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Abstract: Background: High methionine-diet (HMD) causes Alzheimer's disease (AD)-like symp-
toms. Previous studies have shown that Dendrobium nobile Lindle. alkaloids (DNLA) have poten-
tial benefits for AD

Object: The objective of this study has been to explore whether DNLA can improve AD-like symp-
toms induced by HMD.

Methods: Mice were fed with 2% HMD diet for 11 weeks; the DNLA20 control group (20 mg/kg),
DNLA10 group (10 mg/kg), and DNLA20 group (20 mg/kg) were administered DNLA for 3
months. Morris water maze test was used to detect learning and memory ability. Neuron damage
was evaluated by HE and Nissl staining. Levels of homocysteine (Hcy), beta-amyloid 1-42 (AB;.42),
ARTICLE HISTORY S-adenosine methionine (SAM) and S-adenosine homocysteine (SAH) were detected by ELISA.
Immunofluorescence and western blotting (WB) were used to determine the expression of proteins.
CPG island methylation levels were accessed by Methylation-specific PCR (MSP) and MethylTar-
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DOI: duced the 5-methylcytosine (5-mC), AB;40 and AP, levels. DNLA also decreased the levels of
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Cn " showed that DNLA down-regulated the expression of amyloid-precursor protein (APP), presenilin-1
osshdar (PS1), beta-secretase-1 (BACE1), DNA methyltransferasel (DNMT1), AB49 and AP;.4, proteins.

DNLA also up-regulated the proteins expression of insulin-degrading enzyme (IDE), neprilysin
(NEP), DNMT3a and DNMT3b. Meanwhile, DNLA increased CPG island methylation levels of
APP and BACE1 genes.

Conclusion: DNLA alleviated AD-like symptoms induced by HMD via the DNA methylation
pathway.
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1. INTRODUCTION shown that a long-term high-methionine diet (HMD) can
cause AD-like symptoms, i.e., the hyperphosphorylation of
tau protein, increased levels of beta amyloid (AP)-peptide,
increased levels of inflammation, increased oxidative stress,
decreased synaptic protein level, and the dysfunction of the
. ° Wnt signaling pathway [7, 8]. Methionine supplies active
ber' of synapses are the main pathologlcal' features of the methyl to the body changing the gene expression by directly
brain [2, 3]. Although there are many theories related to the participating in DNA methylation reactions; it can also be

pathogenesis of AD [4, 5], none of them can fully explain the transformed into S-adenosylmethionine (SAM) [9]. In addi-

Alzheimer's disease (AD) is a degenerative disease of
nervous system with progressive memory loss and cognitive
dysfunction [1]. The accumulation of amyloid plaques, neu-
rofibrillary tangles, neuronal apoptosis, and decreased num-

pathogenesis of AD. tion, SAM is the main methyl supply in the body and SAM/

Methionine (Met) is one of the sulfur-containing essential Homocysteine (Hey) gi.rculation disorders can lead to DNA
amino acids [6] that the body cannot synthesize by itself and methylation abnormalities that exacerbate the occurrence of
must be obtained from the outside. Importantly, studies have AD [10]. Hey is an important intermediate product that Met

can produce during the metabolism of the body. Hcy is not
only a risk factor for diseases, such as vascular dementia
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homocysteinemia (HHcy) is related to AD-like symptoms
induced by an HMD [14, 15]. Met is the most important me-
thyl donor in the body and methylation is also extremely
important in modifying and processing proteins and nucleic
acids [16]. Therefore, Met can be used as an important nutri-
ent to carry out epigenetic modification of animals.

Epigenetics is a branch of genetics that studies the herita-
ble changes in gene expression when the nucleotide se-
quence of a gene does not change [17], and its main mecha-
nisms include DNA methylation [18], histone modification
[19], and non-coding RNA regulation [20]. DNA methyla-
tion is an important part of epigenetics and one of the earliest
discovered modification pathways. DNA methylation refers
to the transfer of the methyl group on the SAM to the Sth
carbon atom of cytosine under the catalysis of DNA methyl-
transferase (DNMTs) to form 5-methylcytosine (5-mC),
which is a sign of DNA methylation level [21]. The region
rich in CG base sequences is called CpG island, which is the
main site of DNA methylation, but some studies have found
that it may occur in other sequences [22]. Abnormal DNA
methylation levels are closely related to many diseases [23,
24], especially AD [25]. The study of Zhiguang Huo [26]
showed that DNA methylation dysregulation could affect
AD neuropathology. Also, late-onset AD is related to DNA
methylation and it has been confirmed that there is a signifi-
cant difference in the level of extensive and specific DNA
methylation [27]. Double Immunofluorescence staining
(immunofluorescence) found that 5-mC expression level
declined in astrocytes and microglia of AD patients, while
expression in neurons was elevated [28].

