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ABSTRACT: Alzheimer’s disease (AD), the most common neurodegener-
ative disease, has limited treatment options. As such, extensive studies have
been conducted to identify novel therapeutic approaches. We previously
reported that rhynchophylline (Rhy), a small molecule EphA4 inhibitor,
rescues impaired hippocampal synaptic plasticity and cognitive dysfunctions
in APP/PS1 mice, an AD transgenic mouse model. To assess whether Rhy
can be developed as an alternative treatment for AD, it is important to
examine its pharmacokinetics and effects on other disease-associated
pathologies. Here, we show that Rhy ameliorates amyloid plaque burden
and reduces inflammation in APP/PS1 mice. Transcriptome analysis
revealed that Rhy regulates various molecular pathways in APP/PS1
mouse brains associated with amyloid metabolism and inflammation,
specifically the ubiquitin proteasome system, angiogenesis, and microglial
functional states. These results show that Rhy, which is blood—brain barrier
permeable, is beneficial to amyloid pathology and regulates multiple molecular pathways.
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Bl INTRODUCTION

Alzheimer’s disease (AD), the most common type of dementia
in the elderly population, is characterized by a deterioration of
cognitive performance including learning and memory
formation as well as behavioral changes. The major neuro-

reported to have beneficial effects in various neurological
disorders including dementia, antiepileptic and antidepressant
effects, and neuroprotective effects in cerebral ischemia.> We
previously reported that administration of Rhy rescues the
impairment of hippocampal synaptic plasticity, a major cellular

pathological changes in AD are the formation of neuritic
plaques (i.e., the extracellular aggregation of amyloid-beta [Af3]
peptides) and neurofibrillary tangles (i.e, the intracellular
accumulation of hyperphosphorylated tau protein in neurons)
along with progressive neuronal loss and brain atrophy.' Most
existing drugs for AD merely alleviate symptoms and are not
effective in all patients. The challenges in developing AD
therapies are due to the multifactorial nature of the disease and
our incomplete understanding of its underlying pathological
mechanisms. The initiation and progression of AD patho-
genesis includes various pathophysiological events such as
aberrant neuronal activity, dysfunction of the neurovascular
unit, and perturbation of immune homeostasis in the brain."”
The perturbation of one of these processes may in turn
dysregulate the others during AD progression. Therefore, it
may be invaluable to identify a therapeutic approach for AD
that has beneficial effects on multiple biological processes.
Rhynchophylline (Rhy), a small molecule isolated from a
traditional Chinese medicinal herb, Uncaria rhynchophylla, is
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mechanism underlying learning and memory, in APP/PS1
mice, a transgenic mouse model of AD." In addition, an isomer
of Rhy, isorhynchophylline, modulates the amyloid pathology
in TgCRNDS8 mice, another AD transgenic mouse model.® It
has been suggested that Rhy may exert its beneficial actions
through the inhibition of the receptor tyrosine kinase EphA4
or blockade of NMDA receptors and Ca*" channels; *° EphA4,
NMDA receptors, and Ca®* channels play critical roles in AD
pathogenesis through modulating distinct biological processes
including synaptic functions, neurovascular functions, neuro-
inflammation, and neuronal survival. Nevertheless, it is unclear
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whether Rhy exerts its beneficial effects in AD through the
modulation of multiple biological processes.

In this study, we examined the roles of Rhy in Af pathology
and microglial activation. Using transcriptome analysis, we also
investigated how this small molecule modulates different
molecular and cellular pathways in the cerebral cortices of
APP/PS1 transgenic mice. Our findings provide insights into
the feasibility of developing Rhy as a therapeutic intervention
for AD and its underlying mechanisms.

