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Abstract: Evidence suggests that various hallmarks such as amyloid overproduction, tau dysfunction,
insulin resistance/diabetic mechanisms, and neuroinflammation are associated with Alzheimer’s
disease (AD). This study investigated the bioactive functions of ankaflavin (AK) and monascin (MS) in
the fermented product of Monascus purpureus and found their abilities to ameliorate AD by modifying
several important pathogenic factors including improved cognitive function, reversed behavioral
deficits, reduced hippocampal -amyloid peptide (A) burden, decreased tau hyper-phosphorylation,
and reduced neuroinflammation in the J20 mouse model of AD compared to wild type. Monascus
purpureus fermented product (MPFP) was suggested to act as a peroxisome proliferator-activated
receptor (PPAR)-y agonist and it was compared against the action of a well-known anti-diabetic PPAR-
Y agonist rosiglitazone. MPFP could be a promising therapeutic strategy for disease modification
in AD.

Keywords: Alzheimer’s disease; transgenic J20 mice; Monascus purpureus fermented product; monascin;
ankaflavin; peroxisome proliferator-activated receptor-y

1. Introduction

Alzheimer’s disease (AD), the most common neurodegenerative dementia worldwide,
is characterized by progressive memory and cognitive decline accompanied by functional
and behavioral deficits. AD is neuropathologically characterized by neocortical amyloid
neuritic plaques containing 3-amyloid (Af), neurofibrillary tangles (NFT) composed of
hyper-phosphorylated tau protein, and widespread synaptic and neuronal loss. Brain
A is generated by the coordinated cleavage of the amyloid precursor protein (APP) by
[3-secretase (BACE1) and y-secretase [1], and both monomeric and aggregated forms of Af3
may be neurotoxic [2]. Consequently, A3-mediated release of pro-inflammatory cytokines,
including interleukin (IL)-1§3, IL-6, and tumor necrosis factor (TNF)-«, by brain microglia
and astrocytes, may contribute to synaptic and neuronal demise [3]. Perhaps related to A3
toxicity, abnormal tau hyperphosphorylation leads to intracellular aggregated paired helical
filaments and NFTs, as well as microtubular instability, and axonal transport defects [1].

Recently, type 2 diabetes mellitus (T2DM) has been shown to increase the risk of
dementia, AD, and functional resistance to insulin receptor signaling, which is important
in AD pathogenesis, possibly from dysfunctional insulin receptor substrate [4]. There has
been interest in developing anti-diabetic pharmacologic mechanisms for AD and dementia
therapy [5]. The J20 mouse model is a transgenic animal that overexpresses mutant human
amyloid precursor protein (APP) and is widely used as a model for amyloid deposition
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and pathogenesis in the study of AD. J20 mice recapitulate many AD-like phenotypes,
including synaptic loss, amyloid plaque deposition, and cognitive impairment [6].

Monascus-fermented rice, known as red mold rice (RMR) or red yeast rice (RYR), is
a traditional Chinese fermented food used as a color and flavor enhancer. Recent studies
indicated that RMR and similar products potentially reverse AD neurodegeneration mainly
through the bioactivities of ankaflavin (AK) and monascin (MS). The in vitro studies have
proved the neuroprotective effects of RMR against A31_4¢-induced neurotoxicity in PC12
cells [7], while in vivo treatment of rats with RMR improved memory and reduced oxidative
stress and inflammation [8]. Our research team previously reported that red mold dioscorea,
a red mold fermented product produced from Dioscorea opposite root, contained higher
levels of MS and AK compared to traditional RMR [9]. MS and AK were previously
reported as having numerous clinical effects in non-alcoholic fatty liver, pancreatic disease,
and T2DM, as well as anti-oxidant and anti-inflammatory effects [10]. Studies indicated that
MS and AK both acted as peroxisome-proliferator-activated receptor (PPAR)-y agonists,
initiating transcription of numerous important downstream metabolic genes [11,12]. PPAR
is a ligand-activated type II nuclear receptor highly enriched in adipose tissue. It plays
multiple physiological roles in regulations of systemic glucose and lipid metabolism and in
the suppression of proinflammatory gene expression, and it is related in AD pathogenesis.
Specifically, PPAR-y agonists might mitigate disease-related pathology and have been
found to improve learning and memory in AD animal models [13]. The thiazolidinedione
PPAR-y agonist and rosiglitazone (Ros) were reported to be significantly improved memory
and cognition in APP transgenic mice [14].