Dendrobium nobile Lindl (DNL), a plant of the orchid
family Dendrobium, is a species included in the pharmacope-
ia [29]. Dendrobium nobil Lindl. alkaloids (DNLA) as its
main ingredient can reduce liver damage [30, 31], lower
blood sugar [32, 33], and improve AD symptoms [34]. Our
previous studies have shown that DNLA treatment reduced
the nerve cell damage caused by Ap,s.3s and reduced lactate
dehydrogenase (LDH) leakage. In addition, DNLA also up-
regulated the level of PSD-95m RNA and the protein expres-
sion of SYP and PSD-95, having a protective effect on the
synaptic integrity of cultured neurons [35]. /n vivo study,
DNLA not only reduced the abnormal phosphorylation of tau
protein in the hippocampus neurons of AD model rats [36]
but also regulated the levels of a- and B-secretase in the hip-
pocampus neurons of SD rats [37], and activated the autoph-
agy process to prevent axon degeneration induced by APas.3s
[29]. In an in vivo study, DNLA effectively improved the
cognitive deficits of aged SAMP8 mice [38].

This study used HMD to induce AD-like symptoms to in-
itially explore whether DNLA can reduce AD-like symptoms
induced by HMD. Observing the effect of DNLA to further
clarify the relationship between DNLA improved AD-like
symptoms induced by HMD and DNA methylation, the
pharmacological experimental basis for the development and
application of DNLA has been provided.

2. MATERIALS AND METHODS
2.1. Animals and Drugs

Male C57/BL6 mice (8-week-old, 20-25 g) were pur-
chased from Changsha Tianqin Biotechnology (Grade: spe-
cific pathogen-free [SPF], Certificate no: SCXK (Xiang)
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2014-0011SCXK). Mice were kept in in single cages and
raised in SPF-grade animal facilities, with free access to food
and water and a 12 h light/dark cycle (21-25 °C, 8:00 am-
8:00 pm). All animal procedures performed have been ap-
proved by the animal experimental ethical committee of
Zunyi Medical University. DNLA was isolated from the
stem parts of DNL by our laboratory, which accounted for
78.97% (20170320), as determined by LC-MS/ MS. Our
recent publications have shown the chemical structures and
the chromatograms of DNLA [33, 37].

2.2. Experimental Designs

After 2 weeks of adaptive feeding, C57BL/6J mice were
randomly divided into five groups (n = 15: control group,
DNLA20 control group, HMD group, DNLA10 group, and
DNLA20 group). The control group and the DNLA20 con-
trol group were given normal diet, and the other groups were
given HMD (2%). After 11 weeks of the administration of
diet, the DNLA20 control group (20 mg/kg), DNLA10 group
(10 mg/kg) and DNLA20 group (20 mg/kg) were gavaged
DNLA once a day separately for 3 months. DNLA was dis-
solved in 1% Tween 80. The equal volume of solvent was
used in control and HMD groups. The treatment lasted for 3
months. Morris water maze test was performed to examine
learning memory behavior of the animals. Afterwards, the
mice were euthanized and sacrificed.

2.3. Morris Water Maze Test

Morris water maze test is used to detect the ability of spa-
tial learning and memory [39]. A white circular pool (1200 cm
in diameter and 40 cm deep) was filled with water (22 - 25 °C
and 20 cm deep) 1 cm higher than the hidden circular platform
(10 cm in diameter surface). The platform was located in one
of the four equal quadrants with a computer system (equipped
with a video camera) to automatically capture the data of each
mouse. During the experiment, mice were trained once a day
for four consecutive days. Mice were individually placed into
the water facing the wall and were allowed 60 s to find the
hidden platform. If the mouse stayed for more than 3 s after
finding the platform within the 60 s, the experiment was ter-
minated and the time for the mouse to find the platform was
recorded, which was considered as the escape latency (s). Oth-
erwise, if the animal failed to find the hidden platform within
60 s, the mice were placed back onto the platform for 20 s, and
the escape latency was recorded as 60 s. The mean escape
latency value of the three quadrants was used to estimate the
performance of the mouse on a specific day. The platform was
removed on the fifth day to conduct space exploration experi-
ments. The first quadrant was selected as the water entry point,
the number of times mouse crossed the platform position with-
in the 60 s was recorded, and finally, statistical analysis was
conducted. After the MWM test, mice were euthanized, and
blood samples from the retro-orbital plexus were collected,
one part of the brain tissues was rapidly dissected to separate
the prefrontal cortex and hippocampus on ice and stored at
- 80 °C. Another part of brain tissues was then fixed in 4%
paraformaldehyde solution and waxed.

