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Abstract: Alzheimer’s disease is the most common neurodegenerative disease, characterized by
memory loss and cognitive dysfunction. Raspberry fruits contain polyphenols which have antiox-
idant and anti-inflammatory properties. In this study, we used molecular imprinting technology
to efficiently isolate phenolic components from the raspberry ethyl acetate extracts. Six phenolic
components (ellagic acid, tiliroside, kaempferol-3-o-rutoside, gallic acid, ferulic acid and vanillic
acid) were identified by UPLC-Q-TOF-MS analysis. Molecular docking was used to predict the
anti-inflammatory effects and anti-Alzheimer’s potential of these isolated compounds, which showed
a good binding ability to diseases and related proteins. However, the binding energy and docking
fraction of ellagic acid, tiliroside, and kaempferol-3-o-rutoside were better than those of gallic acid,
ferulic acid and vanillic acid. Additionally, by studying the effects of these six phenolic components
on the LPS-induced secretion of inflammatory mediators in murine microglial (BV2) cells, it was
further demonstrated that they were all capable of inhibiting the secretion of NO, IL-6, TNF-α, and
IL-1β to a certain extent. However, ellagic acid, tiliroside, and kaempferol-3-o-rutoside have better
inhibitory effects compared to others. The results obtained suggest that the phenolic components ex-
tracted from ethyl acetate extracts of raspberry by molecularly imprinted polymers have the potential
to inhibit the progression of Alzheimer’s disease.

Keywords: UPLC-Q-TOF-MS; molecular imprinting; raspberry; phenolic components; solid phase
extraction; molecular docking; neuroinflammation

1. Introduction

Alzheimer’s disease (AD) is a chronic and progressive neurodegenerative disease that
causes memory loss, cognitive impairment, behavioral modifications, and loss of functional
abilities. The number of people affected by dementia is expected to increase to 150 million
by 2050 [1]. It is probably the most serious economic burden and one of the most common
problems in aging societies across the world and is projected to become more serious in
the near future. Currently, available drugs can improve AD symptoms to some extent,
such as the cholinesterase inhibitor donepezil, memantine, etc. However, the therapeutic
effect is not ideal and is accompanied by many side effects [2]. The pathogenesis theories
of Alzheimer’s disease include the cholinergic injury theory, AB theory, tau protein theory,
neuroinflammation theory, oxidative stress theory, etc. In recent years, neuroinflammation
has received increasing attention [3]. A neuroinflammatory model of lipopolysaccharide-
induced microglia has become increasingly common in studies of Alzheimer’s disease
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using BV2 cells, which are mouse glial cells [4,5]. A number of pathological conditions of
the central nervous system have been associated with the activation of BV2 cells, which
produce NO, tumor necrosis factor (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β) and
other cytotoxic molecules, resulting in neuroinflammation. Early detection and inhibition of
the release of neuroinflammatory factors in the brain can lead to the successful treatment of
AD [6]. Natural products and their biologically active components have become potential
candidates as anti-AD agents due to their multi-target properties, which have attracted
considerable interest and attention.

Palm leaf raspberry (Rubus chingii Hu) is an immature fruit belonging to the Rubus
genus and Rosaceae family. It is an important Chinese herbal medicine serving as a
medicine and food with high nutritional and medicinal value [7]. It was also included in
the Chinese Pharmacopeia. Raspberry is commonly used in traditional Chinese herbal
medicine as a tonic to treat enuresis, impotence, kidney deficiency, frequent urination, and
other conditions. It has many pharmacological effects, such as anti-cancer, antioxidant, anti-
inflammatory, and memory improvement. In recent years, some scholars have conducted
in-depth research on the pharmacological activities of raspberry and found that it also has
anti-aging, antianxiety, anti-AD and memory-enhancing properties [8]. Many studies have
found that raspberry polyphenols have good effects on cardiovascular disease, oxidative
stress, and inflammatory reactions [9,10]. However, raspberry polyphenols have not been
extensively studied for Alzheimer’s disease treatment.

Molecular imprinting technology (MIT) uses special target compounds as template
molecules to prepare polymers that selectively recognize such target compounds and their
structurally similar analogs. It has the advantages of high separation efficiency, stable
physical and chemical properties, and easy preparation. At present, molecular imprinting
technology has been widely used in the analysis of trace substances in the environment,
chemical sensing, separation science, and so on [11]. Furthermore, molecular imprinting
technology is applied to extract and separate components of Chinese medicine, for example,
using solid phase extraction (SPE) technique for extracting or isolating important com-
pounds from plant extracts. It has the advantages of high extraction efficiency and good
selectivity over traditional SPE adsorption materials (such as the C-8 column and the C-18
column) [12]. It can selectively adsorb a class of compounds with the same chemical struc-
ture. Currently, the commonly used molecularly imprinted polymer preparation methods
include bulk polymerization, in situ polymerization, precipitation polymerization, suspen-
sion polymerization, silica gel surface polymerization, and electropolymerization [13]. The
surface polymerization method allows better contact between the target molecule and the
active site and can also be adapted to meet the needs of various applications by adjusting
the particle properties [14].

Structure-based drug design uses molecular docking to predict the conformation of
small molecular ligands that will bind to the appropriate binding sites on target molecules.
In addition to rational drug design, characterization of binding behavior enables an under-
standing of the fundamental mechanisms of biological processes. In recent years, molecular
docking has become increasingly important in computer-aided drug research [15]. Auto
dock vina [16] and discovery studio software are widely used for the molecular docking of
compounds with receptors on targeted molecules. The semi-flexible docking method is em-
ployed, and the binding energy and docking scores are used to evaluate the docking results.

The current version of the manuscript has been significantly improved from the
preprint version [17]. In this study, ellagic acid molecularly imprinted polymer was syn-
thesized by molecular imprinting technology, and its structure, physicochemical and
adsorption properties were characterized. Moreover, six phenolic components were iso-
lated from raspberry ethyl acetate extract using the synthesized ellagic acid imprinted
polymer and identified by UPLC-Q-TOF-MS analysis. Additionally, a molecular docking
study was conducted to determine the affinity for these six components by binding them
to inflammatory mediators and AD target proteins. Finally, we verified the effects of
the six components on LPS-induced secretion of inflammatory mediators in BV2 cells in
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order to establish that the raspberry phenolic compounds have therapeutic potential for
Alzheimer’s disease treatment.

