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Abstract
To explore the relationship between fruit developmental periods and the protein datasets of Alpinia oxyphylla, a label-free 
quantitative proteomic profiling analysis of the A. oxyphylla fruits sampled at the Earlystage, Metaphase and Advanced 
stage was carried out using the liquid chromatography combined with tandem mass spectrometry. A total of 19,219 peptide 
fragments and 4946 quantitative proteins were obtained. Annotation and enrichment analysis of these peptides and proteins 
were performed using the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases with 
bioinformatics software. The results showed that the differentially expressed proteins were mainly involved in metabolic and 
cellular processes, cellular component organization or biogenesis and response to the stimulus. Three significantly enriched 
metabolic pathways were non-alcoholic fatty liver disease, vibrio cholera infection and valine, leucine and isoleucine deg-
radation. The significantly enriched proteins were NADH dehydrogenase, putative vacuolar proton translocation ATPase 
and putative acyltransferase component. The proteomic profiles of the fruit samples from the Advanced and the Metaphase 
stages differed little, while the difference in proteomic components between the Earlystage and the Advanced groups was 
significant. This study should lay the theoretical foundation for the effective utilization of A. oxyphylla germplasm resource 
in the treatment of human diseases.

Keywords Alpinia oxyphylla · Proteomics · Mass spectrometry · Differentially expressed proteins · Fruit developmental 
stage

Introduction

Alpinia oxyphylla, one of the famous traditional Chinese 
medicines and healthy food is mainly distributed in South 
China, especially in Hainan province, its resources are very 
rich. The fruit of A. oxyphylla called Yizhi, is widely used 
to treat abdominal pain, dyspepsia, poor memory, diarrhea 
and kidney asthenia (Pharmacopoeia Committee 2005; 

Tewari et al. 1999, Kubo et al. 1995). Many studies have 
confirmed that Yizhi possesses significant pharmacologi-
cal roles, the protective effect of ethanol extract from Yizhi 
on glutamate-induced neuronal apoptosis was examined in 
primary cultured mouse cortical neurons (Yu et al. 2003), 
and of these extractions, the n-hexane and ethyl acetate frac-
tions showed anti-angiogenic potentials in both in vivo and 
in vitro models of zebrafish (He et al. 2010). Some research-
ers reported that sesquiterpenes from A. oxyphylla essential 
oils could effectively promote drug absorption across and/
or into the skin (Fang et al. 2003). Recently, a simple and 
rapid ultra-performance liquid chromatography-tandem 
mass spectrometry (UPLC-MS/MS) coupled with a one-
step liquid–liquid extraction method was developed and 
validated for the simultaneous determination of two flavo-
noids (chrysin and tectochrysin) from Yizhi extract in rat 
plasma (Zhao et al. 2018), and the underlying mechanisms 
have attracted the attention of scientists (Yan et al. 2016; 
Shi et al. 2015; Liu et al. 2014). It should be noted that 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1237 4-020-09251 -9) contains 
supplementary material, which is available to authorized users.

 * Bingmiao Gao 
 gaobingmiao@hainmc.edu.cn

1 Key Laboratory of Tropical Translational Medicine 
of Ministry of Education, Hainan Key Laboratory 
for Research and Development of Tropical Herbs, School 
of Pharmacy, Hainan Medical University, Haikou 571199, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12374-020-09251-9&domain=pdf
https://doi.org/10.1007/s12374-020-09251-9


298 Journal of Plant Biology (2020) 63:297–310

1 3

the ethnopharmacological uses, phytochemistry, biologi-
cal activities, and therapeutic applications of A. oxyphylla 
have just been fully reviewed (Zhang et al. 2018). Overall, 
the traditional usage of A. oxyphylla fruits as folk medicine 
has been confirmed to be both effective (scientifically vali-
dated) and efficient (feasible and useful in clinical practice) 
by modern pharmacology researches.