2.4. Morphometric Analysis
2.4.1. Haematoxylin Eosin (HE) Staining

Briefly, brain sections (5.0 um thick) were dewaxed
twice in xylene (10 min each) and rehydrated with graded
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alcohol (5 min each). Sections were stained with hematoxy-
lin solution (20 min) followed by 1 min rinsing in distilled
water and then differentiation with 1% hydrochloric acid
ethanol (30 s). Then the sections were stained with eosin
solution (2 min) followed by dehydration with graded alco-
hol. HE staining was performed to observe the hippocampus
dentate gyrus (DG) regions and cortex histomorphology.

2.4.2. Nissl Staining

Brain sections (5.0 um thick) were dewaxed twice in xy-
lene (10 min each) and dehydrated with different concentra-
tions of ethanol (5 min each). These were stained with tolui-
dine blue (15 min) at 60 °C, followed by rinsing (5 min) in
distilled water and dehydrating with different concentrations
of ethanol. Thereafter, sections were cleared in xylene and
mounted with neutral balsam. The number of Nissl bodies of
the hippocampus DG regions and cortex has been analyzed
by Image J.

2.4.3. Immunofluorescence Staining

The brain sections (5.0 pm) were in turn cleared in xylene
and dewaxed with graded alcohol, and then the sections were
washed two times with PBS (5 min each) and citrated for anti-
gen retrieval three times (6 min each), dipped in 0.1% Triton-
X- 100 (10 min) and then blocked in goat serum (30 min) at
37 °C. After washing again with PBS, slices were treated with
the appropriate primary antibodies diluted in the blocking so-
lution at 4 °C overnight. The antibodies used were as follows:
rabbit AB;4 (1: 500), anti- ABi4 (1:200), and anti-5-mC
(1:1000). The slices were then incubated with goat anti-rabbit
IgG (H+L) 488 (1:500) at 37 °C (30 min) followed by wash-
ing twice with PBS; DAPI staining (5 min) and washing with
PBS were subsequently performed. The slices were enclosed
with anti-fluorescent mounting tablets. Images were acquired
using a fluorescence microscope (Olympus). The average flu-
orescence optical density of the hippocampus DG regions and
cortex was analyzed by Image J.

2.5. ELISA

After Morris water maze test was conducted, mice were
sacrificed, and serum was collected to analyze Hcy and
ABi.4 levels by ELISA kit. The liver tissue was collected to
detect SAM and SAH levels. Optical absorbance of each well
was measured according to the manufacturer’s instructions.

2.6. Western Blotting (WB) Analysis

Hippocampus and cortical tissues were collected and
homogenized in RIPA lysis buffer with freshly added pro-
teinase inhibitors. After centrifugation (12000 rpm, 15 min),
the protein concentration was determined with BCA protein
quantitative kit. Electrophoretic was used to separate 30 ug
of protein in 8% and 10% SDS —PAGE followed by transfer-
ring onto PVDF membrane. The membrane was blocked
with 5% non-fat milk at room temperature for 4 h. The
membranes were then incubated with the primary antibodies
(AP140 1:1000, ABjy4r 1:500, APP 1:5000, PS1 1:8000,
BACE1 1:7500, DNMT1 1:1000, DNMT3a 1:2000,
DNMT3b 1:500, NEP 1:1000, IDE 1:15000, GAPDH 1:
50000, B-actin 1:10000) at 4 °C overnight. After washing
with TBST. the membranes were incubated with HRP-
conjugated affinipure goat anti-rabbit IgG (1:5000) or HRP-
conjugated affinipure goat anti-mouse IgG (1:5000) for 1 h
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at room temperature. The visualization of blots was conduct-
ed in Gel Imaging using a chemiluminescence detection kit.

2.7. Methylation-specific PCR (MSP)

DNA extraction was performed using the Tissue Ge-
nomic DNA Extraction Kit. To evaluate methylation status,
we performed a sodium bisulfite modification of genomic
DNA followed by a PCR reaction. Finally, agarose gel (2%)
electrophoresis was used to detect the experimental results.
Specific primers were designed with the assistance of the
Methprimer software (Table 1).

2.8. MethylTarget Methylation Detection

DNA methylation level was quantified by the Methyl-
Target™ target region methylation sequencing technique,
which was developed by Genesky BioTech (Shanghai, Chi-
na). Multiple PCR primer panel optimization and bisulfite
treatment were performed after quality detection of genomic.
After the multiple PCR reaction of the target fragment of the
sample, the sample was mixed and gelled, and recovered.
Library quantification and computer sequencing analysis
were conducted to calculate the methylation level of CpG
sites.