2. Results
2.1. Optimization of Synthesis Conditions for Molecularly Imprinted Polymers
2.1.1. Optimization of the Volume of the Pore-Forming Solvent
(Carbon Tetrachloride) Volume

Based on the experimental results of Ding Yanhua and others [18], we chose the
amount of phenolic components, such as ellagic acid, that is specifically absorbed by the
imprinted polymer on the surface of ellagic acid silica gel to be the optimization index. The
effects of the amount of carbon tetrachloride, microwave time and microwave power on the
synthesis of ellagic acid molecularly imprinted polymer were investigated. Then according
to the orthogonal experimental results, carbon tetrachloride volume of 20, 30 and 40 mL,
microwave time of 60, 90 and 120 min, and microwave power of 100, 200 and 300 W
were selected as the optimization parameters. During the preparation of molecularly
imprinted polymers, the volume of carbon tetrachloride (20, 30, and 40 mL) was optimized
by maintaining the molar ratios of the template molecule, the functional monomer and the
crosslinking agent (1:6:10). The results show that when the carbon tetrachloride volume
was 20 mL, a light-yellow polymer with high hardness was obtained. However, when the
carbon tetrachloride volume was 30 mL, the light-yellow polymer obtained was milky and
uniform in texture, while at 40 mL volume, the reaction did not occur. Therefore, 30 mL of
carbon tetrachloride volume was selected.

2.1.2. Optimization of Response Time

The reaction time was optimized by keeping the factors constant while changing the
reaction time. The experiments were conducted at 60, 90 and 120 min. In each case, the
molecular polymer adsorption capacities were 13.450, 16.392 and 16.290 µmol/g, respec-
tively, so the reaction time of 90 min was selected.

2.1.3. Optimization of Microwave Power

The power of the microwave extractor was optimized by keeping other factors un-
changed in the polymerization reaction. The experiments were carried out at 100, 200 and
300 W power, respectively. The reaction power of 100 W does not result in any reaction
at the end of the reaction period. When the reaction power is 200 W, a light-yellow milky
polymer with a uniform texture appears during the reaction time. In the case of 300 W reac-
tion power, bumping occurs even after the addition of zeolite, but still, no obvious polymer
was formed. Therefore, the reaction power of 200 W was selected due to better results.

2.2. Characterization of the Polymer Structure
2.2.1. FTIR Analysis

The FTIR spectra of silica gel, silanized silica gel, 4-VP, EGDMA, ellagic acid, MIPs
and NPIS were recorded to confirm the synthesis of the product. The results are shown
in Figure 1. Silica gel (Si-O-Si) usually exhibits a tensile vibration at 1079 cm−1 and a
symmetric stretching vibration, and a bending vibration of the Si-O bond at 457 cm−1.
However, the absorption peak of the silanized silica gel is enhanced at 1055 cm−1, and the
stretching vibration peak of 1715 cm−1 C=O appears, indicating that silanization of the silica
gel has occurred. The C-H out-of-plane bending vibration peak of 4-VP is 829 cm−1, and
the pyridine ring’s C-N stretching vibration absorption peak is 1595 cm−1. The crosslinking
agent EGDMA has an unsaturated ester structure and has a stretching vibration peak of
C=O at 1712 cm−1 and asymmetric stretching vibration peaks of C-O-C at 1142 cm−1 and
1292 cm−1. Furthermore, 3476 cm−1 and 3147 cm−1 are characteristic stretching vibration
peaks of the ellagic acid OH bond [19]. However, the disappearance of the 3147 cm−1

peak in MIPS is due to the hydrogen bond formed between ellagic acid and the functional
monomer 4-VP, leading to the weakening or disappearance of the peak. This further
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indicates that the MIPS synthesis is successful. NIPS does not have an ellagic acid template
molecule, so the peak at 3476 cm−1 is missing. Meanwhile, the absorption peak of the C=C
bond at 950 cm−1 in NIPS is more intense.
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Figure 1. The FTIR spectra of silica gel, silanized silica gel, 4-VP, EGDMA, EA, MIPS and NIPS.

2.2.2. SEM Analysis

The scanning electron microscopy results of MIPs and NIPS are shown in Figure 2,
At a magnification of 800x, the particle size of MIPS (Figure 2A) is more uniform and
larger than that of NIPS (Figure 2C), and the uniformity of the size of NIPS is poor. At the
same time, the surface of MIPS (Figure 2B) is more uneven and rougher than that of NIPS
(Figure 2D) at 1600x due to the combination with template molecules which makes the
polymer surface rougher and favorable for the adsorption of phenolic compounds. This
further indicates that the synthesis of ellagic acid-imprinted polymers is successful [20].

2.2.3. XRD Analysis

XRD was used to study the crystallinity of silica gel, silanized silica gel, MIPs, NIPS
and EA powders at room temperature. The XRD results are shown in Figure 3. The
diffraction pattern of EA shows numerous sharp characteristic peaks of its crystallinity
at 20.92◦ and 28.1◦. These diffraction patterns represent the typical crystal structure of
EA. These observations are consistent with previous reports [21]. While the diffraction
patterns of silica gel, silanized silica gel, NIPS and MIPS at 2θ have the main broad peaks
of 21.04◦, 21.5◦, 21.38◦ and 20.94◦, respectively. The pattern of these XRD spectra confirms
the amorphous structure of these polymers. The 28.1◦ peak intensity in the range of 2θ
in the MIPs diffraction pattern disappears relatively to EA, indicating that the template
molecule is complexed with the substrate.

2.2.4. TGA Analysis

From the TG curves in Figure 4, At the initial stage, when the mass loss rate is
approximately 0.35%, it is due to the decomposition of the crystalline water of the material
or the dehydration of the material itself. The MIPS was stable before 272 ◦C, after which
the product began to degrade, and the degradation stopped at 420 ◦C. This is due to the
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breakage of the C-C bond in MIPS [20]. Compared to MIPS, the NIPS was significantly
degraded at 130 ◦C. EA loses water rapidly at 100 ◦C and degrades rapidly at 420 ◦C, which
is caused by the breakdown of hydrogen bonds in EA. The decomposition mode of EA
is almost consistent with that reported by previous studies [19]. The weight reduction
rate of silanized silica gel at 367 ◦C is significantly slower than that of silica gel, which
can be attributed to the formation of covalent bonds in silanized silica gel which makes it
more stable [22].
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2.3. Adsorption Capacity and Adsorption Kinetics Results

The adsorption capacity (Q) of the prepared polymers was evaluated by plotting
adsorption isotherm curves (Figure 5A). It was shown that the adsorption capacity of MIPS
and NIPS increased with increasing the concentration of EA from 10 to 100 mg/L. At
about 80 mg/L concentration, the increase in Q for MIPS is faster than for NIPS. The final
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maximum adsorption capacity of MIPS toward EA is 19.10 µmol/g, which is about two
times higher than that of NIPS. These findings indicate that MIPS exhibits a much higher
affinity for EA than NIPS [23]. This is because the template molecule leaves “imprinted
holes” in the space and structure of the polymer after elution, and specific binding occurs
when a molecule with a structure similar to the template molecule enters through the
“holes.” The blank imprinted polymer does not contain “holes” similar to the structure of
the template molecule.
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The results of the analysis of the Scatchard equation are shown in Figure 5C. EA and
target molecules are combined in varying ratios to produce different holes with different
properties. This is a straight line of non-linear relationships [24]. It indicates that the
binding of EA and molecularly imprinted polymers is a two-site or multisite system;
the prepared MIPS has more than two affinities, and MIPS may also have positive and
negative synergism.