Although impressive progress have been achieved in the 
isolation and purification of bioactive components from a 
native plant or fruit of A. oxyphylla (Xu et al. 2012a, b; An 
et al. 2006), and the trial and validation of the Yizhi’s poten-
tial applications in a variety of experimental animal mod-
els (Zhang et al. 2012, 2013), some novel pharmacological 
actions are worth excavating and the molecular mechanisms 
of clinical efficacies, such as anti-cancer and neuroprotective 
effects remain unclear (Lin et al. 2013; Wang et al. 2013). 
More in vivo, in vitro and clinical studies to confirm the 
mode of action are strongly needed. The development of 
whole fructus A. oxyphylla or the combination of several 
effective components from Yizhi to exert neuroprotective 
effects has become a hot research topic. Nowadays, the 
multiple-omics analysis approaches began to be used in the 
pharmacological study of A. oxyphylla fruit and showed a 
great application prospect.

Comparative proteomics analysis of Yizhi under dif-
ferent conditions may provide a novel therapeutic strategy 
for human diseases. The complete chloroplast genome of 
A. oxyphylla as an important edible and traditional herbal 
medicine has just been sequenced, analyzed, and compared 
to five species in the Zingiberaceae family (Gao et al. 2019). 
Several years ago, a novel neuroprotective natural product, 
oxyphylla A [(R)-4-(2-hydroxy-5-methylphenyl)-5-meth-
ylhexanoic acid] from the fruit of Alpinia oxyphylla for 
use in Parkinson’s disease was discovered and made func-
tional characterization through LC/MS-based Multivariate 
Data Analysis-Guided Fractionation (Li et al. 2016a, b). 
Researchers integrated metabolomics, chemometrics, and 
pharmacological strategy led to the efficient discovery of 
novel bioactive ingredients from A. oxyphylla while avoid-
ing the non-targeting, labor-intensive steps usually required 
for the identification of bioactive compounds. Moreover, 
the successful development of a synthetic route toward 
oxyphylla A should lead to its availability on a large scale 
for further functional development and pathological stud-
ies. To explore the underlying pharmacological mechanisms 
of A. oxyphylla fruits i.e., Yizhi at the molecular level, in 
this study, mass spectrometry-based label-free quantitative 
proteomics of Yizhi samples at three developmental stages 
was performed.

Materials and Methods

Materials and Sampling Time

Alpinia oxyphylla fruits were obtained from the central 
part of Baisha City, Hainan province. The entire fruit 
development stages were defined as pre-mature (1st to 
20th of April), early mature (late April to early May), and 
late mature (middle-to-late May). The healthy fruits at 
these development stages were randomly harvested from 
the same plant and frozen in liquid nitrogen for subsequent 
protein work. In this study, a total of nine fruit samples of 
Alpinia oxyphylla with three duplications in three devel-
opmental periods were subjected to the label-free quantita-
tive proteomics analysis. These fruit samples were desig-
nated as the Earlystage-1 to Earlystage-3, the Metaphase-1 
to Metaphase 3, and the Advanced-1 to Advanced-3 in the 
experiment.

Extraction of Proteins and Enzymatic Hydrolysis 
of Peptide Fractions

All experimental steps were conducted at 4 °C. The proteins 
of Alpinia oxyphylla were extracted from the frozen tissue 
powders milled in liquid nitrogen by using the SDT lysis 
buffer (4% SDS (w/v), 100 mM Tris-HCl, pH 7.6, 0.1 M 
DTT), and the protein concentration was quantified by the 
bicinchoninic acid (BCA) method. Appropriate amounts of 
proteins in each sample were subjected to the trypsin enzy-
matic hydrolysis by using the filter-aided sample preparation 
(FASP) method (Wiśniewski et al. 2009). All the peptide 
samples were desalted onto a Sep-Pak C18 cartridge (Waters 
Associates Inc., Milford, MA, 01757 USA), freeze-dried, 
and re-dissolved with 40 μl of 0.1% formic acid solution. 
The peptide concentration was determined using spectropho-
tometry (OD, 280 nm) (Unicam SP500 series 2).