2.9. Statistical Analysis

All data have been presented as mean + standard error.
Data were analyzed by SPSS 22.0 statistics software. The
Morris water maze assay was analyzed with repeated
measures analysis of variance ANOVA, followed by Bonfer-
roni multiple comparison tests; one-way ANOVA was used
to analyze the other experiments, and the statistical signifi-
cance of the difference between two groups was determined
using LSD method if equal variance or Dunnett’s T3 method
if missing variance. p < 0.05 was considered as statistically
significant.

3. RESULTS
3.1. Protective Effects of DNLA on Learning and Memory

The learning and memory function was evaluated by the
Morris water maze test (Fig. 1). The results showed that the
escape latency got shorter, and there was a significant differ-
ence found between the control group and the HMD group
on the fourth day in the training period (p < 0.05, Fig. 1B).
Moreover, the number of crossings over the platform posi-
tion within 60 s showed a significant reduction in the probe
test when compared with the control group (p < 0.05, Fig.
1C), and DNLA treatment decreased the escape latency (p <
0.05, Fig. 1B) and increased the number of crossings over
the platform position in the time period of 60 s (p < 0.05,
Fig. 1C). The data showed that the treatment of DNLA im-
proved learning and memory deficits.

3.2. Morphological Changes in Cortex and Hippocampus

HE and Nissl staining is used to observe the morphologi-
cal changes in the hippocampus and cortex; an abnormal cell
damage induced by HMD in hippocampal DG and cortex
regions was observed. It was found that the staining of neu-
rons was abnormal, cortical vertebral body layer structure
was disordered and nuclear shrinkage was present (Fig. 2);
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Table 1. Primers sequences (5°-3”) used on MSP.

Pietal

Gene Sense Antisense Product size(bp) Tm('C)
APP M- GTATACGGAGTATTCGGTGGTTTAC M- CTCGATAAAAAAAATCGCGTC 162 68.3
U- TATATGGAGTATTTGGTGGTTTATGT U- ACTCCTCAATAAAAAAAATCACATC 165 67.4
PS1 M-TTAGTTTTTAGTTTTCGTGGTTTGC M- AACTACCGCTATTTTATTTCCGAC 177 63.5
U-TTTTAGTTTTTAGTTTTTGTGGTTTGT U- CCTCAACTACCACTATTTTATTTCCA 183 64
BACE1 M- GTTTGGAAGATTTCGAAAGTTAC M- AAAAAACCCAACTACATCTAAACG 114 65.4
U- GTTTGGAAGATTTTGAAAGTTATGG U- AAAAACCCAACTACATCTAAACACC 113 64
NEP M- TTTAATTTTATTGGTGAGTTATCGG M- CTCGACCTCTACCCTTACTTAACG 152 62.4
U- TTTAATTTTATTGGTGAGTTATTGG U-CCTCAACCTCTACCCTTACTTAACAC 153 62.1
M: methylated sequence; U: unmethylated sequence; TM: melting temperature
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Fig. (1). Effect of DNLA on the learning, and memory capacity by behavioral test. (A) Representative tracing of Morris water maze test. (B)
The escape latency. (C) The number of crossing over a platform position within 60 s. Note: data are mean + SEM, n = 15, *p < 0.05 vs Con-
trol group; "p < 0.05 vs HMD group. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

the neuronal density of hippocampal DG and cortex regions
was found to be significantly decreased as compared to the
control group (p < 0.05, Figs. 2C, D). After DNLA20 treat-
ment, the damage was found to be improved. The neuronal
density in hippocampal DG and cortex regions was found to
be increased significantly (p < 0.05, Figs. 2C, D) compared
to the HMD group. All these data demonstrate that DNLA
treatment improved damage of the brain in the HMD group.

3.3. Effect of DNLA on SAM, SAH, SAM/SAH, and Hcy
Levels

Compared with the control group, the SAM and SAH
levels of the HMD group did not significantly increase upon
DNLA20 treatment (p > 0.05, Figs. 3A, B), while DNLA
treatment resulted in a significant decrease in SAM/SAH
levels (p < 0.05, Fig. 3C).
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Fig. (2). Effects of DNLA on morphological alterations in the hippocampus and cortex. Sections of the hippocampal DG region and cortex
were obtained and stained with HE and Nissl (magnification, 400x). (A) Representative HE staining cyto-architecture. (B) Representative
Nissl staining cytoarchitecture. (C) Statistics of viable neurons in the hippocampal DG region. (D) Statistics of viable neurons in the cortex
region. Note: data are mean + SEM, n = 6, *p < 0.05 vs Control group; “p < 0.05 vs HMD group. (4 higher resolution/colour version of this

figure is available in the electronic copy of the article).

Compared with the control group, the Hey (p < 0.05, Fig.
3D) levels of the HMD group were found to be significantly
increased; the DNLA20 treatment decreased the level of Hey
(p <0.05, Fig. 3D), as well as the DNLA treatment caused a
decrease in Hey and A4 levels in serum.