The adsorption kinetics of MIPS and NIPS toward EA were also studied, and the
results are shown in Figure 5 B. It should be noted that the equilibrium adsorption time
was approximately 6 h when the EA concentration was 60 mg/L, and MIPS exhibits higher
adsorption capacity toward EA compared to NIPS. It is apparent that the adsorption process
of MIPS increases slowly within 2–3 h, but the increasing speed is obviously accelerated
in 3–5 h and gradually comes to equilibrium. The final maximum adsorption capacity
of MIPS toward EA is 21.26 µmol/g at 6 h. It indicates that as the binding site on the
surface is occupied, it is more and more difficult for template molecules to transfer to the
polymer and reach the site, resulting in slow adsorption [25]. It is worth mentioning that
the equilibrium time of our presented polymers is relatively long, which can be attributed
to the fact that some of the binding sites are located inside the polymeric skeleton.

2.4. Qualitative Analysis of the Isolated Compounds by UPLC-Q-TOF-MS

For the analysis and processing of UPLC-Q-TOF-MS data, peak view data software
was used, and the names, retention times, molecular formulas, and fragment ions of
6 compounds were obtained, as shown in Table 1. The structures of the compounds
were determined on the basis of ion peaks combined with the Mass Bank database and
reference structures. The total ion chromatogram in negative ionization mode is shown in
Figure 6. A total of six compounds were identified by UPLC-Q-TOF-MS, which guided
the subsequent separation and identification of phenolic components in the ethyl acetate
fraction of raspberry.
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Table 1. UPLC-Q-TOF-MS ion fragments of six isolated phenolic compounds.

S. No tR
Quality
Score Deviation Mode Secondary Fragment Ions Molecular

Formula
Chemical

Name

1 14.1 302.006 −2.4 [M − H]− 299.9, 283.99, 229.01 C14H6O8 Ellagic acid

2 19.39 594.1585 −4.6 [M − H]− 593.1, 285.04, 255.02 C27H30O15
Kaempferol
3-rutinoside

3 2.16 170.0215 4.2 [M − H]− 169.0, 125.02, 97.03, 81.04 C7H6O5 Gallic acid
4 11.22 168.0423 2.6 [M − H]− 167.0, 152.01, 123.04, 108.02 C8H8O4 Vanillic acid
5 13.4 194.0579 2.6 [M − H]− 193.05, 178.0,149.05, 134.03 C10H10O4 Ferulic acid
6 48.15 594.1373 −1.9 [M − H]− 593.1, 285.04 C30H26O13 Tiliroside
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Figure 6. Total ion chromatogram of phenolic components in negative ion mode.

Compound 1 Ellagic acid: The quasi-molecular ion peak was observed at [M − H]−

m/z 301.006, and the chromatographic retention time was 14.1 min. In the process of
fragmentation, the m/z 302.006 loses one H to produce the fragment m/z 299.98, then loses
one more H2O to produce the fragment m/z 283.99, and loses two more CO to produce
the fragment m/z 229.01. The cracking process is shown in Figure 7. Based on the Mass
bank database and comparison with reference material [26,27], it can be inferred that the
compound is ellagic acid.

Compound 2 kaempferol 3-o-rutinoside: The quasi-molecular ion peak was observed
at [M − H]− m/z 593.14 with a retention time of 19.39 min. Base peaks of glycoside
compounds are usually formed when the sugar group is removed, among which m/z 285
is the parent nucleus ion of the aglycone following deglycosylation, and m/z 255 is the
fragment formed after the removal of the CO group of the C ring. The cracking process is
shown in Figure 8. When compared with the literature [28,29], it can be speculated that the
compound is kaempferol 3-o-rutinoside.

Compound 3 Gallic acid: The quasi-molecular ion peak is shown at [M − H]− m/z
169, and the chromatographic retention time is 2.16 min. While m/z 125 is the ion peak
of missing -COOH. The cracking process is shown in Figure 9. Compared with the litera-
ture [27,30], it is inferred that the compound is gallic acid.

Compound 4 Vanillic acid: The quasi-molecular ion peak was detected at [M − H]−

m/z 167 with a retention time of 11.22 min. After removal of de–COOH and CH3, m/z 167
is fragmented into m/z 123, -CH2 removed at m/z 152, m/z 123 produces fragment m/z
109, loss of -H at m/z 109 produces fragment m/z 108; loss of -COOH at m/z 152 produces
fragment m/z 108. The cracking process is shown in Figure 10. When compared to the
Mass Bank database and reference papers [31,32], it is speculated that the compound is
vanillic acid.
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Figure 7. Ellagic acid mass spectrometric cleavage pathway.

Compound 5 Ferulic acid: The quasi-molecular ion peak was detected at [M − H]−

m/z 193.05, and the chromatographic retention time was 13.4 min. Consequently, m/z
193.05 produces fragments m/z 177 and m/z 149 after the removal of H2O and CH2O2.
The loss of CH3 at m/z 149 results in fragment m/z 134. The cracking process is shown in
Figure 11. It was identified as ferulic acid by comparing it to the Mass Bank database and
the reference literature [31,33].
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Figure 11. The mass spectrometry cleavage pathway of ferulic acid.

Compound 6 Tiliroside: The quasi-molecular ion peak was found at [M − H]− m/z
593.12, with a retention time of 48.15 min. The base peaks of glycosides are usually
fragmented after the sugar group has been removed, and the m/z 285.04 peak results from
the removal of the glycosyl group. The aglycon nucleus ion, m/z 255, is a fragment formed
by removing CO from the C ring. The cracking process is shown in Figure 12. It was
compared with the reference peaks [33,34] and identified as tiliroside.
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2.5. Molecular Docking Results
2.5.1. Molecular Docking Results of Six Phenolic Components with TNF-α, IL-1β, and IL-6
Target Proteins

Molecular docking is a computational technique that simulates the interaction between
small molecules called ligands and large molecules called receptor proteins. We can predict
their affinity by calculating the binding energy between the corresponding molecules
after docking using Auto Dock software. The low binding energy (<0) indicates that
the two molecules bind spontaneously, and the smaller binding energy means a more
stable conformation [35]. The results showed that these six phenolic components could
effectively bind to target proteins (Table 2). The binding energies of ellagic acid, tiliroside
and kaempferol-3-o-rutoside were low; therefore, it can be predicted that they can better
inhibit the release of TNF- α, IL-1β, and IL-6 inflammatory factors. These six active
ingredients can interact well with TNF- α, IL-1β, and IL-6. Figure 13 illustrates several
docking structures and docking sites in more detail.

Table 2. The binding energy of six phenolic components to target genes.