Bl RESULTS AND DISCUSSION

We previously demonstrated that oral administration of Rhy
rescues hippocampal synaptic plasticity in APP/PS1 mice.” To
examine the brain access of Rhy, we determined the
pharmacokinetics of Rhy in mouse brains. Table 1 lists the

Table 1. Summary of Pharmacokinetic Parameters of
Rhynchophylline®

brain plasma
Crnax 44273 + 27.38 ng/g 583.20 + 32.86 ng/mL
T ax 55.02 + 9.18 min 30.84 + 2.52 min
ty)y 107.22 + 27.30 min 81.12 + 12.06 min

“Chap Maximum concentration; T, time it takes to achieve C,;
t/5, elimination half-life; for rhynchophylline in mouse brain and
plasma.

pharmacokinetic parameters of Rhy in mouse plasma and brain
after oral administration of Rhy at 50 mg/kg. Rhy was readily
detected in both the plasma and brains of adult mice at 10 min
after oral administration (Figure 1). The maximum concen-
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Figure 1. Pharmacokinetics of rhynchophylline in mouse plasma and
brain after oral administration. Data shown are the amount of
rthynchophylline (Rhy) in mouse plasma (ng/mL) or brain (ng/g)
after administration (mean + SEM). Blood and perfused whole brains
were collected at different time points after a single administration of
Rhy. N = 6 animals per time point.

tration (C,,,) of Rhy detected in the plasma was 583.20 +
32.86 ng/mL at 30.84 + 2.52 min, while C_,, of Rhy detected
in the brain was 442.73 + 27.38 ng/g at 55.02 + 9.18 min after
oral administration (Figure 1 and Table 1). After ~3 h of
administration, the level of Rhy dropped to 10% of C,,, in
both the plasma and brain. These findings demonstrate that
Rhy administered orally in mice can rapidly enter the systemic
circulation and pass through the blood—brain barrier (BBB)
into the brain.

After determining the bioavailability of Rhy in the mouse
brains, we examined whether Rhy administration exerts
beneficial effects on other AD-related pathologies, in addition

to the alleviation of synaptic plasticity dysfunction. Accord-
ingly, we examined the amyloid plaque burden in 6 to 7 month
old APP/PS1 mice after oral administration of Rhy for at least
4 weeks. In APP/PS1 mice treated with the vehicle, we
observed amyloid plaque accumulation in the cerebral cortex
and hippocampus, whereas Rhy administration significantly
decreased the total area of amyloid plaques in both brain
regions (Figure 2A,B). Moreover, we examined the levels of
soluble and insoluble Af in the cerebral cortex in APP/PS1
mice. Soluble Af oligomers are suggested as a causative factor
for synaptotoxicity in AD.” Concordantly, Western blot
analysis showed that Rhy administration significantly reduced
the soluble fractions (i.e., DEA-extracted fractions) of Af in
the cerebral cortices of APP/PS1 mice (Figure 2C,D), whereas
the Af content in insoluble fractions (i.e., FA-extracted
fractions) remained relatively unchanged (Figure 2C,E). In
particular, the levels of Af,_,, and Af,_,, in the soluble
fractions of Rhy-treated transgenic mice cortices were ~30%
and ~20% lower than those in the vehicle-treated condition,
respectively (Figure 2F,G).