3.4. Effect of DNLA on DNMTs

The expression of DNMT3a and DNMT3b proteins in
the cortex of the HMD group (Fig. 4A) was significantly
down-regulated (p < 0.05, Figs. 4B, C), and the expression
of DNMT1 protein was found to be up-regulated when com-
pared with the control group (p < 0.05, Fig. 4D). DNLA20
treatment up-regulated the expression of DNMT?3b protein in
the cortex (p < 0.05, Figs. 4B, C), while there was no signif-
icant change found in the expression of DNMT3a. The ex-
pression of DNMT1 protein in the cortex was found to be
down-regulated after treating with DNLA20 (p < 0.05, Fig.
4D). These results showed that DNLA treatment up-
regulated the DNMT3b proteins expression and down-
regulated the DNMT1 proteins expression in the cortex.

The expression of DNMT3a and DNMT3b proteins in
the hippocampus of the HMD group was found to be signifi-
cantly down-regulated (p < 0.05, Figs. 4F, G), and the ex-
pression of DNMT1 protein up-regulated when compared
with the control group (p < 0.05, Fig. 4H). DNLA20 treat-
ment up-regulated the expression of DNMT3a protein in the
hippocampus (p < 0.05, Fig. 4F), while the DNMT]1 protein
expression in the hippocampus was down-regulated (p <
0.05, Fig. 4H); however, there was no change observed in
the DNMT?3Db protein expression (p > 0.05, Fig. 4G). These
results showed that DNLA treatment up-regulated the ex-

pression of DNMT3a protein and down-regulated the expres-
sion of DNMT1 protein in the hippocampus.

3.5. Effect of DNLA on 5-mC in Hippocampus and Cor-
tex Tissues

The 5-mC content in the hippocampus DG and cortex re-
gions in HMD group (Fig. 5) was found to be significantly
increased as compared to the control group (p < 0.05, Figs.
5B, C). DNLA20 treatment decreased the 5-mC content in
the cortex region (p < 0.05, Fig. 5C). The content of 5-mC in
DG region also decreased, but the difference was not found
to be significant (p > 0.05, Fig. SB). These results showed
that DNLA treatment decreased the 5-mC content in the hip-
pocampus and cortex.

3.6. Effect of DNLA on AB;.4 and AB;4, Levels

Compared with the control group, the AB;4, (p < 0.05,
Fig. 6A) level of the HMD group was found to be signifi-
cantly increased, while DNLA20 treatment decreased the
level of ABi4 (p <0.05, Fig. 6A). The results indicated that
DNLA treatment decreased A4, levels in serum.

The AP;.4, content in the hippocampal DG and cortex re-
gions of the HMD group was found to be significantly in-
creased when compared with the control group (p < 0.05,
Figs. 6B, C). Importantly, DNLA20 treatment significantly
decreased the AP;4, content in the hippocampal DG and
cortex regions (p < 0.05, Figs. 6B, C). The results indicated
that DNLA treatment decreased the A4, deposition in the
hippocampal DG and cortex regions, thereby reducing the
brain damage (Figs. 6D, E)..
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The AP;.40 content in the hippocampal DG and cortex re-
gions of the HMD group (Fig. 7) was found to be significant-
ly increased when compared with the control group (p <
0.05, Figs. 7B, C), while DNLA20 treatment decreased the
APi.49 content in the hippocampal DG region (p < 0.05, Fig.
7B), as well as the cortex region but this difference was not
significant (p > 0.05, Fig. 7C). The results indicated that

*p < 0.05, **p < 0.01 vs. Control group; *p < 0.05 vs HMD group. (4 higher resolution/colour
version of this figure is available in the electronic copy of the article).

DNLA treatment decreased the AB;.4o deposition in the hip-
pocampal DG and cortex regions, thereby reducing brain
damage.

The ABi_49 and AB;4; levels in the cortex and hippocampus
of the HMD group were found to be significantly increased (p
< 0.05, Figs. 8A, B, C, D) when compared with the control
group, and DNLA20 treatment decreased the AP
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and A4 levels in the cortex and hippocampus significantly
(p < 0.05, Fig. 8E, F, G, H). These data indicated that
DNLA treatment decreased the AP_4 and AP;.4; levels in the
cortex and hippocampus.

3.7. Effect of DNLA on AP Generation Pathway

The expression of APP, PS1 and BACEI proteins in the
cortex of the HMD group was found to be significantly up-
regulated when compared with the control group Fig. (9) (p
< 0.05, Figs. 9B, D), while DNLA treatment significantly
down-regulated the expression of APP and BACE! proteins
in the cortex (p < 0.05, Figs. 9B, D); the expression of PS1
protein in the cortex also tended to down-regulate (p > 0.05,
Fig. 9C). These data suggest that DNLA treatment down-
regulated the expression of APP, PS1, and BACE]1 proteins
in the cortex.