Components
Binding Energies

(kcal/mol)

IL-6 IL-1β TNF-α

Ferulic acid −5.1 −5.5 −6.5
Tiliroside −6.4 −7.8 −9.7

Gallic acid −5.8 −5.2 −6.5
Ellagic acid −7 −6.7 −10

Kaempferol-3-o-rutoside −7.3 −7.3 −8.5
Vanillic acid −5.6 −4.9 −6.4
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Figure 13. Molecular docking diagram of Ellagic acid (A: EA), Kaempferol-3-o-rutin glycoside
(B: KA), Gallic acid (C: GA), Vanillic acid (D: VA), Ferulic acid (E: FA), and Tiliroside (F: TI) with
IL-6 (A–F). Ellagic acid (G: EA), Kaempferol-3-o-rutin glycoside (H: KA), Gallic acid (I: GA), Vanillic
acid (J: VA), Ferulic acid (K: FA), and Tiliroside (L: TI) with TNF-α (G–L), and Ellagic acid (M: EA),
Kaempferol-3-o-rutin glycoside (N: KA), Gallic acid (O: GA), Vanillic acid (P: VA), Ferulic acid (Q: FA),
and Tiliroside (R: TI) with IL-1β (M–R) target proteins.

2.5.2. Molecular Docking of Six Phenolic Components with Alzheimer’s Disease Targets

We docked the six phenolic small molecules with AD target proteins and then searched
for compounds that displayed docking scores greater than 0 and showed the capability of
interacting with five or more target proteins simultaneously (Table S1). These compounds
were considered potential active compounds. These six compounds have high matching,
and the minimum docking score for docking with the target protein was 55.33; therefore,
they can be considered potentially active compounds [36].
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The results showed that each compound corresponded to multiple different proteins.
Ellagic acid was successfully matched with eight target proteins, and the docking score
was greater than 70, of which GSK3β had the highest matching degree. Kaempferol-3-o-
rutoside was successfully matched with six target proteins, and the docking score was
greater than 79, of which the highest matching degree was α7nAChR. Gallic acid was
successfully matched with 13 target proteins, and the docking score was greater than 55,
of which CDK5 had the highest matching degree. Vanillic acid was successfully matched
with 12 target proteins, and the docking score was greater than 55, of which CDK5 had the
highest matching degree. Ferulic acid was successfully matched with 15 target proteins, and
the docking score was greater than 50, of which the highest matching degree was γsecretase
protein. Tiliroside was successfully matched with 10 target proteins, and the docking score
was greater than 84, of which PDE4A had the highest matching degree. Figure 14 better
shows the docking results of ellagic acid, kaempferol-3-o-rutoside, gallic acid, vanillic
acid, ferulic acid and tiliroside with the highest matching target protein. The 2D docking
diagram shows that it is mainly combined in the mode of hydrogen bond, hydrocarbon
bond, π alkyl bond, and anion, and the 3D docking diagram shows the docking site in
more detail.
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Figure 14. Docking results of six compounds with the highest matching target proteins: EA-GSK3β
(A,B), KA-α7nAchR (C,D), GA-CDK5 (E,F), VA-CDK5 (G,H), FA-γsecretase (I,J), TI-PDE4A (K,L). 2D
molecular docking diagrams are represented by (A) Ellagic acid, (C) Kaempferol-3-o-rutin glycoside,
(E) Gallic acid, (G) Vanillic acid, (I) Ferulic acid, and (K) Tiliroside; and 3D molecular docking
diagram are represented by (B) Ellagic acid, (D) Kaempferol-3-o-rutin glycoside, (F) Gallic acid,
(H) Vanillic acid, (J) Ferulic acid, and (L) Tiliroside, respectively.
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2.6. Effects of the Isolated Six Compounds and LPS on the Secretion of Inflammatory Mediators in
BV2 Cells
2.6.1. Effects of the Six Compounds and LPS on the Viability of BV2 Cells

The effects of different concentrations of the six compounds on the viability of BV2
cells were detected by the CCK8 assay. The experimental results are shown in Figure 15 and
indicate that the substance did not have significant toxic effects on BV2 cells in the concen-
tration range of 10–160 µM. The survival rate of BV2 cells co-incubated with 1 µg/mL LPS
decreased slightly compared to the control group, but there was no significant difference.
At the same time, there were no significant differences in the survival rate of these six
components when they were co-incubated with LPS with a final concentration of 1 µg/mL
in the concentration range of 10–160 µM compared with the control group. According to
the published reports [37], it indicates that this concentration range can be used for further
experimental research.
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Figure 15. Effect of Ellagic acid (A: EA), Kaempferol-3-o-rutin glycoside (B: KA), Gallic acid (C: GA),
Vanillic acid (D: VA), Ferulic acid (E: FA), and Tiliroside (F: TI) at 10, 20, 40, 80 and 160 µM concen-
trations and LPS on BV2 cell proliferation, respectively. − indicates that contain, + indicates does
not contain.
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2.6.2. Effects of Six Phenolic Compounds on LPS-Induced NO Levels in BV2 Cells

After BV2 cells were stimulated by 1 µg/mL LPS for 24 h, the results showed that the
NO levels in the LPS group were significantly higher than that of the control group (##,
p < 0.01), which indicated that the model was successful as shown in Figure 16 [38]. The
drug dose group was treated with prophylactic administration for 4 h before treatment.
The results showed that the NO concentration was significantly lower than that of the LPS
group in the concentration range of 10–160 µM. The concentration of NO in the ellagic
acid, gallic acid, and tiliroside groups decreased with increasing doses, and the trend was
good. Furthermore, when the concentration of these six compounds was 160 µM, the NO
concentrations decreased significantly in comparison to the LPS group, with an extremely
significant difference (p < 0.01) [39].
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Figure 16. Effects of Ellagic acid (A: EA), Kaempferol-3-o-rutin glycoside (B: KA), Gallic acid (C: GA),
Vanillic acid (D: VA), Ferulic acid (E: FA), and Tiliroside (F: TI) on LPS-induced NO release in BV2
cells at 10–160 µM. − indicates that contain, + indicates does not contain. ## represent significant
difference between the representative model group and the control group. * represents significant
difference compared with model group (p < 0.05); and ** represents extremely significant difference
compared with model group (p < 0.01).
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2.6.3. Effects of Six Phenolic Compounds on LPS-Induced TNF-α, IL-1 β, and IL-6 Levels in
BV2 Cells