The dysregulation of immune homeostasis and inflamma-
tion, critical etiological factors in AD, is highly associated with
the extent of amyloid plaque deposition.” Microglia, the key
immune cell type in the brain, are found in the vicinity of
amyloid plaques and subsequently clear them. Excessive
activation of microglia results in increased production of
inflammatory cytokines, resulting in neuroinflammation.’
While Ibal staining revealed extensive plaque-associated
microgliosis in the cortices of APP/PS1 mice, Rhy
administration significantly decreased the number of plaque-
associated reactive microglia in APP/PS1 mice (Figure 3A—
D). Consistent with this decrease in microglial activation, Rhy
administration also resulted in decreased transcript levels of
various inflammation-associated genes, namely SPP1, GPNMB,
and ITGAX (Figure 3E—G). The SPPI gene encodes the
protein “osteopontin”, which is upregulated in AD plasma.'’
The GPNMB gene encodes a glycoprotein named “osteoacti-
vin” that is highly expressed in microglia. These 2 proteins play
roles in anti-inflammation and tissue repair."'~"> The ITGAX
gene encodes a protein called “integrin, alpha X,” also known
as “CDllc,” which is suggested to mediate inflammatory
responses.’* Notably, these three genes are enriched in
activated response microglia (ARMs), a specific microglial
subtype induced in a transgenic AD mouse model.'' A
decrease of these genes in Rhy-treated APP/PS1 mice suggests
that Rhy reduces the inflammatory status and regulates
microglial functional states in APP/PS1 mouse brains. These
results collectively show that besides rescuing hippocampal
synaptic impairment in APP/PS1 mice," Rhy ameliorates
amyloid pathology and modulates inflammation in APP/PS1
mice.

To study how Rhy ameliorates amyloid pathology, we
examined whether Rhy affects the generation of Af peptides.
Ap peptides are generated through the proteolytic processing
of APP (amyloid precursor protein) by three proteases: a-, f-,
and y-secretase. APP can be cleaved by a- or f- secretase,
yielding the c-terminal fragments of APP (APP-CTFs), C83
and C99, respectively."> Further cleavage of C99 by y-secretase
generates Af peptides. Interestingly, we found that APP-CTFs
were lowered in the brains of Rhy-treated APP/PS1 mice
(Figure 4). Meanwhile, Rhy administration did not affect APP
expression levels (Figure 4). These results suggest that Rhy
may regulate APP processing in different ways: i.e., Rhy may
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Figure 2. Rhynchophylline ameliorates amyloid pathology in APP/PS1
administered with rhynchophylline (Rhy) (50 mgkg™'-day™) for at leas

transgenic mice. APP/PSI transgenic mice at 6—7 months of age were
t 4 weeks. (A,B) Rhy administration leads to decreased amyloid plaque

deposition in APP/PS1 mice. (A) Representative images. Scale bar = 1 mm. (B) Quantification of the area covered by amyloid plaque deposition in
the cortex and hippocampus (>4 sections from each mouse brain, n = 4 brains). Data are presented as mean + SEM, **¥p < 0.001, **p < 0.01,
Student’s t-test. (C—G) Rhy reduces soluble amyloid-beta (Af) levels in APP/PS1 mice. (C—E) Western blot analysis of Af levels in the soluble
and insoluble fractions of the cerebral cortex in APP/PS1 mice. Representative blots (C) and quantitative analysis of soluble (D) and insoluble (E)
AP fractions. Each lane represents an individual mouse (n = 6 mice for Con, # = 9 mice for Rhy). (F,G) Quantitative analysis of Af,_,, and Af,_,,
levels in soluble (F) and insoluble (G) fractions of cortex homogenates using ELISA (fold change compared to Con [vehicle control]; n = 7 mice

for Con, 11 mice for Rhy).

directly affect the generation of APP-CTFs through regulating
the activities of @- or f-secretase,” or it may prevent the
accumulation of APP-CTFs through regulating the expression
of secretases or APP-CTFs by autophagosomal lysosomal
pathway and endoplasmic reticulum-associated degrada-
tion."”"” Moreover, Rhy may regulate y-secretase activity
that facilitates the clearance of APP-CTFs."