The expression of APP, PS1 and BACE] proteins in the
hippocampus of the HMD group was found to be significant-
ly up-regulated when compared with the control group (p <
0.05, Figs. 9F, G, H); DNLA20 treatment down-regulated
the expression of PS1 and BACE] proteins in the hippocam-
pus (p < 0.05, Figs. 9G, H), while the expression of APP
proteins did not exhibit any change. These data indicated that
DNLA treatment down-regulated the PS1 and BACE1 pro-
teins expression in the hippocampus.

*p < 0.05 vs. Control group; “p < 0.05 vs. HMD group. (4 higher resolution/colour version of this figure is available in

3.8. Effect of DNLA on Ap Metabolism Pathway

The expression of NEP protein (Fig. 10) in the cortex of
the HMD group was found to be significantly down-
regulated (p < 0.05, Fig. 10B) while the IDE protein expres-
sion in the cortex did not exhibit any change when compared
with the control group. DNLA20 treatment up-regulated the
NEP protein expression in the cortex (p < 0.05, Fig. 10B).
However, the protein NEP expression showed no change in
the cortex upon treatment with DNLA. These results showed
that DNLA treatment up-regulated the NEP protein expres-
sion in the cortex.

The expression of IDE and NEP proteins in the hippo-
campus of the HMD group was found to be significantly
down-regulated (p < 0.05, Figs. 10E, F) when compared
with the control group; DNLA20 treatment up-regulated the
NEP protein and the IDE protein expression in the hippo-
campus (p < 0.05, Figs. 10E, F). These results indicated that
DNLA treatment up-regulated the NEP proteins and the IDE
protein expression in the hippocampus.

3.9. Effect of DNLA on AP Generation and Metabolism
Related Gene Methylation Level

MSP was used to detect whether the gene CPG island is
methylated in the cortex (Fig. 11). The results showed
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methylation of AR generation and metabolism related gene
CPG island in each group (Fig. 11A). MethylTarget methyla-
tion detection was used to detect methylation level of AP
generation and metabolism related gene CPG island in the

cortex. The methylation levels of APP and BACEI genes
CPG island in the cortex of the HMD group were found to be
significantly decreased (p < 0.05, Figs. 11B, D). However, no
change has been observed in CPG island methylation levels
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in PS1 and NEP genes. DNLA treatment significantly in- 4. DISCUSSION

creased CPG island methylation levels of APP and BACE1

genes in the HMD group (p < 0.05, Figs. 11B, D), while the
CPG island methylation levels of PS1 and NEP genes did not
change after the DNLA treatment (Figs. 11C, E).

This study showed that HMD induced cognitive dysfunc-
tion and caused neuron damage, increasing the overall meth-
ylation level. HMD also down-regulated the expression of
AP metabolism-related proteins, decreased the CPG meth-
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ylation levels of AP production-related genes, and up-
regulated the expression of AP production-related proteins,
finally causing AD-like symptoms. It is worth noticing that
the symptoms have been relieved after DNLA treatment.

Researches have shown that HMD causes cognitive de-
cline and neurotoxicity in the body, leading to AD-like neu-
rodegeneration [40, 41]. We confirmed that 3 months of
DNLA treatment significantly improved learning and
memory deficits of mouse with AD-like symptoms in water
maze test, which was found to be consistent with our previ-
ous results in AD animal models, such as APP/PS1 mouse
[33], APas.3s injection mouse [42], LPS induction model [35]
and SAMPS8 mouse [37, 43].

Cognitive dysfunction is one of the most important clini-
cal manifestations of AD that is closely related to the hippo-
campus DG and cortex regions, leading to cognitive impair-
ment and neuron damage. The hippocampus and cortex are
basic areas for cognitive function in the brain, as well as the
key structures for learning and memory [44]. In patients with
AD, the hippocampus DG and cortex regions are character-
ized by atrophy and neuronal density reduction [45]. HMD
can cause impaired learning and memory by damaging hip-
pocampus and cortex neurons [7], being consistent with oth-
er models [46, 47]. In our study, these pathological changes
were found to be improved in mice with AD-like symptoms
induced by HMD after 3 months of DNLA treatment, which
was in accordance with the results of DNLA in improving
hippocampus and cortical neuron damage in previous studies
[33-36]. However, DNLA could improve the damage of hip-
pocampus CA1 and CA3 regions, while there are no reports
related to DG region [33, 37, 48]. The results of this experi-
ment showed that the damage of the AD-like symptom mod-
el induced by HMD mainly occurred in the hippocampal DG
region, and the DNLA treatment significantly improved this
damage. All these data prove DNLA to have beneficial ef-
fects on AD-related neuronal degeneration.

