-type PC12. The results also support the hypothesis that
compound I3 has excellent membrane permeability.
2.8. Pharmacokinetics Characteristics of I3. We further

studied the pharmacokinetics of compound I3 in healthy rats at
a dose of 30 mg/kg (po). The concentrations of compound I3
in the brain and plasma were determined by liquid
chromatography-tandem mass spectrometric (LC/MS). After
administration, the peak concentration in the brain (Cmax =
29.10 ng/mL) was higher than that in the plasma (Cmax =
18.03 ng/mL) (Figure 9). Compound I3 was deemed “brain
penetrant” due to its brain-to-plasma concentration ratio
(Cb:Cp) >1.60.

3. CONCLUSION
Our data showed compound I3 could effectively degrade τ-
protein in PC12 cells, reduce Aβ-induced cytotoxicity and

Figure 5. τ-Protein degradation in PC12 cells treated with I3. Data
were analyzed by Western blot. (A) PC12 cells treated with increasing
amounts of I3 for 24 h. (B) PC12 cells treated with 50 μM I3 for 0, 6,
12, 24, 36, and 48 h. GAPDH was used as a loading control. *P < 0.05
vs the control group.

Figure 6. (A and B) τ-Protein levels in PC12 cells treated with I3 (50
μM) combined with MG132 (4 mM) and bafilomycin A1 (0.4 mM),
respectively. Data were analyzed by Western blot. GAPDH was used
as a loading control. *P < 0.05 vs the control group (n = 3).

Figure 7. Microscopic images show the distribution of mitochondria
in (A) wild-type cells, (B) untreated τ-protein overexpressing cells,
and (C) τ-protein overexpressing cells treated with 50 μM I3 for 24 h.
The first column shows DAP0 stained nuclei (blue), the second
column shows mitochondria (red) labeled with Mito Tracker Red,
and the third column shows the merged images. The scale bar
represents 100 μm.
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regulate the uneven distribution of mitochondria, which may
lead to important advancements in AD drug development.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. All the used solvents were

of analytical grade. 1H NMR spectra were recorded on a
Bruker Avance III 400 M instrument (chemical shifts were
expressed as δ values relative to TMS as the internal standard).
High-resolution mass spectra (HRMS) were recorded on a
Waters Synapt G2 spectrometer. Mass spectra (MS) was
recorded on a Acquity Qda/TLC MS Interface2 spectrometer.
LC/MS spectra were recorded on a Fisherinstrument. Column
chromatography was conducted on a column of silica gel
(200−300 mesh).

4.1.1. 2-(2,6-Dioxo-piperidin-3-yl)-4-hydroxy-isoindole-
1,3-dione (VII). Compound VIII (3.2 g, 19.5 mmol) and
compound IX (2.8 g, 19.8 mmol) were dissolved in
dimethylformamide (DMF), and the mixture was placed in a
150 °C oil bath for 5 h. After the mixture was cooled, filtrated,
and washed with ethyl acetate (EA), the solid layer was dried
to obtain compound VII (4.5 g, 84.3%). MS calcd. for
C13H11N2O5 [M + H]+: 275.06. Found: 275.23.

4.1.2. (2-Oxo-piperidin-3-yl)-4-prop-2-ynyloxy-isoindole-
1,3-dione (II). Compound VII (2.0 g, 7.3 mmol) and 3-
bromo-1-propyne were first dissolved in DMF, and the
solution was mixed with potassium carbonate (1.2 g, 8.7
mmol). The reaction mixture was stirred at room temperature
for 5 h. After that, the aqueous solution was extracted by EA.
After the mixture was washed with saturated sodium chloride
and dried over Na2SO4, EA was removed, and compound II
(2.0 g, 83.3%) was obtained. HRMS calcd. for C16H13N2O5 [M
+ H]+: 335.0746. Found: 335.0630.

4.1.3. Toluene-4-sulfonic Acid 2-{2-[2-(Triazirin-1-yloxy)-
ethoxy]-ethoxy}-ethyl Ester (V1−V3). Taking V3 as an
example, triethylene glycol di-p-toluene sulfonic acid (VI3)
(0.5 g, 1.1 mmol) and sodium azide (0.04 g, 1.1 mmol) were

dissolved in DMF. Afterward, the mixture was stirred at 40 °C
and monitored by TLC. After the reaction was complete, water
was added, and the mixture was extracted with EA. After the
mixture was dried over Na2SO4, EA was removed, and
compound V3 (0.35 g, 85.4%) was obtained. MS calcd. for
C13H20N3O5S [M + H]+: 330.10. Found: 330.15.