The aim of the present study was to determine the effects of Monascus purpureus
fermented product (MPFP), enriched in MS and AK, on the amelioration of cognitive
decline and behavioral pathology in the transgenic J20 APP-overexpressing mouse model
of AD. The relation to Ros and the underlying mechanisms with relevance to AD therapy
are discussed.

2. Materials and Methods
2.1. J20 APP Transgenic Mice

Male heterozygous transgenic mice overexpressing the Swedish (670/671xn —Nr.) and
Indiana (717y_y) human APP mutations driven by the platelet-derived growth factor
promoter on a C57BL/6] background (line J20) were used, being obtained from Dr. Irene
H. Cheng’s laboratory (Institute of Brain Science, National Yang-Ming University) (Mucke
et al., 2000). The non-AD mouse model C57BL/6 (B6, wild type control) was purchased
from BioLASCO Co. (Taipei, Taiwan). The genotype of all transgenic mice was analyzed by
PCR analysis on genomic DNA. Mice were housed in a temperature-controlled room (25 °C)
on a 12 h light/dark cycle (lights on at 09.00) with ad libitum access to food and water. The
60-day treatment period commenced at age 4 months old, and the mice were euthanized
at the end of treatments, when cognitive deficits and Af plaques are apparent [15]. All
animals received humane care in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of the National Taiwan Ocean University (IACUC
Approval No. 109029).

2.2. In Vivo Drug Treatments

Dose was calculated according to Boyd’s formula, as recommended by the U.S. Food
and Drug Administration [16]. For a 170 cm tall adult weighing 65 kg, the recommended
daily dietary dose of Monascus purpureus fermented product (MPFP) is 900 mg, containing
6.0 mg of MS and 2.7 mg of AK. In this study, 30 APP transgenic mice were used who
received humane care according to guidelines approved by the Institutional Animal Care
and Use Committee of National Taiwan Ocean University (Taiwan, ROC). The C57BL/6]
mice were randomly assigned to one of five groups. One group (WT group) consisted of
wild-type (WT) mice fed a normal diet (Purina Lab Rodent Diet 5001) and physiological
saline. The other groups were as follows: APP transgenic mice (J20 group; fed a normal
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diet and physiological saline); onefold dose of MPFP (Alx group; fed a normal diet and
13.50 mg/day/kg of body weight (bw), which included 0.09 mg monascin and 0.042 mg
ankaflavin); fivefold dose of MPFP (A5x group; fed a normal diet and 67.50 mg/day/kg
bw, which included 0.45 mg monascin and 0.21 mg ankaflavin); and a group treated with
rosiglitazone (Ros group; fed a normal diet and 5 mg/day/kg bw). Body weights of the
mice were determined weekly.

2.3. Morris Water Maze Test

To assess memory and learning abilities of mice, the Morris water maze (MWM) test
was performed. Mice were placed in a water-filled circular pool of 1.1 m diameter with
four quadrants each marked by geometric patterns. Poor water temperature was set at
25 °C. Tests were conducted in three parts: pre-training, hidden platform test, and probe
test. On the first pre-training day, the platform was set 0.5 cm above the water surface, and
mice were allowed 90 s to search for the platform. Those unable to locate the platform in
time were gently guided and allowed to rest on it for 1 min. In the hidden platform test
conducted between day 2 and 5, the platform was submerged 1 cm below the water surface,
and mice were randomly positioned at one of four starting points during each daily session
and allowed 90 s to locate the platform. Mice unable to locate the platform were again
gently guided. Next, each mouse underwent 4 trials. In the probe test, performed on day
6, the platform was removed, and using a video camera mounted on the ceiling directly
above the pool, randomly placed mice were assessed for swimming tracks and latency
times to the 4 quadrants. All trials were recorded and analyzed using EthoVision software
(Wageningen, The Netherlands).