As Rhy can regulate multiple molecular targets, it is of
interest to examine how Rhy exhibits its beneficial effects in
AD through its regulation of multiple biological pathways. As
such, we conducted a transcriptome analysis on the cerebral
cortices of APP/PS1 mice after Rhy administration.
Hierarchical clustering of the differentially expressed genes
revealed that three gene modules were differentially regulated
among wild-type (WT) mice, vehicle-treated APP/PS1 mice,
and Rhy-treated APP/PS1 mice (Figure SA). Regarding the
first gene module, while there were no obvious changes in gene
expression between WT and vehicle-treated APP/PS1 mice,
Rhy administration increased the expression level of these
genes (Figure SA). The second gene module included genes

that were downregulated in APP/PS1 mice when compared to
WT mice; these genes were further downregulated in Rhy-
treated APP/PS1 mice compared to those in vehicle-treated
APP/PS1 mice. Meanwhile, the genes in the third gene module
were upregulated in APP/PS1 mice compared to WT mice;
the upregulation of these genes was partially restored in Rhy-
treated APP/PS1 mice (Figure SA).

Regarding the first module of genes, which were upregulated
in the brains of Rhy-treated APP/PS1 mice, Gene Ontology
(GO) and protein—protein interaction (PPI) analyses showed
that these genes are associated with microtubule-based
processes, intracellular transport, cell differentiation, and
proteolysis (Figure SB,C). Proteolysis, a process that includes
the ubiquitin proteasome system (UPS) and autophagosomal
lysosomal pathway (ALP), is critical for the protein quality
control via removal of misfolded proteins or ag§re§ates, and
hence the maintenance of neural cell functioning, 715 Both the
UPS and ALP regulate APP processing in neurons, which
results in the regulation of Af secretion, aggregation, and
degradation; thus, the dysregulation of these processes in
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Figure 3. Rhynchophylline administration leads to amelioration of neuroinflammation in APP/PS1 mice. APP/PS1 mice at 6—7 months of age
were administered with rhynchophylline (Rhy) (50 mg-kg '-day™') for at least 4 weeks. (A—D) Brain sections of APP/PS1 mice were co-
immunostained with antibodies against amyloid-beta (Af) (red; amyloid plaque deposition) and Iba-1 (green; microglia). (A) Representative
images. Scale bar = 100 ym. Quantification analysis of percentage of area covered by microglia (B) and amyloid plaque (C), and area (D) of
plaque-associated microglia (two sections from each mouse brain, n = 3 brains). Data are presented as mean + SEM, *p < 0.0S, **p < 0.01, ***p <
0.001, Student’s t-test. (E—G) Rhy administration modulates inflammatory responses in APP/PS1 transgenic mice. Quantitative PCR analysis
showing the regulation of inflammatory genes in the cerebral cortex in wild-type (WT) and APP/PS1 mice. All measurements are presented as the
expression fold change relative to the average of the WT-Con group. Transcript levels of SPP1 (E), GPNMB (F), and ITGAX (G) (WT-Con, n = §;
WT-Rhy, n = §; APP/PS1-Con, n = 6; App/PS1-Rhy, n = 7). All data are mean + SEM (*p < 0.0S, **p < 0.01, ***p < 0.001; two-way ANOVA

with Tukey’s post hoc test). Con, vehicle control.
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Figure 4. Amount of APP c-terminal fragments decreases in
rthynchophylline-treated APP/PS1 mouse brains. (A) Total mouse
brain lysate was subjected to Western blot analysis for APP-CTFs
(C99 and C83) and APP (actin was used as a loading control). (B)
Quantification analysis of APP-CTFs. Data are presented as mean +
SEM, *p < 0.05, **p < 0.01, Student’s t-test. APP, amyloid precursor
protein; APP-CTFs, APP c-terminal fragments; Con, vehicle control;
Rhy, Rhynchophylline.