LC–MS/MS Analysis

All peptide samples were separated on a nanoflow HPLC 
instrument (Easy-nLC 1000, Thermo Fisher Scientific). 
HPLC parameters include the mobile phase A (0.1% (v/v) 
of formic acid in water), and the mobile phase B (84% (v/v) 
of acetonitrile and 0.1% (v/v) of formic acid in water). The 
chromatographic column was firstly equilibrated with 95% 
of the HPLC buffer A, i.e. 0.1% (v/v) of formic acid in the 
water, and subsequently, technical replicates (3 × ∼2.5 μg) 
of each sample were loaded onto an Acclaim PepMap100 
nanoViper C18 trap column (100 μm inner diameter, 2 cm 
length; Thermo Scientific) by an automated flow injection 
system, and separated with a constant flow of 300 nL/min 
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onto an analytical EASY column (75 μm × 10 cm, C18-A2, 
3 μm, Thermo Scientific).

A Q-Exactive mass spectrometer was used in positive 
ion mode to detect the peptide fractions after the chroma-
tographic separation. The mass spectrometric analysis was 
performed as follows: Parent ion scanning with a range of 
300–1800 m/z, an Orbitrap resolution of 70,000 (at m/z 
200), a target automatic gain control (AGC) value of 1e6, 
maximum IT of 50 ms and dynamic exclusion of 60.0 s.

The mass-to-charge ratio of peptide and polypeptide 
fragments was collected as follows: 20 fragment maps 
[MS2 scan, higher-energy collisional dissociation (HCD)] 
were obtained after each full scan. The precursor ion of 
each targeted peptide was isolated using a 2 m/z unit win-
dow. Fragmentation was performed with a normalized 
collision energy of 30 eV, and the secondary mass spec-
trometry resolution was 17,500 (at m/z 200).

Identification and Quantitation of Proteins

The original RAW file obtained by LC–MS/MS was 
imported into MaxQuant software (version 1.5.3.17) for 
database searching. The main library parameters were set 
as in Table 1. Protein quantification was carried out via 
MaxQuant’s label-free quantification (LFQ) algorithm 
which combines and adjusts peptide intensities into a pro-
tein intensity value (Cox et al. 2014). Results were filtered 
to a 1% FDR at the levels of protein and peptide with 
MaxQuant (Cox and Mann 2008).

Bioinformatic Analysis

Bioinformatic analysis of proteomics data from the differ-
ent developmental stages of the Alpinia oxyphylla fruits 
was conducted. The functional annotation of proteins was 
performed using the Blast2GO database program (https ://
geneo ntolo gy.org) (Götz et al. 2008), while the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database (https ://
www.genom e.jp/kegg) combined with the software KASS 
(KEGG Annotation Server) were used to the identification 
and classification of the detected proteins. The Fisher’s exact 
test was used to analyze the statistical significance of each 
pathway and certain GO term protein enrichments, and the 
target proteins were eventually subjected to the analyses 
of GO term category and KEGG pathway (Kanehisa et al. 
2012; Ashburner et al. 2000).

Clustering Analysis of the Target Protein Datasets

A normalization of quantitative information of the target 
protein datasets was firstly processed, and the values were 
limited within the interval of − 1 to 1. Subsequently, the 
Complexheatmap R package (R version 3.4) was used for 
the clustering of differentially expressed proteins in Alpinia 
oxyphylla fruits, and the hierarchically clustered heat maps 
were generated based on the Euclidean distance and Average 
Linkage Clustering (ALC) algorithm.

Results and Discussion

Accuracy and Precision of the Identification 
of Peptide Fragments

To ensure the good mass deviation and yield the high-qual-
ity MS1 and MS2 data in LC-MS/MS assay, a high-perfor-
mance benchtop quadrupole Orbitrap mass spectrometer was 
used for the mass spectrometry-based proteomics analysis 
in this study. The result showed that the mass error distri-
bution of all the identified peptide fragments was under 10 
ppm (Supplementry Fig. 1a), and the Andromeda score dis-
tribution along with the number of identified peptides was 
fully revealed by the peptide search engine Andromeda that 
integrated into the MaxQuant environment (Cox et al. 2011). 
Overall, a total of 19,219 peptide fragments were identi-
fied in samples by MS analysis, and the median Andromeda 
identification score was 86.94, with about 84.09% over a 
score of 60, suggesting a high quality of the experimental 
data (Supplementry Fig. 1b).

