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ABSTRACT: Neuroinflammatory cytokines are promising therapeutic targets for
the treatment of Alzheimer’s disease. Herein, we described our efforts toward the
investigation of cinnamic acid derivatives as antineuroinflammatory agents. Intensive
structural modifications led to the identification of compound 4f as the most
effective antineuroinflammatory agent in vitro. The oral administration of compound
4f could reverse lipopolysaccharide (LPS)-induced memory disturbance and
normalize glucose uptake and metabolism in the brains of mice. Further biological
studies in vivo revealed that compound 4f was directly bound to the mitogen-
activated protein kinase (MAPK) signaling pathway, resulting in suppression of its
downstream signaling pathway by blocking neuroinflammatory progression.
Docking studies showed that compound 4f could be inserted into the active
pocket of interleukin-1β (IL-1β). Furthermore, it was confirmed that compound 4f
formed hydrogen bonds with SER84 to enhance the binding affinity. Taken
together, these results are of great importance in the development of cinnamic acid
derivatives for the treatment of Alzheimer’s disease.

KEYWORDS: Cinnamic acid derivatives, lipopolysaccharide, neuroinflammation, Alzheimer’s disease

■ INTRODUCTION

Alzheimer’s disease (AD), a devastating neurodegenerative
disease, is characterized by age-related memory loss and
progressive cognitive impairment.1 Accumulating evidence has
shown that neuroinflammation is one of the neuropathological
hallmarks of AD.2,3 Once stimulated, signal-dependent tran-
scription factors, including mitogen-activated protein kinase
(MAPK) and nuclear factor-κB (NF-κB), are activated in
neuroinflammatory processes to up-regulate the expression of
downstream proinflammatory cytokines, such as interleukin-1β
(IL-1β), IL-6, and tumor necrosis factor-α (TNF-α).4

Moreover, microglia-dominated neuroinflammation, in re-
sponse to various stimuli, has been shown to promote the
overexpression of various neuroinflammatory cytokines,
leading to astrocyte activation and neuronal damage.5−7

Under neuroinflammatory conditions, neuronal damage can
facilitate microglial and astrocyte activation, which, in turn,
produces a cycle of constant neuroinflammation.8−12 Impor-
tantly, sustained and chronic neuroinflammatory processes and
progressive neuronal damage expedite the injury of brain
tissue, which ultimately results in the development of
behavioral pathology.13 This suggests that the inhibition of
neuroinflammation is a potentially viable strategy for the
treatment of AD. However, few therapeutic agents modifying
neuroinflammation have been reported to relieve the
symptoms of AD. Therefore, new anti-AD agents are
demanded.

Cinnamic acid, a major constituent of cinnamon (Cinnamo-
mum cassia), is responsible for the pharmacological properties
of cinnamon, which include anti-inflammatory, antimicrobial,
antigastric, and antitumor activities.14−17 Cinnamic acid is
widely used as a plant-derived spice and flavoring agent in
nutritional supplements. Cinnamic acid derivatives were
confirmed to exert significant neuroprotective and anti-
inflammatory effects by reducing Aβ-induced reactive oxygen
species (ROS) and proinflammatory cytokines.18,19 Accumu-
lating evidence has identified cinnamic acid and its derivatives
as potent antineuroinflammatory agents that could be
repositioned as therapeutic candidates to treat many neuro-
degenerative diseases, notably in AD.20,21 D-amino acids,
which have been used in the preparation of sweeteners and as
food and nutritional supplements,22,23 and their peptides have
received increasing attention in the treatment of inflammatory
diseases.24−26

A recent study reported that modifying the structural
skeletons of active constituents from natural products was an
effective way to find lead compounds.27 To date, numerous
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effective agents, natural compounds conjugated to other active
constituents, have been widely used to treat AD.28,29 Inspired
by those results, we proposed to design and synthesize 24
cinnamic acid derivatives containing D-amino acid or peptides,
with the aim of identifying unique antineuroinflammatory
agents against AD. Furthermore, the antineuroinflammatory
capacity of the cinnamic acid derivatives was assessed by their
ability to inhibit the production of nitric oxide (NO) and IL-1β
in an in vitro system and an in vivo model, and the
antineuroinflammatory mechanisms of compound 4f were
investigated to reveal new insight into its therapeutic potential
for AD.

■ RESULTS AND DISCUSSION

The synthetic route used for the preparation of cinnamic acid
derivatives is shown in Scheme 1. Briefly, the synthesis of
compounds 2a−f began with the amidation of substituted
cinnamic acids (1a−f) with methyl D-alaninate hydrochloride
and was followed by a hydrolytic reaction with lithium
hydroxide to yield intermediate 3a−f (Scheme 1). Then
compounds 3a−f were mixed with commercially available
methyl D-phenylalaninate hydrochloride to afford compounds
4a−f through an amidation reaction in the presence of
triethylamine. Similarly, compounds 4a−f were hydrolyzed
with lithium hydroxide to afford compounds 5a−f. Finally, 24
compounds were synthesized in the present study. The yields
ranged from 54.1 to 89.3%, and the purity of the target
compounds was >92%.
It has been demonstrated that cinnamic acid and its

derivatives can be effective therapeutical agents for the
treatment of AD by inhibiting neuroinflammatory activity.18−20

Herein, we investigated their inhibitory effect on NO
production in vitro. As shown in Table 1, resveratrol (Res)
at an initial concentration of 20 μM showed 77.01% inhibition
against NO production. Thus, we used Res as the positive
control and investigated the inhibitory effect of 24 compounds
at 20 μM on NO production. Compared to that of Res, most
of the synthesized compounds exhibited potent inhibitory
activity against NO production. Among them, compound 4f at
20 μM displayed potent inhibitory activity (62.72%) compared
to that of the other compounds, with an IC50 value of 16.2 μM.
Compound 4d showed moderate activity at 42.57% inhibition
(Table 1). Structure−activity relationship (SAR) studies
showed the activity of the target compounds against NO
production in lipopolysaccharide (LPS)-induced BV2 micro-

glia cells in the descending order of 4f > 4d > 3d > 4a > 30%.
Compounds 4a, 4d, and 4f, with substituents at the R4 position
(R4 = CH3), exhibited significantly higher inhibition rates of
31.09, 42.57, and 62.72%, respectively, at 20 μM. Compound
4f with −OCH3 at the R1, R2, and R3 positions was the most
potent compound against LPS-induced NO production.

Scheme 1. Synthesis of the Target Compoundsa

aReagents and conditions: (a) methyl D-alaninate hydrochloride, EDC·HCl, HOAt, TEA, and DCM, at room temperature (rt) for 4 h; (b) LiOH
and MeOH-THF-H2O, at rt for 2 h, and then HCl; (c) methyl D-phenylalaninate hydrochloride, EDC·HCl, HOAt, TEA, and DCM, at rt for 4 h;
(d) LiOH and MeOH-THF-H2O, at rt for 2 h, and then HCl.