2.4. Passive Avoidance Test

The passive avoidance test consisted of a shuttle box with light and dark compartments
separated by a sliding door. The bottom of the dark compartment consisted of metal rods
connected to an electrical current delivery device (constant current shocker model 58006,
Lafayette Instruments, Lafayette, IN, USA). Pre-training, shock training, and memory
testing were performed on the mice. On pre-training, day 1, mice placed in the light
compartment were encouraged to enter the dark compartment when the sliding door was
opened. The sliding door was closed for 20 s if they failed to do so spontaneously within 1
min. This was repeated 3 times for each mouse. On day 2, shock training was performed,
where mice placed in the light compartment were again encouraged to enter the dark
compartment through a sliding door. Within 5 min of entering the dark compartment, a
brief electric shock was delivered (100 V, 0.5 mA, 2 s). The mice entered the dark room and
were given an electric shock every three seconds. Additional electric shocks were delivered
until the mice left the dark compartment, and the number of shocks was recorded. On
days 3-5, during the memory test, mice were placed in the light compartment with the
sliding door open, and the retention time (maximum of 5 min) in the light compartment
was recorded as an index of memory function.

2.5. Measurement of AB Levels

In behavioral studies, the mice were euthanized and then brain tissues were recovered.
Hippocampi were dissected on ice according to the method of Morawietz et al. (Morawietz
etal., 2004), and the tissues were stored at —80 °C until use. Hippocampi were homogenized
in 800 mL of 20 mM phosphate-buffered saline (PBS) containing complete protease inhibitor
cocktail (Roche, Basel, Switzerland), 0.1 mM sodium orthovanadate (Na3VOy), and 1 mM
sodium fluoride (NaF). The homogenates were centrifuged at 100,000 x g for 30 min, and
supernatants were used for biochemical assays. Af levels were determined by enzyme-
linked immunosorbent assay (ELISA), using AB1-49 and Af31_4, assay kits according to the
manufacturer’s protocol (Immuno-Biological Laboratories Co., Ltd., Gunma, Japan), and
results are expressed as nmol/g of supernatant protein.
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2.6. Measurement of Phosphorylated Tau, TNF-u, and Acetylcholinesterase Activity

Phosphorylated tau (p-tau) levels were determined by a mice phosphorylated microtubule-
associated protein tau (pMAPT/pTAU) ELISA kit according to the manufacturer’s protocol
(Shanghai, China). TNF-« levels were also determined by a mouse TNF-o instant ELISA
kit according to the manufacturer’s protocol (eBioscience, San Diego, CA, USA). Acetyl-
cholinesterase (AchE) enzyme activity was determined by a QuantiChrom™ AchE assay
kit according to the manufacturer’s protocol (BioAssay Systems, Hayward, CA, USA).

2.7. Gene Expression Analysis by Quantitative Polymerase Chain Reaction

Total RNA was extracted from hippocampal tissue using the miTotal™ RNA extrac-
tion miniprep system following the manufacturer’s instructions (Viogene, Sunnyvale, CA,
USA). Total RNA was subsequently reverse-transcribed into cDNA, using a high-capacity
cDNA reverse transcription kit (Applied Biosystems, Waltham, MA, USA). The samples
were processed simultaneously with (3-actin as internal control. Data were analyzed using
the comparative threshold cycle (AACt) method. The following primer sequences were
used for quantitative polymerase chain reaction (QPCR):

B-actin, forward 5'-CCTGACAGACTACCTCATGAAG-3/, and reverse 5'-CCATCTC-
TTGCTCGAAGTCTAG-3'; CD36, forward 5-GAACCACTGCTTTCAAAAACTGG-3/, and
reverse 5'-TGCTGTTCTTTGCCACGTCA-3’; BACE], forward 5'-CCGGCGGGAGTGGTA-
TTATGAAGT-3/, and reverse 5-GATGGTGATGCGGAAGGACTGATT-3'.

