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Abstract

Background
Memory impairment continues to be a major health problem and increases with age, especially in the
elderly population worldwide. However, a causal mechanism has not been clearly identi�ed. Currently, an
interaction between bone and brain, the so-called “bone-brain crosstalk,” has emerged. We used a network
pharmacology approach to explore the potential mechanisms of Drynariae Rhizoma (DR), a traditional
Chinese medicine for fracture treatment, for therapeutic intervention of human conditions associated with
memory impairment.

Methods
The Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform was used to
screen out the active compounds of DR, and the targets of the active compounds were predicted using
PharmMapper. Targets related to memory impairment were downloaded from the DisGeNET database.
The compound-target network and protein-protein interaction network were built by NetworkAnalyst and
Cytoscape software. Gene ontology analysis and Reactome pathway enrichment analysis were
performed using NetworkAnalyst. SYBYL-X software was used to perform molecular docking simulation.

Results
Our study demonstrated that DR had 7 active compounds. There were 60 target genes related to these
active compounds as well as to memory impairment. Signalling by nerve growth factor was among the
top 3 enriched Reactome terms. Akt1 was an important signalling hub gene belonging to signalling by
nerve growth factor pathway. Molecular docking results showed that the one of the active compounds,
xanthogalenol, exhibited acceptable a�nities to Akt1.

Conclusion
This study demonstrated the molecular mechanism that DR may alleviate memory impairment via
regulation of Akt1 and signalling by nerve growth factor pathway. These results offer new ideas in
searching for novel strategies for the treatment of memory impairment.

Background
Forming and maintaining memories is one of the most remarkable capacities of brain. Memories about
our past actions and their outcomes are a fundamental part of our life. Once memory formation is
disrupted, life becomes increasingly di�cult and isolating for those individuals. Age-related memory
impairment is a fundamental change associated with the brain aging. Accordingly, therapies that
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enhance memory has been shown to be necessary for the global population increasingly ages [1]. Further,
memory impairment is generally considered to accompany neurodegenerative disorders, including
Alzheimer’s disease and Parkinson’s disease [2, 3], and neurological emergencies, such as stroke and
traumatic brain injury [4, 5]. Recently, there are no speci�c drugs for the treatment of memory impairment
in the face of these disease states.

For now, some researchers have noticed the interaction effects between brain and bone. Actually, the
concept of bone-brain crosstalk has been proposed [6]. Previous studies have revealed the presence of a
reciprocal relationship between brain and bone. On one hand, neurological diseases can lead to bone loss
and elevated fracture risk [7]. An interesting phenomenon seen in traumatic brain injury with concomitant
fracture is an accelerated fracture healing and enlarged callus formation, or even heterotopic ossi�cation
[8]. On the other hand, some genetic bone pathologies, including cleidocranial dysplasia and Co�n-Lowry
syndrome, are accompanied by developmental delays across the brain in both structure and function [9,
10]. It is also noteworthy that osteocalcin, a bone-derived molecule, appears as an important factor
in�uencing the central nervous system by preventing age-related decline in cognition [11]. Therefore,
these results provide a theoretical basis for repurposing of existing drugs targeting bone for new
indications related to memory impairment.

As an important component of complementary and alternative medicine system, traditional Chinese
medicine (TCM), has a long history of preventing and curing diseases. There are some TCM formulas and
herbal extracts for fracture and osteoporosis treatment by improving both bone quantity and quality [12,
13]. Drynariae Rhizoma (DR), also called Gusuibu in Chinese, has a long history in strengthening bones in
clinical use. The biological evaluations reveal that total �avonoids of DR have a potent effect on both
osteoporotic fracture and large bone defect [13, 14]. Fewer studies have investigated the relationship
between DR and brain [15, 16]. Despite the promising therapeutic action of DR in Alzheimer’s Disease and
traumatic brain injury, multi-components and multi-targets of DR makes it di�cult to analyze critical
druggable targets by conventional experimental methods.

In this study, we applied the concept of network pharmacology to clarify potential genes and signaling
pathways regulated by DR involved in memory impairment. We aimed to explore the complex
mechanisms of actions of DR on memory impairment in order to provide evidence for clinical practice
and scienti�c research. A schematic representation of the work�ow of the network pharmacology
approach in the present study is presented in Fig. 1.