Table 1. Effect of the Compounds on NO Production

ID R1 R2 R3 R4

inhibition at
20 μM (%)

NO IC50
(μM)a

2a H H H CH3 10.69 >20
2b CH3 25.06 >20
2c OCH3 21.73 >20
2d F 14.52 >20
2e CF3 17.51 >20
2f OCH3 OCH3 OCH3 29.46 >20
3a H H H H 14.39 >20
3b CH3 24.83 >20
3c OCH3 24.94 >20
3d F 31.26 >20
3e CF3 9.90 >20
3f OCH3 OCH3 OCH3 29.35 >20
4a H H H CH3 31.09 >20
4b CH3 11.08 >20
4c OCH3 20.62 >20
4d F 42.57 >20
4e CF3 20.09 >20
4f OCH3 OCH3 OCH3 62.72 16.2
5a H H H H 16.19 >20
5b CH3 12.41 >20
5c OCH3 13.75 >20
5d F 26.61 >20
5e CF3 14.06 >20
5f OCH3 OCH3 OCH3 11.83 >20
Res 77.01 11.9

aConcentration (μM) for 50% inhibition of NO release in BV2 cells.
The IC50 values are the mean ± SD of at least three experimental
determinations.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://dx.doi.org/10.1021/acschemneuro.0c00578
ACS Chem. Neurosci. 2021, 12, 419−429

420

https://pubs.acs.org/doi/10.1021/acschemneuro.0c00578?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00578?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00578?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00578?fig=tbl1&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00578?ref=pdf


Accordingly, compound 4f was selected for further inves-
tigation of the antineuroinflammatory mechanism of action.
The systemic administration of LPS has been reported to

cause memory impairment and learning disabilities.30 Herein,
we performed the Morris water test (MWM) test to determine
the effects of compound 4f on LPS-induced memory
impairment and learning disability. As shown in Figure 1A,B,
LPS treatment caused a cognitive deficiency (p < 0.05) and an

increase in the escape latency time compared to that of the
control group, whereas the oral administration of compound 4f
dose-dependently decreased the escape latency time in the
second session (p < 0.05). In addition, the escape latency time
of the TTP488 group was lower than that of the LPS group
mice in the first, second, third, and fourth sessions. Moreover,
the results demonstrated that the movement tracks of the mice
were consistent with the escape latencies in 2 min. The

Figure 1. Effects of compound 4f on LPS-induced memory impairment. (A) Movement tracks of mice in the place navigation (hidden-platform)
test. (B) The escape latency time of mice in the place navigation (hidden-platform) test. (C) The percentage of time the mice spent searching for
the target quadrant in the spatial probe test. (D) Movement tracks of the mice in the spatial probe test. (E) The number of times the mice crossed
the removed-platform area in the spatial probe test. The significance of differences from control group at *p < 0.05, from LPS group at #p < 0.05.
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compound 4f-treated groups found the platform by a shorter
route.
In the spatial probe test, mice from all groups placed in the

water maze without the hidden platform were used to assess
memory performance. As illustrated in Figure 1C,D, the LPS-
treated mice showed significant memory impairment. How-
ever, the result was reversed in TTP488 and compound 4f-
treated mice. Furthermore, mice in the TTP488 and
compound 4f groups spent more time in the target quadrant
and had greater numbers of platform crossings compared to
those of the LPS group. These results also indicated that mice
treated with compound 4f showed dose-dependent increases in
the time spent in the target quadrant and crossing times.
Additionally, the recorded tracks of the mice from all groups
clearly confirmed these results (Figure 1E). LPS, a well-studied
immune stimulator, was reported to induce immune neuro-
inflammatory responses, cause cognitive impairment, and
dysregulate glucose metabolism in mice.31,32 Herein, to assess
the relevance of cerebral metabolism in cognitive impairment
in mice, we investigated the effects of compound 4f on brain
glucose uptake using an LPS-induced Alzheimer’s mouse
model. Micro-PET/CT imaging indicated that in mice treated
with LPS alone, the uptake of 18F-fluorodeoxyglucose (18F-
FDG) in the brain was significantly lower than that in the
control group mice (Figure 2). Compound 4f was also shown

to increase 18F-FDG uptake in a dose-dependent manner.
Furthermore, mice, treated with TTP488 and compound 4f
(LPS + 100 mg/kg/d), markedly increased neuronal glucose
utilization and normalized glucose metabolism. Taken
together, these results demonstrated that compound 4f could
reverse memory disturbance and normalize glucose uptake and
metabolism in the LPS-induced Alzheimer’s mouse model.
To evaluate the effect of compound 4f on LPS-induced

neuron damage, Nissl staining was used to determine the
histopathologic changes. As shown in Figure 3, the results
demonstrated that LPS treatment resulted in the loss of Nissl
substance and dead neurons in the brains compared to the
brains of the control group. In contrast, compound 4f
administration markedly elevated Nissl substance in the
hippocampus of the mice, increased the number of neurons,
and protected normal neurons in the cortex and hippocampus
from damage by LPS.
Neuroinflammatory cytokines secreted by activated micro-

glia and astrocytes, which are crucial in neuroinflammatory
processes, lead to AD.13 Thus, the LPS-induced expression of
IL-1β in AD mice in the absence or presence of compound 4f
was tested to investigate the effect of compound 4f on cytokine
production. As shown in Figure 4, the marked overexpression
of IL-1β was observed in mice treated with LPS compared to
the controls. However, pretreatment with different doses of

Figure 2. Effects of compound 4f on LPS-induced cerebral metabolism. Data represent the mean ± SD (n = 6 mice per group). Significantly
different from the control group at *p < 0.05; from the LPS group at #p < 0.05.
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compound 4f could prevent the cytotoxicity of LPS in the
brain. Moreover, IL-1β expression was dose-dependently
suppressed by compound 4f.
When stimulated by LPS, the MAPK and NF-κB signaling

pathways were activated and subsequently resulted in the
release of proinflammatory cytokines, which were confirmed to
be involved in the development of various inflammatory
disorders, such as AD.33 Thus, the antineuroinflammatory
mechanisms of action of compound 4f were investigated by
Western blotting. As illustrated in Figure 3, compound 4f dose-
dependently lowered the LPS-induced expression of MAPK
p38 and NF-κB p65, whereas treatment with compound 4f
showed no evident effect on the expression of TLR4 and
Myd88. Taken together, these results indicated that compound
4f suppressed LPS-induced IL-1β activation by inhibiting the
MAPK/NF-κB signaling pathway.
As described in Figure 5A,B, compound 4f was docked into

the binding pocket of IL-1β (PDB ID: 9ILB). Compound 4f
nested well into the active pocket of IL-1β. Furthermore, the
oxygen atom of the OCH3 group formed a hydrogen bond
with SER84 in the catalytic pocket to enhance the affinity for
IL-1β.
AD, a neurodegenerative disease, is closely related to

aging.34 A number of studies have indicated that a low-dosage
LPS, injection to mice, induced a series of behavioral changes,
such as cognitive disorders and memory loss, which well-mimic
the symptoms of AD patients.35 Furthermore, it was
demonstrated that α-, β- and γ-secretases, activated by LPS
triggered the overexpression of proinflammatory cytokines in
the brain and caused physiological symptoms and behavioral
symptoms.36,37 Interestingly, numerous studies confirmed that
changes in regional brain metabolism and energetics played a
vital role in the pathogenesis of cognitive disorders and