2.8. Immunohistochemistry
2.8.1. AB Immunohistochemical Staining

Brain tissue was fixed in 10% formalin at pH 7.4, alcohol-dehydrated, and paraffin-
embedded. Serial 35 um thick sections were cut using a sledge microtome and collected
sequentially into culture plate wells in an uninterrupted manner. Sections from regions
containing the hippocampus were processed for Af3 immunohistochemical (IHC) staining.
Tissue sections were dried at 56 °C for 12 h, deparaffinized, and hydrated. The sections
were then sequentially dipped in xylene, gradient concentrations of ethanol, and PBS and
treated with 3% hydrogen peroxide for 10 min, followed by several washes PBS at room
temperature. The dewax process used 1.7% dishwasher soap aqueous solution at 90 °C,
which was applied before staining, and this was followed oven drying that was conducted
before cover slipping to eliminate xylene from the staining tasks. Then, the avidin-biotin
complex method was applied for labeling. The sections were treated with 10% normal horse
serum in PBS for the blocking process, and then were placed in primary monoclonal 6E10
anti-} amyloid antibody for 60 min. After washing with PBS, the sections were incubated
with the polyvalent biotinylated antibody agent (1:500) for 45 min and washed again with
PBS. Antibody labeling was detected using diaminobenzidine (DAB) peroxidase substrate.

2.8.2. APP IHC Stain

Up to half of the brains each was sampled and fixed in formalin (10%) for 24 h.
After washing and dehydration, the portion containing the hippocampus was embedded
in paraffin. The tissues were sliced and collected on glass slides and then dried and
deparaffinized (Bancroft and Gamble, 2008). Sections were covered with 3% H,O, in
methanol for 10 min to quench endogenous peroxidase activity and then blocked with
5% bovine serum albumin protein in Tris-buffered saline. After blocking, sections were
sequentially treated with primary antibody (polyclonal rabbit anti-3 amyloid precursor
antibody, LS-B1462, LSBio, Seattle, WA, USA), biotinylated anti-rabbit secondary antibody,
and avidin-labelled peroxidase, and then diaminobenzidine was added for visualization.

2.9. Statistical Analysis

Data are expressed as the mean =+ standard deviation (SD). The statistical significance
of the biochemical analysis was determined by one-way analysis of variance (ANOVA),
and Duncan’s multiple range test was used to compare differences between groups’ model
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procedure through Statistical Product and Service Solutions software (SPSS Institute, Inc.,
Chicago, IL, USA). Possibility of p < 0.05 was applied and considered as a statistically
significant difference.

3. Results
3.1. MPFP Significantly Improved Cognitive Behavior, Learning, and Memory Ability

The determination of MPFP on the effects of reversed cognitive behavioral abnormal-
ities and improved learning and memory ability were conducted using 4-month-old J20
mice. A standard diet fortified with 1x or 5x MPFP or administered rosiglitazone was
provided for 8 weeks. WT littermates were fed as the standard diet during the experimental
period. There were no significant differences found in the body weights of mice between
groups over the treatment courses (data not shown).

The behavior, learning, and memory schedule of the animal experiment occurred
during weeks 7-8. Passive or active avoidance fear conditioning with MWM is often used
in animal behavioral testing, in which animals rely on different motor and sensory abilities;
these tests can be performed reliably on the same animal [17]. The passive avoidance test
was applied in this study to evaluate the development of fear memory in mice. During
the shock training, untreated J20 mice received significantly more shocks than the WT
mice, indicating that J20 mice had impaired fear memory. Figure 1a shows the number
of times that each group was subjected to electrodes during the second day of electric
shock training. It can be found that the average number of electric shocks in the J20
group was about six times, which is significantly higher than that in the wild-type control
group. It is inferred that the J20 mouse has a difficult memory formation in terms of
avoiding the dark room. Conversely, mice in the Alx, A5x, and Ros groups displayed
significantly lower numbers of shocks than those in the J20 group, with performance
comparable to WT animals (Figure 1a). Thus, Alx, A5x, and Ros treatment in the setting of
APP overexpression appeared to restore normal fear memory development compared with
untreated J20 mice. As shown in Figure 1b, 3-day consecutive memory trials following
shock training showed significantly reduced light compartment latency times for untreated
J20 mice compared with WT mice, especially over repeated attempts. This indicates that
MPFP slightly improved learning and memory in the J20 AD mice.