neural cells may contribute to AD pathology.'”"® In glial cells,

the UPS is also critical for degrading pathological proteins

(e.g, AP peptides) and mediating neuroinflammation.'” PPI
analysis revealed that most of the genes are components of the
E3 ubiquitin ligase complex in the UPS (e.g, CUL9, FBXL2,
FBXL13, LNX1, MAEA, RNF114, SIAH3, TRIM32, TRIM63,
UBE34, UBRI, and UBR4) or peptidases (e.g, AGTPBPI,
ADAMTS3, ADAMTS10, ADAMTS20, DPP6, MMP7,
MMPI12, MMPI16, USP2, USP4, USP15, USP18, USP24,
USP36, and USP4S). Several upregulated genes (e.g.,
UBE2J1, ERLEC1, HERPUDI, and UBXN4) are associated
with the endoplasmic reticulum-associated protein degradation
pathway. Moreover, some regulated genes are associated with
autophagy regulation (e.g, BAG6, CTSK, CYLD, HDACS,
HERPUDI, SIRT2, TRIM32, UBE4B, UBR4, and USP18). The
present study shows that Rhy administration increases the
proteolytic activity in APP/PS1 mouse brains, which provides
insights into the underlying mechanisms of how Rhy decreases
soluble Af levels and amyloid plaque deposition.

Meanwhile, the genes in the second module are associated
with epithelial morphogenesis, epithelial tube morphogenesis,
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Figure S. Administration of rhynchophylline regulates the transcriptomic signature in the cerebral cortex in APP/PS1 mice. (A) Heat map showing
the relative expression levels of differentially expressed genes (DEGs) in Rhy- versus Con-treated APP/PS1 mice and Con-treated WT mice. (B)
Gene Ontology (GO) pathway analysis of the DEGs. (C—E) STRING protein—protein interaction analysis of the DEGs. All data are mean + SEM.

Con, vehicle control; FDR, false discovery rate; Rhy, rhynchophylline; WT, wild-type.

and neuronal development (Figure SB,D). Many genes in this
module are key signaling molecules that regulate angiogenesis
and affect the vascular network (e.g, ANGPTL4, ANPEP,
BMP7, CXCR4, MMP2, MST1, NOTCH4, NRP2, PLXNDI,
UNCSB, and VEGFA) and functions related to blood flow and
BBB permeability (e.g, ACE, CDHI, JAM3, LRP2, MTHEFR,
SMARCA4, and SYK). Dysfunctions of the neurovascular
system and disruption of the BBB contribute to AD
pathology;”>*" these interfere with the AB efflux from the
brain and allow unwanted molecules or immune cells to enter
the brain,””** which contributes to amyloid plaque deposition,

. . . . 20,21
neuroinflammation, and neuronal dysfunction in AD.

Previous findings suggest that Rhy protects BBB integrity in
rats with subarachnoid hemorrhage. *> Thus, our results
provide additional molecular insights on how Rhy modulates
the functions and/or stability of the neurovascular system,
thereby contributing to the amelioration of amyloid pathology.

Regarding the third gene module, PPI analysis revealed that
these genes are involved in cytokine production, leukocyte
activation, stress response, and immune system processes.
Interestingly, most of these regulated genes are microglial
genes (e.g., AIF1, C1QA, CSARI, CX3CRI, DOCK2, MYOIF,
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SPII, ITGAM, TGFBI, TGFBR2, TLR2, TREM2, and
TYROBP) (Figure SE).”* Microglia, the resident immune
cells in the brain, are critical for maintaining central nervous
system homeostasis. Microglia continuously sense and change
their functional states in response to the environment.
Different subtypes of microglia with unique signatures and
functional properties are present during different developmen-
tal stages as well as in various neurodegenerative diseases and
disorders."*** For example, disease-associated microglia,
microglial neurodegenerative phenotype and ARM are
identified to be induced in response to A accumulation in
various AD mouse models.'">*>” Accordingly, our bulk
transcriptome analysis revealed that the signature genes of
both homeostatic microglia (e.g, CX3CRI, TGFBI, and
TGFBR2) and disease-associated microglia (e.g, TREM2 and
TYROBP) are modulated in Rhy-treated APP/PS1 mice
(Figure SE), suggesting that Rhy may modulate the functional
state transition of microglia in AD.*® Notably, activation of IL-
33 signaling and PU.1 (encoded by IL33 and SPII in this gene
cluster, respectively; Figure SE) induces the state transition of
a microglial subpopulation toward enhanced phagocytic
capacity and Af clearance, thereby ameliorating amyloid
plaque deposition.”””” Nevertheless, further studies, such as
single-cell RNA sequencing analyses, are required to better
understand the beneficial effects of Rhy on regulating
microglial functional state activation and how the transition
of microglia may contribute to the amelioration of neuro-
inflammation in AD.