memory loss. In addition, it was shown that late-onset AD
decreased bilateral glucose metabolism.38 Therefore, we
designed and synthesized cinnamic acid derivatives containing
D-amino acids and determined the effects of these compounds
in vitro and in vivo. Moreover, the inhibitory effect of
compound 4f on cerebral glucose metabolism was investigated
by micropositron emission tomography (PET) imaging.
Additionally, the behavioral experiments clearly demonstrated
that compound 4f effectively attenuated LPS-induced cognitive
impairment, such as those on working memory and spatial
cognitive memory.
Accumulating evidence has indicated that changes in the

structure and function of the pyramidal cells in the
hippocampus and cortex were closely implicated in cognitive
and behavioral function.39,40 Herein, we determined the effect
of compound 4f on the LPS-induced pyramidal cells using
Nissl staining. The results demonstrated that the LPS
injections caused a considerable loss of Nissl-stained cells
compared with control group mice. However, cinnamic acid
derivative treatment reversed the pathological changes in the
hippocampus. Furthermore, compound 4f inhibited pyramidal
cells damage in a dose-dependent manner.
Previous studies indicated that neuroinflammation stimu-

lated by LPS correlated with the overexpression of
proinflammatory cytokines, which was confirmed to be one
of the causes of neuropathogenesis and cognitive impair-
ment.41,42 Moreover, LPS, well-known as a TLR4 ligand, led to
the initiation of a series of neuroinflammatory cascades, such as
the MAPK and NF-κB signaling pathway.43 Hence, it is
necessary to evaluate the inhibitory effect of compound 4f on
LPS-induced inflammatory processes. Our studies revealed that
inflammatory responses in the brain of the mice treated with
LPS were significantly exacerbated through the release of IL-

Figure 3. Effects of compound 4f on normal neurons in the cortex and hippocampus. Nissl staining and normal neuronal counts in the
hippocampus and cortex of each group. Scale bar = 50 μm. The data represent the mean ± SD (n = 6 mice per group). Significantly different from
the control group at *p < 0.05; from the LPS group at #p < 0.05.
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1β. However, compound 4f suppressed the release of IL-1β in
a dose-dependent manner. In particular, our mechanistic
studies demonstrated that the systemic injection of LPS
activated MAPK and NF-κB signaling pathways, indicated by
the down-regulated expression of IL-1β in vivo.
In summary, we demonstrated that novel antineuroin-

flammatory agents could be discovered by assembling the
active fragments of cinnamic acid and D-amino acid. Among
the synthesized compounds, compound 4f significantly
inhibited neuroinflammation, and exerted good neuroprotec-
tive effects. The in vitro and in vivo experiments indicated that
compound 4f exerted suppressive effects in LPS-induced
neuroinflammation and cognitive impairment by inhibiting the
overexpression of IL-1β dependent upon the MAPK-mediated

inflammatory signaling pathway. Moreover, a molecular
docking study confirmed that compound 4f could be
effectively inserted into the active pocket of IL-1β protein
and formed a hydrogen bond with SER84. Collectively, these
results demonstrated that compound 4f could be a promising
lead for further optimization as a new antineuroinflammatory
agent against Alzheimer’s disease.

■ METHODS
Materials and Methods. LPS (Escherichia coli O55:B5) was

purchased from Sigma-Aldrich (St. Louis, MO, USA). TTP488,
referred to in a previous publication,44 was used as a standard
compound in the experiment. Antibodies against TLR4, Myd88,
MAPK p38, NF-κB p65, and IL-1β were obtained from Bioss
Biotechnology Co. (Beijing, China). Reagents were used without
further purification unless specified. 1H nuclear magnetic resonance
(NMR) and 13C NMR spectra were recorded using tetramethylsilane
(TMS) as an internal standard on a Bruker DPX-500 spectrometer.
Mass spectrometry analysis was performed on a liquid chromatog-
raphy−mass spectrometer (LC-MS, LCQ) with an ESI source.
Melting points were determined on a micro melting point apparatus
(Shanghai, China) and were not corrected. Optical rotations were
obtained using a WZZ-1S digital polarimeter (Shanghai, China) at
sodium D line (589 nm) and were reported in concentrations of 0.01
g/mL.

General Procedure for the Synthesis of Target Compounds.
Cinnamic acid (1a−f) (2.0 mmol, 1 equiv), D-alanine methyl ester
hydrochloride (2.0 mmol, 1 equiv), EDC·HCl (2.4 mmol, 1.2 equiv),
and HOAt (2.4 mmol, 1.2 equiv) were dissolved in dichloromethane
(DCM, 20 mL), and then triethanolamine (TEA, 0.2 mmol, 0.1
equiv) was added slowly. The reaction mixture was stirred at room
temperature until the reaction was completed. Then, the reaction
mixture was quenched with saturated aqueous NaHCO3 solution and
extracted with ethyl acetate. The organic layer was subsequently
washed with water and brine, dried over anhydrous Na2SO4, and
concentrated. The obtained residues were purified by flash
chromatography (EtOAc/PE = 1/10) to yield compounds 2a−f.
The compounds 2a−f were reacted with LiOH using MeOH/THF/
H2O (3:1:1, 15 mL) as a solvent. After 2 h, 12 M HCl solution was
added to the reaction mixture. The solvent was removed under
reduced pressure to yield compounds 3a−f.

Compounds 3a−f (1.5 mmol, 1 equiv), D-phenylalanine methyl
ester hydrochloride (1.5 mmol, 1 equiv), EDC·HCl (1.8 mmol, 1.2
equiv), and HOAt (1.8 mmol, 1.2 equiv) were dissolved in DCM (20
mL), and TEA (0.15 mmol, 0.1 equiv) was added slowly. The
reaction mixture was stirred at room temperature until the reaction
was completed. Then the reaction mixture was quenched with
saturated aqueous NaHCO3 solution and extracted with ethyl acetate.
The organic layer was subsequently washed with water and brine,
dried over anhydrous Na2SO4, and concentrated. The obtained
residues were purified by flash chromatography (EtOAc/PE = 1/5) to
provide compounds 4a−f. Compounds 4a−f were reacted with LiOH
using MeOH/THF/H2O (3:1:1, 15 mL) as a solvent. After 2 h, 12 M
HCl solution was added to the reaction mixture. The solvent was
removed under reduced pressure to provide compounds 5a−f.

Methyl-cinnamoyl-D-alaninate (2a). This compound is a white
solid; yield 89.1%; mp = 119−120 °C; [α]D

21 = −12.0 (c = 0.5,
CH2Cl2);

1H NMR (500 MHz, CDCl3): δ 7.57 (d, J = 15.6 Hz, 1H),
7.46−7.41 (m, 2H), 7.03 (t, J = 8.6 Hz, 2H), 6.48 (d, J = 7.2 Hz, 1H),
6.36 (d, J = 15.6 Hz, 1H), 4.78−4.68 (m, 1H), 3.77 (s, 3H), 1.87 (s,
1H), 1.46 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ
173.82, 165.24, 164.58, 162.59, 140.43, 130.89, 130.87, 129.72,
129.65, 119.78, 119.77, 116.01, 115.84, 52.63, 48.20, 18.54. HRMS
calcd for C13H15NO3, [M − H]− 232.0979, found 232.0972.