Materials And Methods

Screening of active compounds
Traditional Chinese Medicine Database and Analysis Platform (TCMSP; https://www.tcmsp-e.com) is a
unique systems pharmacology platform of Chinese herbal medicines that captures herbal drug
compositions, as well as pharmacokinetic properties involving oral bioavailability (OB), drug-likeness
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(DL), blood-brain-barrier (BBB), and so on [17]. In this study, the ingredients of DR that had OB ≥ 30%, DL 
≥ 0.18 and BBB > -0.3 were considered as active components.

Targets of active compounds of DR
PharmMapper Server (http://www.lilab-ecust.cn/pharmmapper) is a freely accessed web-server designed
to identify potential target candidates for the given compounds using pharmacophore mapping approach
[18]. “mol2.” formatted �les of active compounds were imported into PharmMapper. In this study, the
targets of each active compound obtained from PharmMapper selecting “Human protein targets only” in
the “Select Targes Set” tab were considered as potential target genes.

Identi�cation of target genes for memory impairment
DisGeNET (http://www.disgenet.org/) covers a comprehensive catalogue of genes and variants
associated to human diseases [19]. We used the search term "memory impairment" to collect target genes
related to memory impairment in this large discovery platform.

Network construction
A Venn diagram was used to show the intersection between targets gene for the active compounds and
memory impairment. Speci�cally, the overlapping part of circles representing the common target genes in
the both sets was of interest to us.

NetworkAnalyst (https://www.networkanalyst.ca/) is a comprehensive network visual analytics platform
for gene expression analysis [20]. The common target genes were uploaded to the website, and STRING
Interactome was selected to construct Protein-Protein Interaction (PPI) network. To study key connectives,
“Minimum Network” was selected. Subsequently, we used Cytoscape software (version: 3.7.2) build a
drug-compound-gene-disease network based on the results of the above analysis [21].

Enrichment of Gene Ontology (GO) pathway and the
Reactome pathway
GO provides a comprehensive collection of knowledge regarding the functions of genes and gene
products. This publicly available web resource provides full annotation of genes into molecular function,
cellular compartment, and biology process [22]. The Reactome Knowledgebase provides detailed
molecular understanding of reactions, and assembles cellular processes into pathway descriptions by
constructing ordered network of molecular transformations [23]. To identify the related effects of genes
from “Minimum Network” in treating memory impairment, enrichment of GO pathway and the Reactome
pathway was generated using NetworkAnalyst with default parameters. P-values were adjusted using the
false discovery rate (FDR) value. Statistically signi�cant results were selected using criteria for FDR < 
0.05. R software (version 4.0.3) was used to provide visualization of analysis results.

Molecular docking
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Molecular docking is a searching process through which small molecules are docked into the
macromolecular both geometrically and energetically. To better understand the interaction between active
compounds and hub gene, we used SYBYL-X software (Version 2.0) to perform molecule docking
analysis of small molecules and biological macromolecules. Speci�cally, structures of studied object
downloaded from the Protein Data Bank (PDB; https://www.rcsb.org/) were input into SYBYL-X software.
During the docking, parameters were set at default values.

Results

Screening of active compounds
TCMSP database was used to identify and screen active components in DR. DR contained 71 biologically
active components, and 7 active components were selected according the criteria outlined above (OB ≥ 
30%, DL ≥ 0.18 and BBB > -0.3). These active compounds were listed in Table 1.

Prediction and integration of the common target genes of
DR and memory impairment
According to 7 active components obtained from DR, 324 potential target genes of these active
components were identi�ed from PharmMapper. On the other hand, we performed a search using
“memory impairment” in DisGeNET, and obtained 763 genes. Genes in these two sets that were �rst
identi�ed independently were compared in the form of Venn diagrams to depict the overlap between the
two sets of genes (Fig. 2). We considered the 60 common target genes as potential for further research
(see Additional �le 1: Table S1).