Moreover, spatial learning and memory, as evaluated by MWM, was significantly
improved in the Alx, A5x, and Ros treatment groups compared with untreated J20 mice,
and approaching performance of WT mice (Figure 1c). Pre-training, performed on day
1, revealed no significant differences in visual or motor memory performance among the
groups. On the hidden platform test (days 2-5), untreated J20 mice required a consider-
ably longer duration locating the platform than WT mice, and their search time did not
measurably decrease over four consecutive training days, consistent with impaired spatial
learning and memory. The Alx, A5x, and Ros groups, however, were significantly faster at
locating the platform and had progressively decreasing search times across the training
period compared with untreated J20 mice, indicating improved learning and memory.
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Figure 1. Effects of MPFP on memory and learning in J20 mice. (a) Electric shock training for the
passive avoidance task. (b) Latency time to the light chamber. (c) Water maze test search for the
hidden platform. (d) Latency and (e) frequency to the target zone for mice in the probe test. The
C57BL/ 6] mice were randomly assigned to one of five groups. One group (WT group) consisted of
wild-type (WT) mice fed a normal diet (Purina Lab Rodent Diet 5001) and physiological saline (WT
group, ®). The other groups were as follows: APP transgenic mice (J20 group; fed a normal diet and
physiological saline, O), onefold dose of MPFP (Alx group; fed a normal diet and 13.50 mg/day/kg
of body weight (bw), which included 0.09 mg monascin and 0.042 mg ankaflavin, ¥), fivefold dose of
MPEFP (A5x group; fed a normal diet and 67.50 mg/day/kg bw, which included 0.45 mg monascin
and 0.21 mg ankaflavin, A), and a group treated with rosiglitazone (Ros group; fed a normal diet and
5 mg/day/kg bw, B). Each value is expressed as a mean & SD (n = 6). * p < 0.05 versus J20 group.
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As an index of memory function, a 90 s spatial probe trial was also conducted on day 6
of the MWM with the platform removed to assess duration time in the target zone platform.
As shown in Figure 1d, memory-impaired J20 mice spent markedly less time in the target
zone than WT mice, but the Ros, Alx, and A5x groups all showed significantly increased
retention time in the target zone compared with J20 mice, suggesting that the treatments
ameliorated spatial memory dysfunction. Although latency time to the target zone is a
useful indicator of spatial memory, it may not be as reliable under certain conditions, such
as when mice linger at the target zone boundary line. Therefore, the frequency of entering
into the target zone as a confirmatory index of spatial memory retention was measured
as well. As illustrated in Figure le, Alx and A5x mice, along with WT and Ros groups,
had significantly higher target zone entry frequencies than those in the J20 group, further
confirming spatial memory improvement in the treated and J20 groups. Additionally, to
visually confirm spatial memory improvement, swimming tracks of the mice were recorded.
Mice in the untreated J20 group clearly displayed directionless and random search patterns
almost encompassing the entire pool, whereas the search patterns of the Alx, A5x, and WT
were focused primarily on the target zone (Figure S1). Collectively, similar to treatment
with Ros, treatment of J20 APP transgenic mice with MPFP significantly improved learning
and memory when compared with untreated J20 mice.

3.2. MPFP Treatment Reduced Brain AB Levels

To determine the impact of MPFP on brain amyloid production, hippocampal Af3
levels in J20 transgenic mice were determined by ELISA after 60 day of treatment. Mice in
the Alx, A5x, and Ros groups all showed significantly lower hippocampal Ap1_49 levels
compared with untreated J20 mice (Figure 2a). The treatment of MPFP at either dose
appeared as effective as Ros treatment in lowering A{31_49. Moreover, hippocampal A31_42
levels were also significantly reduced (Figure 2b) in treated mice compared with untreated
J20 transgenic mice. For Ap1_40 and Af31_42, a dose response reduction in A levels was
observed with increasing doses of MPFP.