Methyl-(E)-(3-(p-tolyl)acryloyl)-D-alaninate (2b). This compound
is a white solid; yield 81.4%; mp = 171−173 °C; [α]D

21 = −13.7 (c =
0.5, CH2Cl2);

1H NMR (500 MHz, CDCl3): δ 7.59 (d, J = 15.6 Hz,
1H), 7.37 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 6.43 (dd, J =
19.7, 11.4 Hz, 2H), 4.77−4.71 (m, J = 7.2 Hz, 1H), 3.76 (s, 3H), 2.34

Figure 4. Anti-inflammatory mechanism of compound 4f against LPS-
induced neuroinflammation in mice. Significantly different from the
control group at *p < 0.05 and **p < 0.01; from the LPS group at #p
< 0.05 and ##p < 0.01.

Figure 5. Proposed binding model of the 4f-IL-1β complex. (A) The
yellow dashed lines represent hydrogen bonds. (B) The green dashed
lines represent hydrogen bonds.
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(s, 3H), 1.46 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ
173.81, 165.62, 141.66, 140.13, 131.90, 129.55, 127.88, 119.00, 52.59,
48.19, 21.45, 18.60. HRMS calcd for C14H17NO3, [M − H]−

246.1136, found 246.1129.
Methyl-(E)-(3-(4-methoxyphenyl)acryloyl)-D-alaninate (2c). This

compound is a white solid; yield 83.8%; mp: = 144−146 °C; [α]D
21 =

−9.1 (c = 0.5, CH2Cl2);
1H NMR (500 MHz, CDCl3): δ 7.57 (d, J =

15.6 Hz, 1H), 7.41 (t, J = 5.7 Hz, 2H), 6.89−6.84 (m, 2H), 6.40 (d, J
= 7.3 Hz, 1H), 6.32 (d, J = 15.6 Hz, 1H), 4.77−4.71 (m, J = 7.2 Hz,
1H), 3.81 (s, 3H), 3.76 (s, 3H), 1.46 (d, J = 7.2 Hz, 3H). 13C NMR
(126 MHz, CDCl3): δ 173.86, 165.75, 160.95, 141.30, 129.47, 127.38,
117.65, 114.23, 77.35, 77.09, 76.84, 55.36, 52.57, 48.16, 18.61. HRMS
calcd for C14H17NO4, [M − H]− 262.1085, found 262.1080.
Methyl-(E)-(3-(4-fluorophenyl)acryloyl)-D-alaninate (2d). This

compound is a white solid; yield 87.1%; mp = 189−190 °C; [α]D
21

= −11.2 (c = 0.5, CH2Cl2);
1H NMR (500 MHz, CDCl3): δ 7.57 (d, J

= 15.6 Hz, 1H), 7.43−7.40 (m, 2H), 6.87−6.84 (m, 2H), 6.40 (d, J =
7.2 Hz, 1H), 6.33−6.30 (d, J = 15.6 Hz, 1H), 4.77−4.71 (m, 1H),
3.77 (s, 3H), 1.46 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3):
δ 173.82, 165.24, 164.58, 162.59, 140.43, 130.88 (d, J = 3.4 Hz),
129.68 (d, J = 8.6 Hz), 119.78 (d, J = 1.8 Hz), 116.01, 115.84, 52.63,
48.20, 18.54. HRMS calcd for C13H14FNO3, [M − H]− 250.0885,
found 250.0879.
Methyl-(E)-(3-(4-(trifluoromethyl)phenyl)acryloyl)-D-alaninate

(2e). This compound is a white solid; yield 79.3%; mp = 212−213 °C;
[α]D

21 = −14.5 (c = 0.5, CH2Cl2);
1H NMR (500 MHz, CDCl3): δ

7.63−7.51 (m, 5H), 6.63 (d, J = 7.3 Hz, 1H), 6.52 (d, J = 15.6 Hz,
1H), 4.78−4.72 (m, J = 7.2 Hz, 1H), 3.77 (s, 3H), 1.47 (d, J = 7.2 Hz,
3H). 13C NMR (126 MHz, CDCl3): δ 173.78, 164.77, 139.94, 138.04,
131.41, 131.15, 127.98, 125.77 (d, J = 3.7 Hz), 124.95, 122.79,
122.51, 77.33, 77.07, 76.82, 52.67, 48.28, 18.45. HRMS calcd for
C14H14F3NO3, [M − H]− 300.0853, found 300.0848.
Methyl-(E)-(3-(3,4,5-trimethoxyphenyl)acryloyl)-D-alaninate (2f).

This compound is a white solid; yield 83.8%; mp = 137−138 °C;
[α]D

21 = −13.1 (c = 0.5, CH2Cl2);
1H NMR (500 MHz, CDCl3): δ

7.50 (d, J = 15.5 Hz, 1H), 6.68 (s, 2H), 6.47 (d, J = 7.4 Hz, 1H), 6.36
(d, J = 15.5 Hz, 1H), 4.76−4.70 (m, J = 7.2 Hz, 1H), 3.85 (d, J = 1.5
Hz, 9H), 3.76 (s, 3H), 1.45 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz,
CDCl3): δ 173.85, 165.33, 153.33, 141.57, 139.50, 130.26, 119.45,
104.88, 60.96, 56.08, 52.61, 48.17, 18.57. HRMS calcd for
C16H21NO6, [M − H]− 322.1296, found 322.1292.
Cinnamoyl-D-alanine (3a). This compound is a white solid; yield

61.5%; mp = 169−171 °C; [α]D21 = −15.1 (c = 0.5, MeOH); 1H NMR
(500 MHz, DMSO-d6): δ 7.68−7.64 (d, J = 7.3 Hz, 1H), 7.48 (t, J =
7.1 Hz, 2H), 7.34 (dd, J = 10.8, 10.3 Hz, 3H), 6.48−6.44 (d, J = 15.9
Hz, 1H), 4.71−4.67 (t, J = 7.3 Hz, 1H), 1.52 (d, J = 7.3 Hz, 3H), 1.25
(s, 1H). 13C NMR (126 MHz, DMSO-d6): δ 174.63, 165.09, 139.54,
135.34, 129.98, 129.43, 128.00, 122.30, 48.17, 17.86. HRMS calcd for
C12H13NO3, [M − H]− 218.0823, found 218.0815.
(E)-(3-(p-tolyl)acryloyl)-D-alanine (3b). Thisc compound is a white

solid; yield 54.8%; mp = 240−241 °C; [α]D
21 = −12.5 (c = 0.5,

MeOH); 1H NMR (500 MHz, DMSO-d6): δ 8.43 (d, J = 7.3 Hz,
1H), 7.45 (d, J = 8.1 Hz, 2H), 7.39 (d, J = 15.8 Hz, 1H), 7.22 (d, J =
8.0 Hz, 2H), 6.66 (d, J = 15.8 Hz, 1H), 4.35−4.29 (m, J = 7.3 Hz,
1H), 2.31 (s, 3H), 1.31 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz,
DMSO-d6): δ 174.33, 164.93, 139.41, 139.17, 132.15, 129.67, 127.63,
120.77, 47.74, 21.05, 17.40. HRMS calcd for C13H15NO3, [M − H]−