Methionine can be metabolized into S-adenosine methio-
nine (SAM) under the action of methio-nine adenosyltrans-
ferase (MAT). SAM is one of the major methyl donors that
can be converted to S-adenosine homocysteine (SAH), a
methyl group that will be added to the 5-position carbon at-
om of cytosine to form 5mC, which is involved in epigenetic
modifications under the action of methyltransferase [13].
SAM/SAH is an important indicator of the methylation po-
tential in vivo. The liver is the largest metabolic organ, and
the level of SAM/SAH in the liver can reflect the overall
methylation level [10]. 5-mC is also used to evaluate the
overall methylation level [49]. The general increase of 5-mC
in AD is significantly negatively correlated with the hippo-
campal AP burden in AD patients [50]. In our study, we con-
firmed that HMD increased SAM/SAH and 5-mC levels.
After DNLA treatment, SAM/SAH and 5-mC levels were
found to significantly decrease. These results indicated that
DNLA may regulate SAM/SAH levels by regulating the me-
tabolism of the methyl in the body, thus affecting the meth-
ylation process of DNA and resulting in a decrease in 5-mC
levels.

We further detected some molecular markers related to
methylation to clarify the mechanism of DNLA in reducing
brain damage. DNMT3a and DNMT3b participate in early
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embryonic development and cell differentiation. In the AD
model, the levels of DNMT3A and DNMT3B were found to
be significantly decreased [25]. Further studies have found
that the inhibitory effect of DNMTs can also increase the
protein levels of the APP, - and y-secretase, and overex-
pression of DNMT3b inhibits these levels in vitro [51]. In
the present study, WB results indicated that HMD might
cause AD-like symptoms by inhibiting the expression of
DNMT3A and DNMT3B proteins, and 3-month DNLA
treatment exerted a protective effect by up-regulating the
expression of DNMT3A and DNMT3B proteins. DNMT1
participates in the maintenance of the methylation process by
adding methyl groups based on already methylation gene
sequence, and the down-regulation of its expression may
cause AD [52, 53]. However, WB results of this experiment
showed that HMD increased the level of DNMTI in the
brain, and 3 months of DNLA treatment decreased the level
of DNMT1 protein. This might be related to the level of Hey
in the body, as some studies have shown that increased Hcy
level leads to an increase in cytotoxicity by increasing the
expression of DNMT1 [54]. These results indicate that
DNLA could reduce overall methylation level, thereby exert-
ing a protective effect.

Hcy is an intermediate product of Met metabolism, and
HMD increases the level of Hey in the serum [13]. The lev-
els of Hey and A4, serve as the serum biomarkers of AD
[55, 56], which not only increase the risk of AD but also
further aggravate the symptoms of AD. Our study showed
that HMD led to increased levels of Hey and A4, in serum,
while 3 months of DNLA treatment significantly reduced
their serum levels. Every 5 pumol/L increase in blood homo-
cysteine is linearly associated with a 15% increase in relative
risk of AD-type dementia [57]. Studies involving AD mouse
models have linked high Hey with memory impairment, am-
yloidosis, tau pathology, synaptic dysfunction, and neuroin-
flammation [58]. Therefore, DNLA might reduce the occur-
rence of AD and delay the progression of AD symptoms by
reducing Hecy and A4, levels.

AP deposition is the main pathological feature of AD
[59]. Abnormal deposition of AP can trigger neurotoxic ef-
fects [60], including synaptic damage [61] and neuron death
[62], ultimately leading to AD. The most common subtypes
of AP are A4 and APi4. Compared with AB_49, APj.42 is
more likely to accumulate and form plaques in the brain pa-
renchyma, and A4 tends to reach the cerebral blood ves-
sels and cause amyloid angiopathy [63]. The results of WB
and immunofluorescence confirmed that DNLA reduced
AB1.40 and A4 levels in the brain. AP is mainly produced
by the hydrolysis of APP by f-secretase and y secretase,
while BACE1 and PS1 are the main (-secretase and y secre-
tase [64, 65]. In addition, the degradation of AP mainly de-
pends on the participation of IDE and NEP [66, 67]. Abnor-
mal expression of AR production and metabolism related-
enzymes causes the abnormal aggregation of AP and eventu-
ally leads to AD. Met is a trigger factor for increased levels
of AB-peptides, including the formation of AP oligomers [7].
The results of immunofluorescence and WB showed that
HMD increased the levels of AB;4 and AP in the brain
by up-regulating AP production-related proteins APP, PS1
and BACE1 and down-regulating the expression of AB me-
tabolism-related proteins IDE and NEP. DNLA treatment
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reduced the levels of AB;.4 and AP;4, by down-regulating
AP production-related proteins APP, PS1 and BACE1 and
up-regulating the expression of Ap metabolism-related pro-
teins IDE and NEP; this is consistent with the results of the
previous SD rat neuron and SAMPS8 mice researches [36,
43]. All these results indicated that DNLA improved AD-like
symptoms induced by HMD by reducing brain A levels.