4.1.4. Dimethyl-{4-[6-(2-{2-[2-(triazirin-1-yloxy)-ethoxy]-
ethoxy}-ethoxy)-quinolin- 2-yl]-phenyl}-amine (III3). Taking
III3 as an example, compound V3 (0.19 g, 0.51 mmol),
compound IV (0.14 g, 0.61 mmol), and K2CO3 (0.08 g, 0.58
mmol) were dissolved in DMF. The reaction was performed
for 5 h at 60 °C. After the reaction was complete, water was
added, and the mixture was extracted with EA. After the
mixture was dried over Na2SO4, EA was removed, and
compound III3 (0.16 g, 76.2%) was obtained. MS calcd. for
C23H27N5O3 [M + H]+: 422.21. Found: 422.17.

4.1.5. General Procedure A for the Syntheses of
Compounds I2−I4. Taking I3 as an example, compound III3
(0.12 g, 0.28 mmol), compound II (0.09 g, 0.28 mmol),
copper sulfate (9.2 mg, 0.06 mmol), and vitamin C sodium
(11.2 mg, 0.06 mmol) were dissolved in DMF. The mixture
was stirred for 24 h at room temperature. The aqueous
solution was then extracted by EA and washed with water.
After the mixture was dried over Na2SO4, EA was removed,
and compound I3 (0.11 g, yield 55.02%) was obtained. 1H
NMR (400 MHz, DMSO-d6) δ 7.88 (s, 1H, ArH), 7.86 (m,
2H, ArH), 7.84 (s, 2H, ArH), 7.63 (m, 1H, ArH), 7.58 (s, 2H,
ArH), 7.58 (s, 2H, ArH), 7.31 (s, 1H, ArH), 7.21 (d, 1H,
ArH), 5.13 (m, 2H, CH2), 5.07 (t, 1H, CH), 3.70 (m, 4 H,
CH2), 2.85−2.94 (m, 4 H, CH2), 2.79 (s, 6H, (CH3) 2), 2.47−
2.62 (m, 2H, CH2), 2.02−2.11 (m, 4 H, CH2). HRMS calcd.
for C39H40N7O8 [M + H]+: 734.2860. Found: 734.2952.

4.1.6. 4-[1-(2-{2-[2-(4-Dimethylamino-phenyl)-quinolin-6-
yloxy]-ethoxy}-ethyl)-4,5-dihydro-1H-[1,2,3]triazol-4-ylme-
thoxy]-2-(2,6-dioxo-piperidin-3-yl)-isoindole-1,3-dione (I2).
Compound I2 was obtained from compound III2 and
compound II following general procedure A (27.0 mg, yield
20.4%). 1H NMR (400 MHz, DMSO-d6) δ 8.14 (d, 2H, ArH),
7.71−7.75 (m, 4H, ArH), 7.52−7.54 (d, 2H, ArH), 7.40−7.42
(m, 4H, ArH), 4.97 (m, 2H, CH2O), 4.10−4.15 (q, 3H, CHN,
CH2O), 2.79−2.85 (m, 6H, 3-CH2O), 2.59−2.79 (s, 6H,
2(−CH3N)), 2.21−2.20 (m, 4H, 2(−CH2C)). HRMS calcd.
for C37H38N7O7 [M + H]+: 690.2712. Found: 690.2687.

4.1.7. 4-[1-(2-{3-[2-(4-Dimethylamino-phenyl)-quinolin-6-
yloxy]-propoxy}-ethyl)-4,5-dihydro-1H-[1,2,3]triazol-4-ylme-
thoxy]-2-(2,6-dioxo-piperidin-3-yl)-isoindole-1,3-dione (I4).
Compound I4 was obtained from compound III4 and
compound II following general procedure A (41.0 mg, yield
17.9%). 1H NMR (400 MHz, DMSO-d6) δ 8.42 (t, 1H, ArH),

Figure 8. I3 reduces the toxicity of Aβ. Plots of (A) the toxicity of I3 to PC12 cells and (B) the cell viability of PC12 cells treated with Aβ (10 μM)
or Aβ in combination with I3. Data are means ± SEM, n = 5. *P < 0.05 and **P < 0.01.

Figure 9. Brain and plasma drug concentration−time curve (mean ±
SEM, n = 3) after oral administration of 30 mg/kg of I3 in rats.
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8.03 (s, 1H, ArH), 7.94 (d, 1H, ArH), 7.8 (m, 4H, ArH), 7.52
(dd, 0.5H, ArH), 7.33 (m, 4H, ArH), 7.25 (s, 0.5H, ArH),
4.09−4.33 (m, 3H, −CHN, −CH2), 3.57−3.6 (m, 14H,
7(−CH2O)), 2.90−3.18 (s, 6H, 2(−CH3N)), 1.39 (m, 4H,
2(−CH2C)). HRMS calcd. for C41H46N7O9 [M + H]+:
778.3279. Found: 778.3717.
4.2. In Vitro Experiments. 4.2.1. Cells. PC12 cells (rat

pheochromocytoma cells) were obtained from the Cell Center
of the Chinese Academy of Medical Sciences (Beijing, China).
PC12 cells were cultured in DMEM (Tianhang, China),
supplemented with 10% FBS and 1% penicillin/streptomycin,
and incubated in a humidified atmosphere containing 5% CO2
and 95% air at 37 °C (NuAire auto flow IR direct heat CO2
incubator, model no. NU-5510E).