232.0979, found 232.0972.
(E)-(3-(4-methoxyphenyl)acryloyl)-D-alanine (3c). This com-

pound is a white solid; yield 66.2%; mp = 219−220 °C; [α]D
21 =

−13.8 (c = 0.5, MeOH); 1H NMR (500 MHz, DMSO-d6): δ 8.35 (d,
J = 7.3 Hz, 1H), 7.56−7.47 (m, 2H), 7.38 (d, J = 15.8 Hz, 1H), 7.01−
6.92 (m, 2H), 6.57 (d, J = 15.8 Hz, 1H), 4.32 (t, J = 7.3 Hz, 1H), 3.78
(s, 3H), 1.31 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ
179.53, 170.18, 165.58, 144.01, 134.34, 132.60, 124.47, 119.62, 60.46,
52.87, 22.60. HRMS calcd for C13H15NO4, [M −H]− 248.0928,
found 248.0923.
(E)-(3-(4-fluorophenyl)acryloyl)-D-alanine (3d). This compound is

a white solid; yield 70.1%; mp = 233−234 °C; [α]D21 = −12.1 (c = 0.5,
MeOH); 1H NMR (500 MHz, DMSO-d6): δ 8.44 (d, J = 7.3 Hz,

1H), 7.65−7.60 (m, 2H), 7.43 (d, J = 15.8 Hz, 1H), 7.25 (t, J = 8.8
Hz, 2H), 6.66 (d, J = 15.8 Hz, 1H), 4.35−4.29 (m, J = 7.3 Hz, 1H),
1.32 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 174.67,
165.05, 164.17, 162.20, 138.38, 131.92 (d, J = 2.8 Hz), 130.17 (d, J =
8.5 Hz), 122.08, 116.50, 116.32, 48.15, 17.80. HRMS calcd for
C12H12FNO3, [M − H]− 236.0728, found 236.0721.

(E)-(3-(4-(trifluoromethyl)phenyl)acryloyl)-D-alanine (3e). This
compound is a white solid; yield 71.9%; mp = 258−260 °C; [α]D21

= −10.9 (c = 0.5, MeOH); 1H NMR (500 MHz, -d6): δ 8.55 (d, J =
7.3 Hz, 1H), 7.85−7.73 (m, 1H), 7.52 (d, J = 15.9 Hz, 1H), 6.86 (d, J
= 15.9 Hz, 1H), 4.37−4.32 (m, J = 7.3 Hz, 1H), 1.34 (d, J = 7.3 Hz,
1H). 13C NMR (126 MHz, DMSO-d6): δ 174.55, 164.64, 139.39,
137.90, 129.84, 129.59, 128.64, 126.30 (d, J = 3.8 Hz), 125.65,
125.03, 123.49, 48.23, 17.78. HRMS calcd for C13H12F3NO3, [M −
H]− 286.0697, found 286.0693.

(E)-(3-(3,4,5-trimethoxyphenyl)acryloyl)-D-alanine (3f). Light yel-
low solid; yield 67.2%; mp = 196−198 °C; [α]D

21 = −13.5 (c = 0.5,
CH2Cl2);

1H NMR (500 MHz, DMSO): δ 8.32 (d, J = 7.3 Hz, 1H),
7.37 (d, J = 15.7 Hz, 1H), 6.90 (s, 2H), 6.67 (d, J = 15.8 Hz, 1H),
4.32 (t, J = 7.3 Hz, 1H), 3.81 (s, 6H), 3.68 (s, 3H), 1.32 (d, J = 7.3
Hz, 3H). 13C NMR (126 MHz, DMSO): δ 174.68, 165.19, 153.53,
139.65, 139.10, 130.95, 121.65, 105.34, 60.54, 56.29, 48.11, 17.82.
HRMS calcd for C15H19NO6, [M − H]− 308.1140, found 308.1136.

Methyl-cinnamoyl-D-alanyl-D-phenylalaninate (4a). This com-
pound is a white solid; yield 80.4%; mp = 160−161 °C; [α]D21 = +19.9
(c = 0.5, CH2Cl2);

1H NMR (400 MHz, CDCl3): δ 7.63 (d, J = 15.7
Hz, 1H), 7.48 (dd, J = 6.5, 2.9 Hz, 2H), 7.36−7.28 (m, 4H), 7.23−
7.18 (m, 2H), 7.13 (dd, J = 8.8, 5.8 Hz, 1H), 7.09 (s, 1H), 6.97 (d, J =
7.7 Hz, 1H), 6.50 (d, J = 15.7 Hz, 1H), 4.86 (dd, J = 13.8, 6.8 Hz,
1H), 4.78 (d, J = 7.3 Hz, 3H), 3.14 (dd, J = 13.8, 5.8 Hz, 1H), 3.05
(dd, J = 13.8, 6.9 Hz, 1H), 1.42 (d, J = 7.0 Hz, 3H). 13C NMR (126
MHz, CDCl3): δ 172.35, 171.75, 165.43, 140.21, 135.69, 133.21,
129.36, 128.61, 127.12, 120.78, 53.52, 52.43, 48.81, 37.89, 18.44.
HRMS calcd for C22H24N2O4, [M − H]− 379.1663, found 379.1659.

Methyl-((E)-3-(p-tolyl)acryloyl)-D-alanyl-D-phenylalaninate (4b).
This compound is a white solid; yield 88.6%; mp = 125−126 °C;
[α]D

21 = +16.2 (c = 0.5, CH2Cl2);
1H NMR (500 MHz, CDCl3): δ

7.60 (d, J = 15.6 Hz, 1H), 7.40 (d, J = 8.0 Hz, 2H), 7.22 (t, J = 7.2 Hz,
2H), 7.17 (d, J = 7.6 Hz, 3H), 7.11−7.07 (m, 2H), 6.90 (s, 1H), 6.37
(dd, J = 15.5, 8.0 Hz, 2H), 4.90−4.81 (m, 1H), 4.65 (dd, J = 12.3, 5.1
Hz, 1H), 3.72 (d, J = 11.0 Hz, 3H), 3.15 (dd, J = 14.0, 5.6 Hz, 1H),
3.05 (dd, J = 13.9, 6.8 Hz, 1H), 2.37 (s, 2H), 1.39 (d, J = 7.0 Hz, 3H).
13C NMR (126 MHz, CDCl3): δ 172.02, 171.72, 165.87, 141.78,
140.26, 135.73, 131.87, 129.64, 129.27, 128.62, 127.89, 127.10,
118.94, 53.39, 52.45, 48.71, 37.88, 21.49, 18.12. HRMS calcd for
C23H26N2O4, [M − H]− 393.1820, found 393.1817.