Our previous study and the present findings indicate that
Rhy ameliorates AD pathology, including the alleviation of
synaptic plasticity impairment and amyloid plaque bur-
den.">?**! Here, we also investigate the molecular mecha-
nisms underlying the beneficial effects of Rhy in AD. While
Rhy is suggested to be an NMDA antagonist and calcium
channel blocker,® we showed that Rhy targets EphA4 through
its ligand-binding domain and that Rhy attenuates Ap-
stimulated aberrant EphA4 activation in APP/PS1 mice."
EphA4, a member of the Eph (erythropoietin-producing
hepatocellular) family of receptor tyrosine kinases, together
with its cognate ligands (i.e., ephrins) signals bidirectionally;
this signaling is important for regulating various cellular
processes of the central nervous system, including synalzatic
plasticity, neuroinflammation, and vascular permeability.”* A
recent genetics study identified a single-nucleotide poly-
morphism proximal to the EPHA4 gene that is associated
with AD.” Neural cells near amyloid plaques and neuro-
fibrillary tangles in patients with AD exhibit increased
expression of the EphA4 protein.’* Besides their impacts on
synaptic plasticity, EphA4 and ephrins mediate microglial
proliferation, microglial phenotype transition, and inflamma-
tory response modulation via signaling between neurons and
microglia.”> Thus, Rhy may alleviate AD pathology by
modulating inflammatory and immune responses in the
brain. It is of interest to examine whether Rhy exerts its
beneficial effects in AD through EphA4 signaling.

In conclusion, Rhy administration alleviates synaptic
plasticity defects, amyloid plaque burden, and neuroinflamma-
tion in AD transgenic model mice. Transcriptome analysis
reveals that Rhy targets specific molecular and cellular
processes, which may contribute to the alleviation of AD
pathologies. Together, these findings suggest that small
molecule Rhy has the potential to be developed as a
therapeutic intervention for AD.

B METHODS

Chemicals and Antibodies. The following antibodies were used:
anti-Af (6F/3D, Dako, Denmark; and 6E10, BioLegend, USA); anti-
Iba-1 (Wako Pure Chemical Industries, USA); and anti-actin (A3853)
and anti-APP (A8717) from Sigma-Aldrich, USA. Rhy was from Baoji
Herbest Bio-Tech, China.

Animals and Drug Administration. APP/PS1 double-trans-
genic mice (B6C3-Tg[APPswe, PSEN 1dE9]85Dbo/]) were obtained
from Jackson Laboratory, USA. The genotype was confirmed by PCR
analysis of tail biopsies. Four to five mice of the same sex were housed
per cage on a 12 h light/dark cycle with food and water ad libitum.
Mice were orally administered with Rhy 50 mg-kg™'-day™" by daily
gavage.

Detection of Rhynchophylline in Blood Plasma and Brain.
The Supporting Information describes Rhy bioavailability analysis,
preparation of mouse blood plasma and brain tissues, and details
regarding the bioavailability determination of Rhy.

Amyloid-f Extraction and ELISA. A was sequentially extracted
from soluble and insoluble fractions in mouse brains as previously
described.”® APy 4o and APy, were analyzed by either Western blot
analysis or ELISA (Thermo Fisher Scientific, USA).

Immunohistochemical, Confocal Microscopy, and Quanti-
tative Analyses. The Supporting Information outlines the details
regarding the immunohistochemical and quantitative analyses.

Bl ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00600.

Additional materials and methods; preparation of blood
plasma and brain tissues for bioavailability determination
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