After BV2 cells were stimulated by 1 µg/mL LPS for 24 h, the cell supernatant was
treated with an ELISA kit, and the results showed that the levels of TNF-α, IL-1β, and
IL-6 cytokines in the LPS group were significantly higher than that in the control group
(##, p < 0.01), which indicated that the model was successful. The drug dose group was
treated with prophylactic administration for 4 h before treatment, and the experimental
results are shown in Figures 17–19. The results showed that the levels of inflammatory
factors (TNF-α, IL-1β, and IL-6) were significantly decreased at high, medium and low
concentrations (160, 80 and 40 µM) of ellagic acid, but the level of TNF-α was not signif-
icantly decreased at 40 µM concentrations. At high, medium and low concentrations of
kaempferol-3-o-rutoside, the levels of inflammatory factors decreased, and the decrease
was more obvious with the increase in dose. At 160 µM, the inhibition effect on the release
of inflammatory factors was the best. Coincidentally, the inhibitory effect of gallic acid on
the release of inflammatory factors is similar to that of kaempferol-3-o-rutoside. Vanillic
acid has a significant inhibitory effect on the release of TNF-α and IL-6 in high, medium
and low concentrations (p < 0.01). And in medium and low concentrations, it also has an
obvious inhibitory effect on the release of IL-1β. However, at 160 µM, the inhibitory effect
was not obvious. Ferulic acid significantly inhibited the release of inflammatory factors
at high and low concentrations, but the inhibitory effect of the 40 µM concentration was
better than 160 µM. The levels of inflammatory factors decreased at high, medium and low
concentrations of tiliroside, with a significant difference (p < 0.05). Moreover, the inhibition
effect of a low concentration of 40 µM was better than that of a high concentration of 160 µM.
In general, the inhibitory effects of ellagic acid, tiliroside, and kaempferol-3-o-rutoside were
better than those of gallic acid, ferulic acid, and vanillic acid.
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Figure 17. Effects of Ellagic acid (A: EA), Kaempferol-3-o-rutin glycoside (B: KA), Gallic acid (C: GA),
Vanillic acid (D: VA), Ferulic acid (E: FA), and Tiliroside (F: TI) on LPS-induced IL-6 in BV2 cells at
high (160 µM), medium (80 µM) and low (40 µM) concentrations. − indicates that contain, + indicates
does not contain. ## represent significant difference between the representative model group and
the control group. * represents significant difference compared with model group (p < 0.05); and
** represents extremely significant difference compared with model group (p < 0.01).
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Figure 18. Effects of Ellagic acid (A: EA), Kaempferol-3-o-rutin glycoside (B: KA), Gallic acid (C: GA),
Vanillic acid (D: VA), Ferulic acid (E: FA), and Tiliroside (F: TI) on LPS -induced TNF-α in BV2 cells at
high (160 µM), medium (80 µM) and low (40 µM) concentrations. − indicates that contain, + indicates
does not contain. ## represent significant difference between the representative model group and the
control group. ** represents extremely significant difference compared with model group (p < 0.01).
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Figure 19. Effects of Ellagic acid (A: EA), Kaempferol-3-o-rutin glycoside (B: KA), Gallic acid (C: GA),
Vanillic acid (D: VA), Ferulic acid (E: FA), and Tiliroside (F: TI) on LPS -induced IL-1β in BV2 cells at
high (160 µM), medium (80 µM) and low (40 µM) concentrations. − indicates that contain, + indicates
does not contain. ## represent significant difference between the representative model group and
the control group. * represents significant difference compared with model group (p < 0.05); and
** represents extremely significant difference compared with model group (p < 0.01).



Molecules 2022, 27, 6893 19 of 28

3. Discussion

Many studies have reported that phenolic compounds have different biological effects
on human health, which can combat many chronic diseases, such as cardiovascular diseases,
neurodegenerative diseases, and cancer [40]. However, its potential for disease prevention
has not been well explored. Ellagic acid is a phenolic component with a high content
in raspberry and has multiple biological activities. It has antioxidant, anti-inflammatory,
anti-virus, anti-cancer, and other pharmacological activities [41,42]. The traditional sep-
aration technology used in traditional Chinese medicine is costly and time-consuming
and does not provide the best separation effect. The application of molecular imprinting
technology in solid-phase extraction can solve this problem well. It has the advantages of
specific adsorption and high separation efficiency and greatly improves the unsatisfactory
phenomenon of traditional separation technology [43].

Although traditional methods for the purification of polyphenols, such as liquid
chromatography, column chromatography, and high-speed current chromatography, are
effective, they are usually labor-intensive and time-consuming. Therefore, it would be
advantageous to develop a method for rapidly purifying polyphenols [44,45]. In this
study, molecularly imprinted polymer technology was used to fast separate phenolic
compounds from raspberry ethyl acetate extracts. Ellagic acid was used as a template
molecule to synthesize molecularly imprinted polymers (MIPS) with specific adsorption
capacity for phenolic components similar to ellagic acid. Moreover, the ethyl acetate
fraction of raspberry has been shown to have an anti-Alzheimer’s effect [46]. And the
flavonoid components of raspberry have significantly improved the learning and memory
abilities of naturally aging rats and kidney yang deficiency dementia rats, but it is still
unknown whether the phenolic components in the ethyl acetate fraction are the main active
compounds responsible for this effect or not. Therefore, this study was conducted.

Silica gel, as a carrier in the surface polymerization process, has the characteristics of
high adsorption performance, good thermal stability, and stable chemical properties [47].
In the polymer synthesis process, the corresponding synthesis conditions were optimized
first, such as the optimal reaction time was 90 min, the optimal microwave synthesis power
was 200 W, and the optimal volume of the pore-forming solvent was 30 mL. It is generally
consistent with previous studies [48]. The morphology and structure of the synthesized
ellagic acid molecularly imprinted polymer were characterized. In the FTIR spectrum, the
characteristic C=O stretching band at 1722 cm−1 of the EA weakened obviously with the
decrease in intensity, and the OH stretching band at 3476 cm−1 did not have an absorption
peak in the corresponding MIPS spectrum. This may be due to the binding of EA to the
substrate as a template molecule. This indicates that the carbonyl and hydroxyl groups of
EA participate in the polymerization with MIPS [49]. In the SEM image, MIPs has better
size uniformity and better surface smoothness than NIPS under the same magnification,
which also shows that the combination with the template molecule (EA) is successful [20].
In the XRD diffraction pattern, the sharp crystal characteristic peaks at 20.92◦ and 28.1◦

in the EA diffraction pattern disappear in the MIPS diffraction pattern, further indicating
that the template molecule EA has a good combination with the substrate in MIPS [50]. In
the TGA analysis, due to binding with the template molecule, MIPS is more stable than
NIPS before 420 ◦C, and it is not easy to lose weight. The silica gel is more stable than the
silica gel before 320 ◦C because silanized covalent bonds in the silica gel make its properties
more stable. As reported in the literature [51], dynamic and static adsorption performance
tests can effectively detect the adsorption capacity of synthesized MIPS. Whether static
adsorption or dynamic adsorption, the adsorption amount Q of MIPS is much larger than
that of NIPS because the template molecule EA is eluted after binding to the substrate
and leaving imprinted pores. These imprinted pores enable MIPS to selectively adsorb
phenolic components with structures similar to those of EA. Scatchard curve analysis
showed that two types of binding sites, high-affinity sites and low-affinity sites, were
formed on MIPS [52].
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Various separation methods, such as silica gel column chromatography and octadecyl
silane (ODS) column chromatography, are used for the separation of phenolic compounds
from raspberry [53,54]. However, the silica gel column chromatography was able to
separate only five compounds, while octadecyl silane column chromatography separated
six compounds, which included both phenolics and aldehydes, as a result showing poor
selectivity. In this study, the ellagic acid molecularly imprinted polymer was able to
successfully separate six phenolic compounds with good specificity. The ellagic acid
molecularly imprinted polymer has the characteristics of high adsorption performance
and a good separation effect and has high adsorption selectivity for phenolic compounds
with a similar structure to the template molecule like ellagic acid. In addition, according
to previous studies, MIPS shows excellent regeneration performance, selective adsorption
capacity and has good application potential [55].