Methyl-((E)-3-(4-methoxyphenyl)acryloyl)-D-alanyl-D-phenylala-
ninate (4c). This compound is a white solid; yield 85.1%; mp = 147−
149 °C; [α]D

21 = +21.7 (c = 0.5, CH2Cl2);
1H NMR (500 MHz,

CDCl3): δ 7.58 (d, J = 15.6 Hz, 1H), 7.44 (dd, J = 8.6, 3.9 Hz, 2H),
7.20 (d, J = 7.5 Hz, 2H), 7.17−7.13 (m, 1H), 7.09 (d, J = 7.0 Hz,
2H), 7.04 (d, J = 8.0 Hz, 1H), 6.87 (d, J = 8.7 Hz, 2H), 6.49 (d, J =
7.6 Hz, 1H), 6.30 (dd, J = 15.6, 5.5 Hz, 1H), 4.84 (dd, J = 13.6, 6.7
Hz, 1H), 4.67 (dd, J = 14.7, 7.4 Hz, 1H), 3.82 (s, 3H), 3.71 (d, J =
10.4 Hz, 3H), 3.14 (dd, J = 13.8, 5.6 Hz, 1H), 3.06−3.00 (m, 1H),
1.39 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 172.21,
171.75, 166.07, 161.02, 141.38, 135.79, 129.50, 129.28, 128.60,
127.37, 127.07, 117.65, 114.30, 55.38, 53.44, 52.43, 48.70, 37.89,
18.15. HRMS calcd for C23H26N2O5, [M − H]− 409.1769, found
409.1765.

Methyl-((E)-3-(4-fluorophenyl)acryloyl)-D-alanyl-D-phenylalani-
nate (4d). This compound is a white solid; yield 75.6%; mp = 173−
175 °C; [α]D

21 = +15.0 (c = 0.5, CH2Cl2);
1H NMR (500 MHz,

DMSO-d6): δ 8.45 (d, J = 7.6 Hz, 1H), 8.28 (d, J = 7.8 Hz, 1H),
7.66−7.59 (m, 2H), 7.44 (d, J = 15.8 Hz, 1H), 7.31−7.25 (m, 4H),
7.25−7.18 (m, 3H), 6.71 (d, J = 15.8 Hz, 1H), 4.55−4.43 (m, 2H),
3.61 (d, J = 20.3 Hz, 3H), 3.05 (dd, J = 13.9, 5.7 Hz, 1H), 2.97−2.90
(m, 1H), 1.23 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6):
δ 172.88, 172.29, 164.87, 164.14, 162.18, 138.21, 137.55, 132.02,
130.13 (d, J = 8.4 Hz), 129.63 (d, J = 14.1 Hz), 128.68 (d, J = 10.4
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Hz), 127.02, 122.36, 116.49, 116.32, 54.08, 52.33, 48.32, 36.97, 18.86.
HRMS calcd for C22H23FN2O4, [M − H]− 397.1569, found 397.1565.
Methyl-(E)-(2-(3-(4-(trifluoromethyl)phenyl)acrylamido)-

acryloyl)-D-phenylalaninate (4e). This compound is a white solid;
yield 80.2%; mp = 191−192 °C; [α]D21 = +19.7 (c = 0.5, CH2Cl2);

1H
NMR (500 MHz, CDCl3): δ 7.64 (s, 1H), 7.62−7.55 (m, 5H), 7.24−
7.20 (m, 2H), 7.17 (ddd, J = 7.4, 3.6, 1.3 Hz, 1H), 7.11−7.07 (m,
2H), 6.92 (d, J = 8.0 Hz, 1H), 6.74 (d, J = 7.6 Hz, 1H), 6.51 (d, J =
15.6 Hz, 1H), 4.87 (dt, J = 7.8, 6.2 Hz, 1H), 4.70 (dd, J = 14.5, 7.2
Hz, 1H), 3.72 (d, J = 7.2 Hz, 3H), 3.15 (dd, J = 13.9, 5.7 Hz, 1H),
3.07 (dd, J = 13.9, 6.5 Hz, 1H), 1.42 (d, J = 7.0 Hz, 3H). 13C NMR
(126 MHz, CDCl3): δ 172.05, 171.68, 164.97, 139.93, 138.09, 135.63,
129.26, 128.64, 127.99, 127.17, 125.85 (d, J = 3.7 Hz), 122.60, 53.44,
52.47, 48.88, 37.88, 18.44. HRMS calcd for C23H23F3N2O4, [M −
H]− 447.1537, found 447.1534.
Methyl-((E)-3-(3,4,5-trimethoxyphenyl)acryloyl)-D-alanyl-D-phe-

nylalanin-eate (4f). This compound is a white solid; yield 84.5%; mp
= 183−184 °C; [α]D

21 = +17.6 (c = 0.5, CH2Cl2);
1H NMR (500

MHz, CDCl3): δ 7.56 (d, J = 15.5 Hz, 1H), 7.31−7.23 (m, 3H),
7.22−7.17 (m, 1H), 7.12 (d, J = 6.8 Hz, 2H), 6.96 (d, J = 7.9 Hz,
1H), 6.74 (d, J = 2.6 Hz, 2H), 6.52 (d, J = 7.6 Hz, 1H), 6.36 (d, J =
15.5 Hz, 1H), 4.89−4.82 (m, 1H), 4.70 (dd, J = 14.1, 6.8 Hz, 1H),
3.89 (t, J = 2.3 Hz, 9H), 3.74 (d, J = 6.9 Hz, 3H), 3.17 (dd, J = 13.9,
5.7 Hz, 1H), 3.08 (dd, J = 13.8, 6.6 Hz, 1H), 1.42 (d, J = 7.0 Hz, 3H).
13C NMR (126 MHz, CDCl3): δ 172.10, 171.72, 165.57, 153.40,
141.68, 139.61, 135.72, 130.23, 129.27, 128.62, 127.12, 119.42,
104.92, 61.00, 56.11, 53.44, 52.44, 48.77, 37.90, 18.39. HRMS calcd
for C25H30N2O7, [M − H]− 469.1980, found 469.1974.
Cinnamoyl-D-alanyl-D-phenylalanine (5a). This compound is a

white solid; yield 72.0%; mp = 203−204 °C; [α]D
21 = +18.6 (c = 0.5,

MeOH); 1H NMR (500 MHz, DMSO): δ 8.31 (d, J = 7.8 Hz, 1H),
8.21 (s, 1H), 7.56 (d, J = 7.1 Hz, 2H), 7.45−7.39 (m, 3H), 7.39−7.35
(m, 1H), 7.26−7.21 (m, 5H), 7.18−7.13 (m, 1H), 6.77 (d, J = 15.8
Hz, 1H), 4.42 (ddd, J = 13.4, 11.7, 6.2 Hz, 2H), 3.06 (dd, J = 13.8, 5.0
Hz, 1H), 2.94−2.89 (m, 1H), 1.21 (d, J = 7.1 Hz, 3H). 13C NMR
(126 MHz, DMSO): δ 173.20, 172.64, 164.95, 139.37, 137.99,
135.38, 129.95, 129.67, 129.43, 128.61, 127.99, 126.85, 122.52, 53.98,
48.45, 37.03, 18.83. HRMS calcd for C21H22N2O4, [M − H]−