In the neuropathology observation, J20 mice exhibited hippocampal APP expression,
while no A plaques were found in 1x or 5x MPFP-treated, Ros-treated, or WT animals
(Figure 2¢,d), suggesting that 1 x or 5x MPFP might suppress hippocampal amyloid plaque
formation. MPFP appeared to rescue memory impairment in J20 mice in association with
reduced hippocampal amyloid burden.

3.3. MPFP Enhanced Brain Cholinergic Activity in J20 Mice

Basal forebrain cholinergic deficit is a consistent feature in AD [18] that is targeted by
ACHhE inhibitor therapy [19]. The brain cholinergic activity was determined by measuring
AChE activity. AChE activity was low in WT mice, while untreated J20 mice showed
high activity. The hippocampal AChE activities were high in all treated and untreated ]J20
transgenic mice compared to WT. However, the administration of 1x or 5x MPFP or Ros
to J20 mice showed significantly inhibited AChE activity (Figure 3a) compared to untreated
J20. MPFP treatment was found the possibility of partially restore cholinergic function.

3.4. Effect of MPFP on TNF-a and Neuroinflammation

Upregulation of the pro-inflammatory cytokine TNF-« resulted the acceleration of
AD pathogenesis and the cognitive decline in AD [20]. Hippocampal TNF-« levels were
found markedly higher in J20 mice than in WT, suggesting that amyloid overexpression is
associated with a pro-inflammatory state (Figure 3b). Treatment with 1x or 5x MPFP or
Ros significantly decreased TNF-a levels, as well hippocampal levels, perhaps caused by
whole-brain neuroinflammation in the J20 mouse model.



8of 12

tion 2022, 8, 193

Fermenta

(U}

o (= o
N =3 © © < ~N
- -

1
000000
00000

® (upejoud Buw/Bd) jaas) 0¥} ejeq plojhwy

5

ampus of J20 mice. (a) AR levels;
mined using immunohistochemical staining

w0

o

3

2

(U]
Q
o
Q.
B
= <
)
S
=
A B R :
(%) sndwesoddiy 2
—
- ay} ul uoyssaidxe ddv g
(<=
<
c
o
— " &
S . e s
g 't =
= 5
i - ....m
e O iy B S
v
i 15 i

- S g
2

(b) AP1_47 levels; (c) APP histologic

(brown); (d) Hippoc

sion was exa

ssion levels in each group. Abbreviations for eac

Xpres:

h group are as

J20 group.

s 8 2

ampal APP expr

=6). *p <0.05 versus

+ SD (n

a mean

(o]

ed as

press

in Figure 1. Each value is ex

uw (=1 w
™~ ™~

x
Groups

[
=

=] w =1

(ureyoud Bwyyjun)
IAl}OE 9seda)sauljoyo]

Alx
Groups

Figure 3. Effects of MPFP on AD-r

cholinesterase

ampus of J20 mice. (a) Acetyl-

ch group are as

elated factors in the hippoc
J20 group.

; (b) TNF-« level. Abbreviations for ea

in Figure 1. Each value is

=6). *p <0.05 versus

expressed as the mean & SD (n



Fermentation 2022, 8, 193

9of 12

3.5. MPFP Improved AD-Related Gene Expression

The investigation for the effect of MPFP on AD-related genes in J20 transgenic mice
was designed by examining the brain expression of several AD-relevant genes, including
BACE1, APP, and CD36. The treatments of MPFP and Ros were compared to untreated J20
and WT mice. BACE1 is considered an important factor for the amyloid genic processing
of APP and currently is being used as a target for the development of AD therapies.
As illustrated in Figure S2a, hippocampal BACE1 gene expression in J20 mice treated
with 1x or 5x MPFP or Ros versus untreated J20 and WT mice were compared. Similar
to Ros treatment, Alx and A5x treatments significantly reduced BACE1 gene expression.
Furthermore, the effects of MPFP treatment on the APP gene expression in the hippocampus
were tested. The results showed IHC against APP demonstrated considerably higher
hippocampal APP immunoreactivity in J20 mice than in the WT group, which is consistent
with APP overexpression in J20 mice. Interestingly, APP immunoreactivity was higher in
the 1x and 5x MPFP-treated groups than in untreated J20 mice (Figure S2b), indicating
that MPFP treatment augmented APP expression. It is possible that in this model, MPFP-
induced reduction of BACE1 expression leads to reduced APP proteolysis, increased intact
APP, and less Ap.