The synthetic ellagic acid molecularly imprinted polymer was used to extract the ethyl
acetate extract of raspberry, and six phenolic components were qualitatively analyzed by
UPLC-Q-TOF-MS and were identified as ellagic acid, kaempferol-3-o-rutinoside, gallic
acid, vanillic acid, ferulic acid, and tiliroside. Furthermore, molecular docking has been
widely used to predict the bindings of small molecules and drugs to their protein targets
and to predict their binding affinities and activities [56]. Auto dock software and Discovery
Studio software were used to dock the separated six small molecular compounds with IL-6,
TNF-α and IL-1β inflammatory factors and AD disease target proteins, respectively. The
results showed that these six components could be well connected with it. However, the
binding energy and docking fraction of ellagic acid, tiliroside, and kaempferol-3-o-rutoside
were better than those of gallic acid, ferulic acid and vanillic acid. This is similar to the
results of other researchers [57,58]. The docking results show that ellagic acid has the best
docking effect with the GSK-3β target protein, tiliroside has the highest docking score with
the PDE4A target protein, kaempferol-3-o-rutoside can dock well with α7nAchR target
protein, gallic acid can dock well with the CDK5 target protein, ferulic acid can dock with
γsecretase target protein, and vanillic acid can dock well with the CDK5 target protein.

In in vitro cell experiments, a concentration gradient range of 10–160 µM is selected
because, within this concentration range, the cell survival rate of BV2 cells is more than 80%,
which also indicates that co-culture of these six phenolic components with LPS will not
cause toxic effects on BV2 cells [59]. Even in some concentration ranges, it is beneficial for
the proliferation of BV2 cells. Furthermore, we detected the concentration of NO released
from the supernatant of BV2 cells induced by LPS using the Griess method. It was found
that these components inhibited the release of NO well compared with the LPS group in
the concentration range of 10–160 µM. The ELISA kit was used to detect inflammatory
mediators induced by LPS in the supernatant of BV2 cells. The results showed that under
the action of high, medium, and low concentrations (160, 80, and 40 µM) of these phenolic
components, compared to the LPS group, the concentration of IL-6, TNF-α and IL-1β
was significantly inhibited. The inhibitory effect of ellagic acid, kaempferol-3-o-rutoside,
and gallic acid on inflammatory mediators was better at high concentrations than at low
concentrations. However, the inhibitory effect of vanillic acid, ferulic acid, and tiliroside
at low concentrations was better than that at high concentrations. This may be because
different concentrations of different drugs have different sensitivities to cell effects and
therefore have certain differences in drug efficacy [60]. Overall, these phenolic compounds
have protective effects on LPS-induced inflammation in BV2 cells. Coincidentally, the
results of cell experiments correspond to the results of molecular docking, and the effects
of ellagic acid, tiliroside, and kaempferol-3-o-rutoside are better. This also shows that
molecular docking technology can effectively predict the relationship between the active
ingredients of drugs and diseases. We believe that the results presented in this paper are of
great significance for the application of molecular imprinting technology to the separation
of active ingredients from traditional Chinese medicine. The effects of these six compounds
on the secretion of inflammatory mediators in BV2 cells have a certain reference value
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for the treatment of neuroinflammation by phenolic ingredients and provide a systematic
pharmacological basis for the anti-Alzheimer’s disease effect of phenolic ingredients.

4. Materials and Methods
4.1. Chemicals and Reagents

Ethylene glycol dimethyl methacrylate, 4-ethylene pyridine, and silane coupling agent
KH-570 were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Azo diisobuty-
ronitrile was acquired from the Tianjin Guangfu Fine Chemical Research Institute (Tianjin,
China). Acrylamide (AM) was purchased from Shanpu Chemical Co., Ltd. (Shanghai,
China). The silica gel (30 to 40 µm) was supplied by Dingkang Silica Gel Co., Ltd. (Qing-
dao, China). Six phenolic compounds (ellagic acid, kaempferol-3-o-rutinoside, gallic acid,
vanillic acid, ferulic acid and tiliroside) were purchased from ERFA Biotechnology Co.,
Ltd. (Chengdu, China). BV2 cells were purchased from Procell Life Technology Co., Ltd.
(Wuhan, China). Lipopolysaccharide, 0.25% trypsin-EDTA solution, and high glucose
medium DMEM were obtained from Solarbio Co., Ltd. (Beijing, China). Fetal bovine
serum was procured from Procell Company (America). PBS was supplied by Biochem Co.,
Ltd. (Shenzhen, China). The CCK8 reagent test kit was purchased from KGI Bio (Suzhou,
China). The ELISA kit was purchased from Enzyme Immunoassay Industrial Co., Ltd.
(Suzhou, China).

4.2. Instruments

The following instruments were used in this study: Microwave extractor (Xinyi Mi-
crowave Chemical Technology Co., Ltd. Shanghai, China), Sartorius BS214-D Balance
(Sedris Scientific Instruments Co., Ltd., Beijing, China), KQ3200 ultrasonic cleaner (Kunshan
Ultrasonic instrument Factory, Suzhou, China), Automatic triple water distiller (Yarong
Biochemical Instrument Co., Ltd., Shanghai, China), Uv-1750 UV spectrophotometer (Shi-
mazu Technology Co., Ltd., Beijing, China), Soxhlet extractor (Nanchang University Glass
Instrument Factory, Nanchang, China), GT10-1 high-speed desktop centrifuge (Beijing
Times Beili Centrifuge Co., Ltd., Beijing, China), Quanta 250 scanning electron micro-
scope (Oregon, USA), Triple TOF5600 + mass spectrometer, Shimadzu Corporation (Jingdu,
Japan), multi-function microplate reader from Biotek (Winooski, VT, USA), X-ray diffrac-
tometer (TD-3500 X-ray diffractometer, Shanghai, China), Thermogravimetric analyzer
(TG/DTA6300, Seiko, Jingdu, Japan), FT-IR spectrometer (Spectrum Two Platinum spec-
trometer, Elmer, Waltham, MA, USA), ultra-clean workbench from purification company
(Suzhou, China), and inverted microscope from Leica (Wetzlar, Germany).

4.3. Synthesis of Ellagic Acid Imprinted Polymers by Silica Gel Surface Polymerization
4.3.1. Silica Gel Acid Activation

Silica gel (100 g) was activated by adding 50% concentrated hydrochloric acid (v/v),
and the solution was then refluxed for six hours, cooled, washed with distilled water,
vacuum dried for 12 h at 80 ◦C, and stored in a brown reagent bottle for later use.