365.1507, found 365.1501.
((E)-3-(p-tolyl)acryloyl)-D-alanyl-D-phenylalanine (5b). This com-

pound is a white solid; yield 74.1%; mp = 220−221 °C; [α]D21 = +15.0
(c = 0.5, MeOH); 1H NMR (500 MHz, DMSO-d6): δ 8.34 (d, J = 7.8
Hz, 1H), 8.25 (d, J = 7.9 Hz, 1H), 7.45 (d, J = 8.1 Hz, 2H), 7.37 (d, J
= 15.8 Hz, 1H), 7.24 (s, 1H), 7.23 (d, J = 3.0 Hz, 4H), 7.21 (s, 1H),
7.20−7.15 (m, 1H), 6.71 (d, J = 15.8 Hz, 1H), 4.53−4.38 (m, 2H),
3.05 (dd, J = 13.8, 5.0 Hz, 1H), 2.92 (dd, J = 13.8, 9.0 Hz, 1H), 2.31
(s, 3H), 1.20 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ
173.17, 172.74, 165.17, 139.74, 139.37, 137.91, 132.57, 130.03,
129.67, 128.63, 127.98, 126.88, 121.40, 53.94, 48.45, 36.97, 21.42,
18.75. HRMS calcd for C22H24N2O4, [M − H]− 379.1663, found
379.1658.
((E)-3-(4-methoxyphenyl)acryloyl)-D-alanyl-D-phenylalanine

(5c). This compound is a white solid; yield 65.6%; [α]D
21 = +16.3 (c =

0.5, MeOH); mp = 198−199 °C; 1H NMR (500 MHz, DMSO-d6): δ
12.81 (s, 1H), 8.22 (d, J = 7.9 Hz, 1H), 8.18 (d, J = 7.8 Hz, 1H),
7.54−7.48 (m, 2H), 7.38 (d, J = 15.7 Hz, 1H), 7.28−7.22 (m, 4H),
7.19 (dd, J = 6.2, 2.5 Hz, 1H), 6.98 (dd, J = 9.0, 2.5 Hz, 2H), 6.61 (d,
J = 15.8 Hz, 1H), 4.57−4.30 (m, 2H), 3.78 (d, J = 1.8 Hz, 3H), 3.10−
2.99 (m, 1H), 2.91 (d, J = 8.8 Hz, 1H), 1.22 (d, J = 7.1 Hz, 3H). 13C
NMR (126 MHz, DMSO-d6): δ 173.23, 172.75, 165.28, 160.80,
139.13, 137.92, 129.65, 129.57, 128.64, 127.93, 126.88, 119.97,
114.87, 55.71, 53.91, 48.34, 37.03, 18.83. HRMS calcd for
C22H24N2O5, [M − H]− 395.1612, found 395.1607.
((E)-3-(4-fluorophenyl)acryloyl)-D-alanyl-D-phenylalanine (5d).

This compound is a white solid; yield 70.9%; mp = 217−219 °C;
[α]D

21 = +18.2 (c = 0.5, MeOH); 1H NMR (500 MHz, DMSO-d6): δ
8.37 (dd, J = 11.8, 8.2 Hz, 1H), 8.29 (dd, J = 25.5, 7.9 Hz, 1H), 7.62
(ddd, J = 8.6, 5.4, 2.9 Hz, 2H), 7.41 (d, J = 15.8 Hz, 1H), 7.28 (t, J =
6.3 Hz, 1H), 7.26−7.24 (m, 2H), 7.23 (d, J = 3.6 Hz, 3H), 7.17 (dd, J
= 8.5, 4.1 Hz, 1H), 6.73 (d, J = 15.8 Hz, 1H), 4.51−4.33 (m, 2H),

3.11−2.99 (m, 1H), 2.95−2.78 (m, 1H), 1.21 (d, J = 7.1 Hz, 3H),
1.03 (d, J = 7.1 Hz, 1H). 13C NMR (126 MHz, DMSO-d6): δ 173.17,
172.69, 164.93, 138.18, 137.94, 130.15 (d, J = 8.4 Hz), 129.67,
128.62, 126.87, 122.38, 116.50, 116.32, 53.98, 48.49, 36.97, 18.79.
HRMS calcd for C21H21FN2O4, [M − H]− 383.1413, found 383.1405.

((E)-3-(4-(trifluoromethyl)phenyl)acryloyl)-D-alanyl-D-phenylala-
nine (5e). This compound is a white solid; yield 69.1%; mp = 226−
227 °C; [α]D

21 = +17.3 (c = 0.5, MeOH); 1H NMR (500 MHz,
DMSO-d6): δ 8.44−8.35 (m, 1H), 8.28 (d, J = 7.9 Hz, 1H), 7.82−
7.74 (m, 3H), 7.49 (d, J = 15.9 Hz, 1H), 7.27−7.20 (m, 4H), 7.18
(td, J = 5.9, 2.6 Hz, 1H), 6.91 (d, J = 15.9 Hz, 1H), 4.50−4.39 (m,
2H), 3.07 (dd, J = 13.8, 4.9 Hz, 1H), 2.92 (dd, J = 13.8, 9.0 Hz, 1H),
1.23 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ

13C
NMR (126 MHz, DMSO) δ 173.21, 172.56, 164.44, 137.97, 137.69,
129.65, 128.62 (d, J = 2.8 Hz), 126.88, 126.33, 125.31, 53.97, 48.46,
36.99, 18.87. HRMS calcd for C22H21F3N2O4, [M − H]− 433.1381,
found 433.1373.

((E)-3-(3,4,5-trimethoxyphenyl)acryloyl)-D-alanyl-D-phenylala-
nine (5f). This compound is a light yellow solid; yield 77.2%; mp =
185−187 °C; [α]D

21 = +13.3 (c = 0.5, CH2Cl2);
1H NMR (500 MHz,

DMSO-d6): δ 12.77 (s, 1H), 8.22 (d, J = 7.9 Hz, 1H), 8.11 (d, J = 7.8
Hz, 1H), 7.35 (d, J = 15.7 Hz, 1H), 7.26 (d, J = 7.4 Hz, 1H), 7.23
(dd, J = 5.3, 3.0 Hz, 3H), 7.19 (d, J = 6.9 Hz, 1H), 6.90 (d, J = 3.7 Hz,
2H), 6.72 (d, J = 15.7 Hz, 1H), 4.48−4.37 (m, 2H), 3.80 (d, J = 2.0
Hz, 6H), 3.68 (d, J = 1.5 Hz, 3H), 3.06 (dd, J = 13.9, 5.0 Hz, 1H),
2.91 (dd, J = 13.8, 8.9 Hz, 1H), 1.21 (d, J = 7.0 Hz, 3H). 13C NMR
(126 MHz, DMSO-d6): δ 164.97, 153.52, 137.91, 131.03, 129.65,
128.65, 126.91, 121.92, 105.29, 60.55, 56.27, 53.87, 48.37, 37.03,
18.95. HRMS calcd for C24H28N2O7, [M + H]+ 457.1956, found
457.1959.

Cell Culture. Murine microglial (BV-2) cells (Cell Resource
Center of Chinese Academy of Medical Science, Beijing, China) were
grown in Dulbecco Modified Eagle Medium (DMEM; Gibco, CA,
USA) containing 10% fetal bovine serum (FBS, Hyclone, CA, USA)
and 1% penicillin/streptomycin (Hyclone, CA, USA) in a 37 °C
humidified atmosphere containing 5% CO2. These cells were
subcultured every two days.