4.2.2. Morphological Observation. The PC12 cells (1 ×
106/well) were cultured in 2 mL of the medium in 6-well
plates for 24 h. Cells were divided into four groups: the blank
group and I2, I3, and I4 groups. The morphological changes of
cells were recorded using a microscope (Leica DMI3000B).
The complete experimental procedure was performed
according to ref 32.

4.2.3. Western Blot. The PC12 cells (1 × 106/well) were
cultured in 2 mL of the medium in 6-well plates and then
treated with I2, I3, and I4. After 24 h of incubation, the cells
were lysed, and the total protein was extracted and denaturated
at 100 °C for 5 min. The protein (20 μg) was collected.
Electrophoresis was performed using SDS-PAGE at 80 V and
200 mA for 100 min. The membrane was transferred and
sealed at room temperature for 1 h. The membrane was
incubated first with the corresponding primary antibodies,
namely τ (dilution ratio of 1:1000, Biyuntian, AF1249) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (dilu-
tion ratio of 1:2000, rabbit anti-GAPDH, AB-P-R 001,
Goodhere, China), at 4 °C overnight and then with the
corresponding secondary antibodies (dilution ratio of 1:2000,
antirabbit IgG HRP-linked antibody, CST no. 7074S) at room
temperature for 2 h. A gel imaging system ECL (Amersham
Imagequant 800, Japan) was used for image acquisition, and
the relative gray value of the protein was analyzed. The
complete experimental procedure was performed according ref
33.

4.2.4. Mitochondrial Morphology Observation. PC12 cells
were seeded in a 12-well plate at a density of 5 × 105 cells per
well in 1 mL of the medium. After reaching 30−50%
confluence, cells were transfected with pcDNA-GFP-τ
(accession no. NM_001123066.3) using the Lipo6000 trans-
fection reagent (Biyuntian, C0526) following the manufac-
turer’s instructions. After 24 h, the medium was removed, cells
were washed with PBS, and 1 mL of the medium containing
Mito Tracker Red CMXROS (mitochondrial red fluorescent
probe, Biyuntian, C1035) was added to the culture for 25 min.
The medium was then removed, and the cells were sealed with
an antifluorescence quenching solution containing DAPI
(Biyuntian, P0131) and analyzed using a fluorescence
microscope. The complete experimental procedure was
performed according to ref 25.

4.2.5. MTT Assay. PC12 cells in the logarithmic phase were
seeded in a 96-well plate at a density of 1× 104 cells per well in
100 μL of media containing various concentrations of I3 or
Aβ1−42. After 24 h, 20 μL of sterile MTT dye (5 mg/mL,
Biyuntian, ST316) was added to each well, and culteres
incubated for another 4 h at 37 °C. After the medium was
removed, 150 μL of DMSO was added to each well and

properly mixed for another 10 min. The absorbance at 570 nm
was determined using a microplate reader (Bio-Tek Cytation
1). IC50 values were calculated from the linear regression of the
plot. The experimental procedure was performed according to
ref 34.
4.3. Animals and Pharmacokinetics (PK) Study. ICR

male nude mice, 6−8 weeks old, were obtained from Zhejiang
Animal Center (Hangzhou, China). All the animals were
housed in an environment with a temperature of 22 ± 1 °C, a
relative humidity of 50 ± 1%, and a light−dark cycle of 12−12
h. All the animal studies were approved by the Ethical
Committee of Hangzhou Medical College according to the
recommendations in the Guide for the Care and Use of
Laboratory Animals.
Compound I3 was diluted with DMSO at a concentration of

1 mg/mL. The nine ICR male nude mice (male, 8 weeks) were
randomly divided into three groups (3 mice per group). After
the mice were fasted for 12 h, baseline blood was collected into
a tube containing 20 μL of EDTA (1 mg/mL). Animals were
then treated with intragastric (po) administration (30 mg/kg).
Subsequently, blood and brains were extracted from each
animal. Blood was collected at 0, 0.25, 0.5, 1, 2, and 4 h. All
blood was immediately centrifuged at 4000 rpm for 10 min,
then the plasma and brains were harvested and stored at −80
°C in the special refrigerator prior to analysis. The supernatant
from the samples was separated and analyzed using LC/MS.
The complete experimental procedure is described in our
previous publication.35

4.4. Statistical Analysis. Unless otherwise indicated, all
the data are presented as the mean ± SEM. The statistical
significance of the differences between two groups was
analyzed using Student’s t test. A p-value of <0.05 was
considered to be statistically significant.
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