4.3.2. Silanization of the Silica Gel Surface

During this experiment, 50 g of acid-activated silica gel and 20 mg of silanization
reagent were added to 250 mL of anhydrous toluene. A reaction temperature of 95 ◦C was
maintained, a stirring speed of 300 rpm was used, a microwave was used for 2 h under
nitrogen protection, and a microwave power of 100 watts was used to reflux the reaction
for a specified period of time. Then it was filtered, transferred to a Soxhlet extractor, and
extracted with absolute ethanol for 12 h to remove impurities. Finally, it was vacuum dried
at 80 ◦C for 12 h to obtain the silanized silica gel [61].

4.3.3. Preparation of Ellagic Acid Imprinted Polymer on the Silica Gel Surface

The presence of high levels of active phenolics in the ethyl acetate fraction of raspberry
gives ellagic acid a significant advantage over other components as template molecules [62].
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Several in vitro and in vivo studies have demonstrated the anti-cancer, anti-viral, anti-
oxidant, and anti-chronic disease properties of ellagic acid [63]. Therefore, ellagic acid was
chosen as a template molecule. The ellagic acid imprinted polymer was prepared by the
following procedure. Briefly, ellagic acid (40 mg) was completely dissolved in 10 mL of
dimethyl sulfoxide, and then the surface silanized silica gel (5 g) was added, stirred and
mixed at room temperature. Then 4-vinyl pyridine (54 µL), ethylene glycol dimethacrylate
(225 µL), and azobisisobutyronitrile (39 mg) were added. Finally, it was transferred to a
three-neck flask containing 30 mL of carbon tetrachloride. During this process, a microwave
extractor with a power output of 100 watts was used. The reaction was refluxed at 60 ◦C
for 1.5 h, followed by extraction with methanol and acetic acid (9:1, v/v) in a Soxhlet
extractor in order to remove template molecules from the polymer. Afterward, it was
centrifuged at 5000 rpm until no template molecules were detected in the supernatant.
Lastly, it was neutralized with methanol in order to obtain MIPS. The final product was
dried in a vacuum oven at 60 ◦C before use [64]. The blank molecularly imprinted polymer
(NIPS) was prepared in the same way as above; however, no template molecule was added.

4.4. Characterization of the Polymer Structure
4.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The vacuum-dried molecularly imprinted polymer, template molecule (EA), substrate
(4-VP), and crosslinking agent (EGDMA) were evaluated by Fourier transform infrared
spectroscopy. All FTIR spectra were collected in the spectral region of 4000–400 cm−1.

4.4.2. Scanning Electron Microscope (SEM)

Surface topology differences between MIPS and NIPS were compared by high-resolution
scanning electron microscopy [65].

4.4.3. X-ray Diffraction (XRD)

XRD studies were performed on the synthesized polymers and the raw components.
The samples were irradiated with monochromatized Cu-Kα radiation and analyzed at the
2θ angle between 10 and 60◦ with 0.02◦ increments and a recording time of 2 s. The voltage
and current used are 30 kV and 15 mA, respectively.

4.4.4. Thermogravimetric Analysis (TGA)

For TGA analysis, the samples (5–10 mg) were added to a standard alumina crucible
and heated from 30 to 600 ◦C at a constant heating rate of 10 ◦C/min under nitrogen gas.

4.5. Dynamic and Static Adsorption Experiments

Molecularly imprinted and blank imprinted polymers were weighed (25 mg) and
added to a flask containing 5 mL of EA standard solution at concentrations of 10, 20,
40, 60, 80 and 100 µg/mL. The polymer was adsorbed at a constant temperature until
saturation was reached, then centrifuged, and the supernatant solution was taken and
diluted appropriately. After that, the adsorption capacity (Q) was determined on the basis
of absorbance using a UV spectrophotometer. Kinetic binding experiments were carried
out similarly, except that the EA concentration was kept constant at 60 µg/mL, and the
determination was made at different time intervals (1, 2, 3, 4, 5, 6, 7 and 8 h). Then, the
adsorption isotherm curve was made based on the Q value and the initial concentration
C0. The adsorption capacity (Q) was calculated using Equation (1), where Q is the static
equilibrium adsorption capacity (µmol/g), C0 is the initial concentration of template
molecules (µmol/L), Cs is the concentration at adsorption equilibrium (µmol/L), V is the
volume of the substrate solution (mL), and M is the amount of polymer used (mg).

Q =
(C0 − CS)V

M
(1)
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In order to better and more intuitively evaluate the adsorption performance of MIPs,
the combination of ellagic acid and target molecules is reflected in the Scatchard equa-
tion [66]. The Scatchard equation is shown in Equation (2). The equation describes the
binding action between receptor and ligand, showing that there is no interaction at the bind-
ing site. Where Q is the adsorption amount (µmol/g); Kd is the equilibrium dissociation
constant of the binding site; Qmax is the maximum adsorption amount of the binding site
(µmol/g), CEA is the equilibrium mass concentration of the substrate in the supernatant
(µ mol/L).

Q
CEA

=
Qmax − Q

Kd
(2)

4.6. Solid Phase Extraction from Raspberry (Ethyl Acetate Extract) Using Ellagic
Acid-Imprinted Polymers

Raspberry ethyl acetate extract (0.1 g) was dissolved in 10 mL of methanol, and then
ellagic acid silica gel surface imprinting polymer (2 g) was added and agitated for 1 h.
Subsequently, it was loaded onto a chromatographic column with a diameter of 1.2 cm and
a length of 35 cm. A perforated flat sieve plate is fitted at the bottom. Before use, the column
is washed repeatedly with ethanol and soaked in acetonitrile. The chromatographic column
was pre-balanced with 10 mL methanol. The eluents were acetonitrile and methanol, and
the chromatographic column was washed with 10 mL of acetonitrile followed by 10 mL
of methanol. After collecting the effluents of the washing and elution steps, the methanol
eluent was evaporated to dryness in a nitrogen-blowing water bath, and then methanol
was added to the eluent to make up the final volume of 2 mL. This sample, which contains
phenolic components, was then analyzed by UPLC-Q-TOF-MS analysis.

4.7. Identification of Isolated and Enriched Compounds Based on UPLC-Q-TOF-MS
4.7.1. UPLC-Q-TOF-MS Conditions

Chromatographic conditions: column Waters Symmetry C18 (4.6 mm × 250 mm, 5 µm);
column temperature: 30 ◦C; flow rate: 0.2 mL/min; injection volume: 2 µL; mobile phase
A: acetonitrile and mobile phase B: 0.1% formic acid aqueous solution; Gradient elution:
0–10 min, 5%–13%; 11–15 min, 13%–15%; 16–25 min, 15%–16%; 26–35 min, 16%–40%;
36–45 min, 17%–18%; and 46–60 min, 40%–40%.