Network construction
The 60 common target genes were imported into NetworkAnalyst for PPI network construction. In the
“Minimum Network”, there were 104 nodes and 339 edges. Based on this, a drug-compound-gene-disease
network was construct using Cytoscape software (Fig. 3). As a next step, the “NetworkAnalyzer” tool in
Cytoscape software was used to identify the importance of each gene and determine hub genes. The
common target genes whose degrees were greater than or equal to 20 were list in Table 2. Their relatively
high values of betweenness and closeness centrality provided corroborative evidence that they acted as
hub genes in the network. Akt1 exhibited the highest value of degree.

Enrichment analyses
The detailed information on GO enrichment analyses were presented in additional �le 2: Table S2. The
results showed that there were 120 items in biology process, 71 items in cellular compartment, and 92
items in molecular function. Some items may help to clarify the relationship between DR and memory
impairment, such as synapse and neuron projection in cellular compartment, and neurogenesis in biology
process. As for Reactome pathway analysis, signalling by nerve growth factor (NGF) and NGF signalling
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via tropomyosin receptor kinase A (TRKA) from the plasma membrane ranked among the top ten items
according to FDR (Fig. 4). NGF related pathway was visualized via the KEGG mapper tool
(https://www.kegg.jp/kegg/mapper/color.html; see Additional �le 3: Figure S1). In neurothrophin
signaling pathway, Akt had a central position in collaboration with other genes from the “Minimum
Network” that were marked red.

Molecular docking simulation
Akt1 acted as the hub gene based on the previous data. Moreover, Akt1 was targeted by xanthogalenol,
an active component from DR (Fig. 3). Therefore, Akt1 and xanthogalenol were inputted into SYBYL-X
software to perform molecular docking assay. Capivasertib, an Akt1 inhibitor, and Oxiracetam, an existing
drug for memory impairment, served as control drugs in docking simulation. The results of molecular
docking were shown in Table 3 and Fig. 5. According to total score and C-score, there was a good binding
activity between Akt1 and xanthogalenol.

Discussion
Our study analyzed the active components, targets, and related signaling pathways of DR in improving
memory impairment by using network pharmacology. Because of the advantages of network
pharmacology research strategy, from “one target, one drug” to “network target, multicomponent therapy”,
we also provided an overview of the central role of Akt1 in the network. In addition, we con�rmed
xanthogalenol was the interactive object with Akt1 in DR.

Memory impairment is one of the most urgent public health concerns due to its high prevalence,
chronicity, and disabling features. Timely and accurate diagnosis of memory impairment is critical.
However, there are no speci�c drugs for the treatment of memory impairment at present. In search of
clues to resolve this question, we were focused on the reciprocal interactions between bone and brain. On
one hand, brain regulates bone homeostasis via multiple pathways. For example, leptin is a powerful
inhibitor of bone remodeling through a central relay [24]. On the other hand, there is growing evidence
demonstrating bone as an endocrine organ. Therefore, bone returns the favor to brain in the process of
acute stress response [25], and age-related memory loss [26]. Osteocalcin plays an important role in these
aspects. It has been reported that DR increased the expression of osteocalcin in rat with steroid‐induced
avascular necrosis of the femoral head [27]. In view of this, DR may ameliorate memory impairment
indirectly through osteocalcin. However, we explored the possibility of their direct interaction. Therefore,
BBB score was used for screening of brain-penetrating compounds from DR. 7 active components,
including xanthogalenol, could cross BBB, and were considered as prime candidates.

Xanthogalenol exerts antiproliferative activity against on mammalian cancer cells through unidenti�ed
mechanisms [28]. Using network pharmacological analysis, we identi�ed NGF-TRKA signaling pathway
may mediate the effect of xanthogalenol on memory impairment. Since its discovery, NGF has been
proved to play a critical role in a variety of developmental processes related to nerve cells. Hippocampus
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is one of the most NGF-rich sites in brain [29]. There is a strong connection between NGF and cholinergic
system in hippocampus, both of which are required for supporting spatial memory [30]. Therefore, NGF-
based therapy has been under continual development of treatment for memory impairment caused by
Alzheimer’s Disease [31], and diabetes [32]. There are generally considered to be two types of NGF
receptors: the low-a�nity NGF receptor p75 neurotrophin receptor (p75NTR) and the high a�nity NGF
receptor TRKA [33]. When TRKA is activated by NGF, the downstream cAMP response element-binding
protein promotes regeneration, survival, and proliferation of neurons [34]. On the other hand, binding of
NGF and p75NTR triggers neuronal apoptosis by activating C-Jun N-terminal kinase signaling pathway
[35]. Thus, imbalance of TRKA/p75NTR signaling pathway mediates impairment of spatial learning and
memory in offspring caused by maternal subclinical hypothyroidism [36]. The same phenomenon has
also been reported in Alzheimer’s Disease [37]. Hence, one treatment strategy for memory impairment is
to develop small molecule agonists for TRKA, or antagonists against p75NTR. In our study, it is more
likely that xanthogalenol plays a protective role in memory impairment through activating NGF-TRKA
signaling pathway.