NO Production in LPS-Induced BV2 Microglial Cells. NO
production was determined by a colorimetric method using the Griess
reagent as previously described.45 Briefly, the BV2 cells were
preincubated for 30 min in the absence or presence of all compounds
at different concentrations before adding LPS (1 μg/mL, 10 μL) for
24 h at 37 °C. The cell medium was centrifuged, and the supernatant
(50 μL) was dispensed into 96-well plates and then mixed with an
equal volume of Griess reagent (Beyotime Biotechnology, Beijing,
China). The plates were incubated at room temperature for 10 min,
and the absorbance at 540 nm was measured using a multifunctional
microplate reader. The inhibition rate of NO production was
calculated by the following equation:

= − −

×

A A A Ainhibition rate (%) ( )/( )

100%

LPS Compound LPS Control

where AConpound was the absorbance of the BV2 cells treated with
target compounds and LPS, ALPS was the absorbance of the BV2 cells
treated with LPS alone, and AControl was the absorbance of normal
BV2 cells.

Animals and Comound 4f Treatment. Female C57 mice (5−6
weeks) were obtained from the Center of Animal Testing of Southern
Medical University (SCXK/20160041, Guangzhou, China). All
animals were randomly divided into five groups with six mice in
each group and housed (25 ± 1 °C at 50% relative humidity) under
12 h/12 h light−dark cycle conditions. Food and water were provided
ad libitum. All animal care and experimental procedures were carried
out in strict accordance with the National Institute of Health’s Guide
for the Care and Use of Laboratory Animals.

As previously published,46 the LPS-induced Alzheimer’s disease
model was established as follows:

(1) Control group: Mice in control group were injected with
phosphate-buffered saline (PBS) once daily for 14 days.
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(2) LPS group: Mice in the LPS group were injected with PBS
once daily for 7 days. After 7 days, the mice were
intraperitoneally (i.p.) administered LPS (250 μg/kg) once
daily for 7 days after PBS treatment.

(3) TTP488 group: Mice in the TTP488 group were injected with
TTP488 (5 mg/kg) once daily for 7 days. After 7 days, the
mice were administered LPS (250 μg/kg) i.p. once daily for 7
days after TTP488 (5 mg/kg) treatment.

(4) 4f-50 group: Mice in the 4f-50 group were orally administered
compound 4f (50 mg/kg) once daily for 7 days. After 7 days,
the mice were administered LPS (250 μg/kg) i.p. once daily
for 7 days after compound 4f (50 mg/kg) treatment.

(5) 4f-100 group: Mice in the 4f-100 group were orally
administered compound 4f (100 mg/kg) once daily for 7
days. After 7 days, the mice were administered LPS (250 μg/
kg) i.p. once daily for 7 days after compound 4f (100 mg/kg)
treatment.

Micropositron Emission Tomography/Computed Tomog-
raphy Imaging. The change in brain glucose uptake was determined
as previously described.46 Briefly, after 2 weeks of drug administration,
PET scans and image analysis were used to determine brain glucose
uptake by compound 4f in mice in each group. First, after fasting for
12 h, the mice were injected i.p. with 18F-FDG under general
anesthesia with 7% chloral hydrate. Ten-minute static PET scans of
the mice were obtained 1 h after 18F-FDG injections, followed by a
low-dose CT scan (for attenuation correction and localization) using
an Inveon Micro-PET/CT system (Siemens Healthiness, Munich,
Germany). Second, the images were reconstructed using the Micro-
PET/CT manager (Siemens Medical Solutions Inc., Pittsfield, USA)
with an attenuation correction. A region-of-interest (ROI), placed on
the inflammatory brains, was drawn and measured using Inveon
Research Workplace software. Quantification of the 18F-FDG uptake
in the brains of each group was calculated to obtain the image-ROI-
derived percent injected dose per gram (% ID/g).
Morris Water Maze Test. The behavioral assessment after 2

weeks of drug administration was carried out using MWM as reported
earlier.46 The water maze consisted of a circular pool with a diameter
of 120 cm and a hidden platform (1 cm under the water) with a
diameter of 10 cm. The pool was filled with opaque water (titanium
white powder was added to the water, to enable distinguishing of the
black C57 mice) at a temperature of 24 ± 1 °C. A video camera,
connected to the SMART video-tracking and analysis system (TSE,
Bad Homburg, Germany), was located above the pool and used to
track the animal’s movement. The MWM test consisted of 4 days of
training, 1 day of navigation testing, and 1 day of spatial probe testing.
During the 4 days, the hidden platform was kept constant at the
midpoint of target quadrant and the mice were trained in the MWM
twice daily. The training consisted of four sessions of trials (one
session/day, one trial/session). Each trial was performed for 60 s until
the mouse climbed onto the hidden platform target. In the navigation
test, the mice were free to swim in the pool for 120 s to locate the
platform. The escape latency time (s) to find the hidden platform and
the time spent in the target quadrant (s) were recorded. During the
probe trials, the platform in the quadrant was removed and the mice
were put into the pool and swam for 120 s. The mice were monitored
with the camera and the percentage (%) of time spent in each
quadrant and the number of times the mice crossed the platform area
were recorded using the video-tracking and analysis system.
Nissl Staining. The brains of mice from all groups were removed

in toto, washed twice with 0.01 M PBS, and postfixed in 4%
paraformaldehyde (PFA). Paraffin-embedded brain specimens were
sectioned coronally (4 μm). For the detection of normal neurons,
tissue slices were washed with xylene for 5 min, progressively
dehydrated in 100% alcohol and 75% alcohol, consequently stained
with a warmed 0.1% toluidine blue solution for 3−5 min, and finally
rinsed with distilled water. The slides were imaged and captured using
an Olympus confocal microscope (IX-73, Tokyo, Japan). Normal
neurons had prominent Nissl granules and a light nucleus and were
examined with a 400× objective. The analysis of normal neuronal cells
was conducted on three nonoverlapping fields per slice.

Western Blotting. A total of 20 mg of brain proteins from each
group was subjected to sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. Immunoblotting was performed using anti-IL-1β
(1:5000; WB Preferred), NF-κB p65 (1:5000), and MAPK p38
(1:5000). Immunodetection was done using an enhanced chem-
iluminescence detection kit (MultiSciences Biotech, Hangzhou,
China). The band density was quantified using Quantity One analysis
software (Bio-Rad, Hercules, CA, USA) by calculating the average
optical density in each field.

Molecular Modeling. AutoDock4.2 was used to simulate the
interaction between compound 4f and IL-1β. After hydrogen atoms
were added to compound 4f using Babel and partial charges were
generated using MOPAC, the hydrogen bonding energy of compound
4f was minimized using the Lenard-Jones 6/12 potential mode and
optimized with iterative minimization. In addition, a maximum of 300
iterations was used to optimize the energy gradient, and a total of 200
docking runs were performed in each cycle of the iterative
minimization. The crystal structure of IL-1β was retrieved from the
RCSB Protein Data Bank (PDB: 9ILB). All water molecules were
removed, and hydrogen atoms were added to achieve IL-1β protein
protonation. The active pocket of IL-1β protein was simulated by the
automatic mode. Other settings were used in the default settings.

Statistical Analysis. The quantitative data are expressed as the
mean ± standard deviation (SD). Statistical analysis of the data was
performed using Graph Pad Prism 5 software (La Jolla, CA, USA) for
comparisons using the Student’s t-test or one- or two-way ANOVA to
determine statistical significance. The p values of <0.05 and <0.01
were considered to indicate statistically significant differences.
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