Mass spectrometry conditions: The mass spectrometer equipped with a Duo Spray
TM source (AB SCIEX, Vaughan, ON, Canada) was run in a negative ESI mode at a mass
range of m/z 100–1500. The following parameters were set up and used: 500 ◦C ion source
heater; 4500 V ion spray voltage; 40 psi curtain gas; 50 psi ion source gas 1; 50 psi ion
source gas 2; and survey scan. In addition, MS/MS investigation was performed with an
accumulation time of 250 ms for Q-TOF-MS, the accumulation time was 100 ms for MS/MS
analysis, and collision cell inlet voltage was 10 eV, and the collision cell exit voltage was
18 eV. The acquired mass data were imported and analyzed using peak view software
(AB Sciex, Foster City, CA, USA). Moreover, information-dependent acquisition (IDA) was
employed to trigger the acquisition of MS/MS spectra for ions corresponding to the IDA
requirements. The real-time multiple mass defect filter (MMDF) was utilized in the IDA
criteria, and priority was given to the ions matching the mass defect window in acquiring
MS/MS spectra.

4.7.2. Qualitative Analysis Using UPLC-Q-TOF-MS

Following solid phase separation, 2 mL of phenolic extracts are filtered through a
0.22 µm microporous membrane. Then the filtrate is transferred to a liquid phase vial and
analyzed by UPLC-Q-TOF-MS analysis.

4.8. Molecular Docking

Molecular docking is a technique that allows us to rapidly identify active compounds
that have the effect of treating related diseases from a large number of compounds and carry



Molecules 2022, 27, 6893 24 of 28

out relevant pharmacological experiments to determine the mechanism of action of a drug.
Potential targets of Alzheimer’s disease were identified by network pharmacology and the
disease target screening process combined with the TCMSP database. TNF-α, IL-6, and
IL-1β macromolecular and disease target proteins were retrieved from the protein database
(http://www.rcsb.org/pdb/ (accessed on 13 September 2022)). The structural formula of
6 compounds was searched using the ChemSpider database (http://www.chemspider.com/
(accessed on 13 September 2022)), downloaded and saved as a mol format. Molecular
docking is performed on pretreated target proteins using Auto Dock or Discovery Studio
software. The pretreated target proteins are obtained after removing water molecules, polar
hydrogen and protein molecules from the PDB file.

Docking screening experiments were performed by removing the co-crystallized
ligand and docking the prepared ligands to the protein using the same docking parameters.
The binding sites were determined by analyzing the binding of the co-crystallized ligands
and the corresponding factors, such as TNF-α, IL-6 and IL-1β. The docking results were
analyzed, and the docking model with the lowest docking energy or the highest binding
fraction representing the best ligand binding site of the compound was selected. The energy
of the interaction was calculated for each ligand to define its interaction with the receptor,
and the predicted binding interactions between the ligand and the receptor were examined.

4.9. In Vitro Anti-Alzheimer Studies of Isolated and Identified Components
4.9.1. Effects of Isolated Components on the Proliferation of LPS Treated BV2 Cells

BV2 cells were cultured in a high glucose DMEM medium containing 10% fetal bovine
serum and 1% antibiotics (penicillin and streptomycin) and placed in a humidified incubator
at 37 ◦C and 5% CO2. BV2 cells in the logarithmic growth phase were taken, digested with
trypsin, fresh media was added and adjusted the cell density to 1 × 105 cells per mL and
seeded in 96-well plates. Cells were divided into four groups after adhering to the wall:
blank group, control group, LPS group and drug dose group (10, 20, 40, 80 and 160 µM),
with five parallel duplicates for each group. The blank group contained only a medium,
whereas the control group was the cells cultured in a conventional medium. After the drug
dose group was pretreated with drugs for 4 h, the LPS group and the drug dose group were
added 1 µg/mL of LPS treatment for 24 h. The CCK8 solution (10 µL) was then added
to each well, avoiding bubbles, and shaken well using the cross method. After 30 min of
incubation, the OD value was measured using a microplate reader at 450 nm. Equation (3)
was used for the calculation of the cell survival rate per well. Where, As is the absorbance
of the experimental well, Ab is the absorbance of the blank well, and Ac is the absorbance
of the control well.

Cell viability(%) =
(As − Ab)
(Ac − Ab)

× 100 (3)

4.9.2. NO Level Detection Using Griess Method

The cell treatment method is the same as in 2.8.1. After 24 h of culture, the cell super-
natant was taken, and Griess reagent was added. The OD value of different components
was measured at a wavelength of 540 nm.

4.9.3. Detection of TNF-α, IL-1 β, IL-6 Levels by ELISA

The cell suspension (1 × 105 cells per mL) was seeded in 24-well plates with 500 µL of
volume in each well. They were divided into blank group, LPS group, and low-, medium-
and high-dose drug groups (40, 80, and 160 µM). After 24 h of treatment with the same
method, the cell supernatant was centrifuged at 1000× g at 4 ◦C for 15 min, and then the
supernatant was aspirated. Then, it was treated with the solutions provided in the ELISA
kit, and the absorbance was measured at 450 nm with a microplate reader. The content of
TNF-α, IL-1β and IL-6 were calculated according to the standard curve.

http://www.rcsb.org/pdb/
http://www.chemspider.com/
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4.10. Data Processing and Statistical Analysis

The acquired data was processed through Analyst 1.6 software (AB sciex Corp., Fram-
ingham, MA, USA). The compounds were analyzed and identified by Peakview software,
and information such as the names, retention times, molecular formulas, and fragment
ions of the compounds were retrieved. Statistical experimental analyzes were performed
using GraphPad Prism 9.0.1 (GraphPad Software Inc., San Diego, CA, USA), and statistical
differences were considered significant if the (p-values were < 0.05).

5. Conclusions

This study utilized molecular imprinting technology to extract phenolic compounds
from the ethyl acetate extract of raspberry that is similar to the template molecule ellagic
acid. In addition, UPLC-Q-TOF-MS analyses revealed six phenolic compounds (ellagic
acid, kaempferol-3-o-rutinoside, gallic acid, tiliroside, ferulic acid, and vanillic acid) that
may be effective in treating Alzheimer’s disease. The binding of these six components
to inflammatory mediators (IL-6, TNF-α, IL-1β) and Alzheimer’s disease-related protein
targets was studied by molecular docking technology, and it was found that these six
components all have low binding energy and good binding fraction. And the docking
results of ellagic acid, tiliroside and kaempferol-3-o-rutoside were better. These compounds
are both safe and beneficial to the proliferation of BV2 cells at a certain concentration and
can effectively inhibit the LPS-induced release of inflammatory factors such as NO, IL-6,
TNF-α, and IL-1β of BV2 cells. In general, ellagic acid, tiliroside, and kaempferol-3-o-
rutoside have better inhibitory effects. In summary, this study can provide a scientific basis
for the development of ellagic acid surface imprinted polymers for solid-phase separation of
phenolic compounds, as well as provide a theoretical basis for the treatment of Alzheimer’s
disease with phenolic compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27206893/s1, Table S1: Molecular docking results of
the six phenolic compounds with target proteins of AD.
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