In order to elucidate the effect of MPFP on the Af-associated neuroinflammatory
response, the gene expression of CD36 scavenger receptor, an index of A[-related microglial
activation [21], was measured. Treatments with both MPFP and Ros significantly increased
hippocampal CD36 gene expression in J20 mice (Figure S2c). Moreover, Alx and A5x
treatments increased CD36 expression in a dose-dependent manner. Taken together, despite
of elevating APP expression, MPFP downregulated brain A3 production not only occurred
by inhibiting BACE1 expression but also by activating CD36-positivemicroglia to facilitate
the clearance of brain Ap.

4. Discussion

In this study, MPFP effects on AD was demonstrated, which significantly improved
learning and memory in the J20 transgenic mouse model of AD. Previously, our group
showed that RMR effectively ameliorated AD symptoms by suppressing A3 40 accumu-
lation, oxidative stress, and the inflammatory response [7]. Several functional factors
contained in RMR, such as azaphilone pigments (anti-inflammatory), y-aminobutyric acid
(neurotransmitter), and lovastatin (anti-lipid agent), were reported as effective matters
against AD pathology in animal models. Another active chemical called statins in RMR
were previously shown to have a very high effect on the reduction of Af3 in a transgenic
AD mouse model [22].

Monascus species produce several functional bioactive pigments, including the yellow
pigments (AK and MS), orange pigments (monascorubrin and rubropunctanin), and red
pigments (monascorubramine and rubropuctamine), of which AK and MS are the major
components [23]. In this study, there is no purified MS and AK used, and only the fermented
product MPFP was tested. This remains a goal for future investigation. Nonetheless, in
previous studies, MS and AK were found to act as PPAR-y agonists [11,12], and numerous
studies have demonstrated the efficacy of PPAR-y agonists in ameliorating disease-related
pathology and improving learning and memory in AD animal models [24]. Consistent with
this, Ros also improved cognition and spatial memory in AD mice by reducing Af3 and
tau pathology [25]. While it remains unknown as to how exactly PPAR-y ameliorates AD
pathology, PPAR-y (and presumably MPFP/MS and AK) probably acts through multiple
mechanisms [13].

As PPAR-y activation may be critical to MPFP/MS and AK bioactivity, Ros was
included in our study, which is a high-affinity thiazolidinedione PPAR-y agonist for com-
parison. Ros is widely used in diabetic therapy, markedly improving insulin sensitivity
through activation of PPAR-y and retinoic X receptor (RXR) and downstream modulation
of PPAR response element (PPRE) binding to gene promoter regions to alter gene tran-
scription. Given the overlap between metabolic disease and neurodegeneration, Ros has
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been a therapeutic target of interest in AD. In APP transgenic mice, Ros has been shown to
improve behavioral performance, activate Wnt signaling, normalize brain glucocorticoid
receptor levels, and decrease insoluble A{342 levels [25-27]. Furthermore, insulin recep-
tor substrate-1/2 in the insulin signaling pathway has been implicated as an important
pathogenic step in AD; Ros could potentially replenish brainIRS-1/2 function, which could
be beneficial in this regard. MPFP (AK and MS) may act in parallel to Ros in these respects.

Moreover, MPFP might alter amyloid processing through PPAR-y signaling [28].
PPAR-y activation might cause binding to the PPRE in the upstream region of the BACE1
gene promoter, thereby suppressing BACEL1 activity. Furthermore, our compound might
exert a neuroprotective effect through a concomitantly increase secreted APP«x (SAPP«) pro-
duction. Neurotrophic and neuroprotective sAPP« is naturally produced via an alternative
APP cleavage pathway that precludes A production [29]. Our research team previously
showed that RMR increases levels of sAPPw, reduces A 340, prevents neurodegeneration,
and improves cognition in rats [30]. As MPFP (MS, AK) is very similar to RMR, it is likely
that it also promotes sAPP«x production, which will be investigated in the future.