However, whether DNA methylation changes affect the
expression of AP production and metabolism-related proteins
to reduce AP deposition needs further study. The methyla-
tion levels of AD-related genes change when the disease
occurs, such as APP [68], PS1 [69], and BACE1 [70].
SAM/SAH and 5-mC reflect the overall methylation level of
the genome. The methylation level of specific genes is dif-
ferent from the overall methylation level of the genome, so
further detection of AP production and metabolism related
gene methylation level is still needed. CpG islands are the
main areas where methylation occurs. The qualitative analy-
sis of the methylation level of CPG islands related to AP
production and metabolism by MSP showed that the CPG
islands of APP, PS1, BACEI1, and NEP genes in each group
were all methylated. Mutations in the APP gene can lead to
familial AD. DNA in the promoter region of this gene is
completely demethylated in the cerebral cortex of AD pa-
tients [71]. AP can cause an overall decrease in the level of
BACE!1 gene methylation [72]. The DNA methylation stud-
ies of other disease-causing genes and susceptibility genes of
AD such as PS1, NEP, Tau and APOE have not found sig-
nificant differences in methylation in the tissues [73]. Further
results of MethylTarget methylation detection showed that
HMD decreased the methylation level in APP and BACE1
gene CPG islands, leading to AD-like symptoms, and APP
and BACE1 gene CPG islands methylation levels increased
after 3 months of DNLA treatment, thereby inhibiting gene
transcription by reducing APP and BACEI1 protein expres-
sion and improving AD-like symptoms. However, no signif-
icant differences in methylation levels were found in the
CPG islands of PS1 and NEP genes, indicating that HMD
and DNLA may regulate the expression of PS1 and NEP-
related genes and the methylation levels of non-CPG island
gene loci to affect AD development in other ways [74]. The
above results showed that DNLA improved HMD-induced
AD-like symptoms through increasing DNA methylation
levels of APP and BACE1 genes.

This study found that DNLA may improve AD-like symp-
toms caused by HMD through Af production and metabolism.
Moreover, studies have shown that the pathogenesis of AD
involves not only AP deposition but also tau protein phos-
phorylation [7]. However, whether DNLA can affect the level
of methylation of genes related to tau protein phosphorylation
through the methylation pathway, thereby exerting a brain-
protective effect in AD, has not yet been reported; this aspect
still needs to be studied. Only APP and BACE1 genes were
found to be altered after DNLA treatment in the MethylTarget
methylation detection of CPG island methylation related genes
associated with AP production and metabolism. The WB re-
sults showed that the levels of AP production and metabolism-
related proteins changed; however, the whole genome bisulfite
sequencing (WGBS) can be used to detect the methylation
level of specific regions in the next step to find differentially
methylated region (DMR).

Pietal

CONCLUSION

DNLA can reduce the level of Af and the overall meth-
ylation level of the brain by regulating the expression levels,
including AP production-related protein, A metabolism-
related protein, and DNAMTs proteins, and up-regulating the
methylation level of APP and BACEI gene CPG islands,
thereby alleviating HMD induced AD-like symptoms. In
summary, DNLA exerts a brain protective effect via the
DNA methylation pathway.

LIST OF ABBREVIATIONS

5-mC = 5-methylcytosine

AD = Alzheimer's disease

APP = Amyloid precursor protein

AB = Beta-amyloid

AP0 = Beta-amyloid 1-40

AP = Beta-amyloid 1-42

BACEIl = Beta-secretase 1

CPG = Cytosine-phosphate-Guanine

DG = Dentate gyrus

DMR = Differentially methylated region

DNL = Dendrobium nobile Lindl

DNLA = Dendrobium nobile Lindle. Alka-
loids

DNMTI1 = DNA methyltransferasel

DNMT3a = DNA methyltransferase3a

DNMT3b = DNA methyltransferase3b

DNMTs = DNA methyltransferase

Hey = Homocysteine

HE = Haematoxylin eosin

HHcy = Hyperhomocysteinemia

HMD = High methionine diet

IDE = Insulin-degrading enzyme

immunofluorescence = Immunofluorescence staining

LDH = Lactate dehydrogenase

Met = Methionine

MSP = Methylation-specific PCR

NEP = Neprilysin

PS1 = Presenilin-1

SAH = S-adenosine homocysteine

SAM = S-adenosine methionine

VD = Vascular dementia

WB = Western blot

WGBS = Whole genome bisulfite sequenc-
ing
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