According to the Neurotrophin signaling pathway from KEGG, upstream of Akt cascade is
phosphatidylinositol-3-kinase (PI3K), while downstream of Akt cascade is related to axonal outgrowth,
synapse formation, and cell survival. Thus, there is no doubt that some of nervous system drugs act
through their interaction with Akt in the central nervous system. Three Akt isoforms are expressed in
human brain, Akt1, Akt2, and Akt3. Despite high overall homology across species, the isoforms have
distinct biological functions in neurological disorders. Accumulating evidence suggests that Akt1 has role
in schizophrenia [38], Akt2 in gliomas [39] and Akt3 in brain growth [40]. More speci�cally, Akt1 is more
important than Akt2 and Akt3 for synaptic plasticity mediated by gene expression change and new
proteins synthesis [41]. Our result also showed that Akt1 was implicated in memory impairments
associated with synaptic plasticity. Oxiracetam, a common drug for improving memory impairments,
ameliorates ischemic stroke induced neuronal apoptosis through up-regulating PI3K/Akt signaling
pathway in rats [42]. Oxiracetam also alleviates learning and memory impairments in vascular dementia
by activating Akt/mTOR signaling pathway in neurons [43]. In molecular docking analysis, Lys30, Thr34
and Tyr38 were the predicted binding site in Akt1 for Oxiracetam. It also predicted that xanthogalenol was
able to bind to Akt1at the binding sites of Val4 and Glu49. Although these two binding sites was not
identical to each other, they were structurally very close. This would mean that xanthogalenol may play
neuroprotective roles by a similar mechanism as oxiracetam. Akt1 itself is phosphorylated and activated
by Thr308 and Ser473 [44], which are located relatively far from the binding domain of xanthogalenol.
However, a recent study reveals an activity-induced Akt1 SUMOylation at Lys64 and Lys276 is required for
long-term potentiation of synaptic transmission [45]. Since neuronal activity-regulated protein
SUMOylation plays a vital role in memory, this mechanism may mediate the effect of xanthogalenol on
memory impairment because of spatial proximity between the amino acid residue, especially between
Glu49 and Lys64. Therefore, these sites are potential targets for future drug design.

Conclusion
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In our study, the mechanism of DR in treating memory impairment was analyzed by using system
pharmacology approaches. We found xanthogalenol was the major active compound that could directly
affect activity of Akt1 to improve memory. We also provided possible bonding sites between
xanthogalenol and Akt1, calling for further studies. Finally, our data helps to determine the direction for
subsequent in-depth experimental veri�cation.
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Due to technical limitations, table 1, 2, 3 is only available as a download in the Supplemental Files
section.
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Figure 1

Flowchart of the schematic step-by-step processes carried out in the study to investigate the
pharmacologic mechanism of DR for treatment of memory impairment.
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Figure 2

Venn diagram shows the common target genes between DR and memory impairment.
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Figure 3

Drug-compound-gene-disease network. Yellow node denotes drug; pink nodes denote active compounds;
red note denotes disease; blue notes denote common target genes; green nodes denote indirect target
genes from “Minimum Network”.
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Figure 4

Sankey diagram of Reactome pathway analysis. Left: genes related to the enriched pathways. Right: X-
axis label represents gene ratio (gene ratio equals to the amount of genes enriched in pathway divided by
the amount of background gene set); Y-axis label represents names of pathway. Size and color of the
bubble represent the amount of genes enriched in pathway and statistical difference, respectively.



Page 17/18

Figure 5

Visualization of the molecular docking pattern. a: Akt1 and xanthogalenol. b: Akt1 and Capivasertib. c:
Akt1 and Oxiracetam.
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