Other mechanisms by which MPFP might ameliorate neurodegeneration in AD include
a reduction of tau aggregation and modulation of neuroinflammation. Tau dysfunction
in AD brains leads to aberrant formation of aggregated forms such as paired helical fil-
aments and NFTs, which likely interfere with axonal transport. Indeed, in our study,
both Ros and MPFP significantly reduced hippocampal tau phosphorylation. PPAR-y
could potentially reduce pTau through modified Wnt signaling, reduced GSK3f3 activity,
and increased f-catenin [31]. Furthermore, PPAR-y activation has been shown to reduce
tau phosphorylation in vitro via a non-Akt-dependent pathway through nuclear translo-
cation of phosphoinositide-dependent protein kinase 1 (PDK1) and reducing cytosolic
phosphorylated 70 kDa ribosomal protein kinase (p705S6) and phosphorylated mammalian
target of rapamycin (mTor) [32]. Alternatively, both Ros and the thiazolidinedione troglita-
zone decreased CDK5-induced tau phosphorylation through proteosomal degradation of
p35 [33]

Mediated by various cytokines, neuroinflammation in the AD brain triggers microglial
activation in response to aggregated A to facilitate phagocytic AP clearance [34]. Previ-
ously, PPAR-y agonists showed increased phagocytic clearance of amyloid by activating
microglia [35]. Our finding proved that Ros and MPFP both upregulate hippocampal
CD36, which was expressed on the microglial surface in relation to A phagocytosis,
in a dose-dependent manner in J20 mice, suggesting that PPAR-y activation might un-
derlie beneficial neuroinflammatory mechanisms enhancing A clearance. In addition,
our compound also reduced the secretion of harmful pro-inflammatory cytokines such
as TNF-«, which was previously shown to inhibit Af3 clearance in AD [36]. Therefore,
further research is required to elucidate the effect mechanisms of beneficial and detrimental
neuroinflammatory activation.

5. Conclusions

As the prevailing framework for AD pathogenesis, amyloid hypothesis predicts that a
reduction in brain A production by inhibiting BACE1 or y-secretase activity, or a decrease
in AP deposition and toxicity through immunotherapy or other strategies, can prevent
disease progression and improve cognitive outcomes. Recently, disappointing results
of AD clinical therapy trials made it increasingly apparent that such an approach might
be of limited efficacy. Briefly, preventing A production or deposition alone might be
important but not sufficient to prevent neurodegeneration and cognitive decline. MPFP
along with MS and AK represent promising therapeutic candidates for AD. They were
tested in the study, likely via many evaluations such as PPAR-y-dependent mechanisms,
reversed cognitive decline, and behavioral deficits in J20 APP transgenic mice. Among the
various possible downstream actions of PPAR-vy, including anti-diabetic effects, inhibition
of BACE1l-mediated A3 production, reduction of aberrant tau phosphorylation, and modu-
lation of neuroinflammation, perhaps the most intriguing possibility is that MPFP might
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shift APP processing from amyloidogenic to pro-neurotrophic sAPPa. Often overlooked as
a factor in AD, sAPP« is essential for normal neurosynaptic activity, and may be a missing
component to a more complete and efficacious disease-modifying therapy for AD [29]. In
use as a traditional dietary supplement, MPFP appears safe in humans, but further work
is required to address questions regarding the mechanism of action and to establish its
precise clinical safety and efficacy in AD patients (Figure S3).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fermentation8050193/s1. Figure S1. Effects of MPFP on the
swimming tracks of J20 mice in the water maze probe test. Figure S2. Effects of MPFP on AD
pathology in the hippocampus of J20 mice. Figure S3. The red lines indicate the possible mechanism
of Monascus purpureus fermented product ameliorating Alzheimer’s disease.
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