Molecular weights of the most identified proteins ranged 
from 10 to 50 kDa, and low molecular weight proteins 
(< 10 kDa) accounted for about 10%. Overall, proteins with 
molecular weights less than 50 kDa accounted for nearly 

Table 1  Parameter settings of library retrieval and analysis by using 
the software MaxQuant

Item Value

Enzyme Trypsin
Max missed cleavages 2
Fixed modifications Carbamidomethyl (C)
Variable modifications Oxidation (M)
Main search 6 ppm
First search 20 ppm
MS/MS Tolerance 20 ppm
Database Prot_YZ_131358_20180604
Database pattern Reverse
Include contaminants True
Protein FDR  ≤ 0.01
Peptide FDR  ≤ 0.01
Protein quantification LFQ
Minimum ratio count 1

https://geneontology.org
https://geneontology.org
https://www.genome.jp/kegg
https://www.genome.jp/kegg


300 Journal of Plant Biology (2020) 63:297–310

1 3

80% of the total proteins, indicating a narrow molecular 
weight distribution of proteins (Supplementry Fig. 1c). Pep-
tides of 7–19 amino acids in length were dominant in the 
identified peptides (Supplementry Fig. 1d), and the count 
of proteins gradually decreased along with the increment of 
the percentage of peptide coverage (Supplementry Fig. 1e). 
Finally, the peptide count distribution was shown in supple-
mentry Fig. 1f. All the results indicated that the identifica-
tion of peptide fragments was accurate and credible.

Identification and Comparison of Protein Datasets

A total of 4946 proteins were successfully identified in 
the fruit samples of Alpinia oxyphylla by mass spectrom-
etry, and 3917 core proteins were found in all samples. 
There were 134, 179 and 22 specific proteins detected 
in the different development stages of Alpinia oxyphylla 
fruit, respectively (Fig. 1). The proteins whose expression 
changes more than 2 times or less than 0.5 times (P < 0.05) 
are recorded as differentially expressed proteins in this 
study. The comparisons of protein profiles were conducted 
between fruit samples at different developmental stages 
(Table 2). The results revealed that with the ripening of 
the fruit, the types and abundance of protein in the fruit 

greatly varied compared to that of the early stage. The 
general trend was that the expression of more and more 
proteins was significantly reduced.

In group comparisons, the quantitative results of pro-
teins were shown in volcano plots by analyzing the fold 
changes of differential protein expression combined with 
the corresponding p values. Comparisons between groups 
of Metaphase and Earlystage, Advanced and Earlystage, 
Advanced and Metaphase were performed (Fig. 2a–c). 
For each comparison, all the significantly differential 

Fig. 1  Venn diagram based on 
the identified protein datasets 
between all A. oxyphylla fruit 
groups

Table 2  The differentially expressed proteins at different develop-
mental stages

Comparisons Significantly chang-
ing in abundance

Consistent presence/
absence expression 
profile

Increased Decreased Increased Decreased

Metaphase_ vs_ 
Earlystage

8 17 35 53

Advanced_ vs_ Ear-
lystage

27 48 48 275

Advanced_ vs_ Meta-
phase

8 11 20 165
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expression proteins were subjected to clustering analysis 
and the results were eventually exhibited in heat maps 
(Fig. 3a–c).

GO and KEGG Analyses of Differentially Expressed 
Proteins

The Gene Ontology (GO) functional analysis of proteins was 
quantified for fruit samples of Alpinia oxyphylla consider-
ing three aspects: biological processes, molecular functions 
and cell components (Ashburner et al. 2000). Fisher’s exact 
test which is based on protein counts was used for enrich-
ment analysis, and the top 20 significant GO terms identified 

between sample groups and the corresponding P values 
were shown in Fig. 4. The results revealed that a significant 
enrichment of cell components mainly concerns intracellular 
membrane-bounded organelle and catalytic complex. The 
affected molecular functions are mainly composed of SNAP 
receptor activity and nucleocytoplasmic transporter activity. 
Finally, significant enrichment of the biological processes 
mainly affects the positive regulation of macromolecule 
and cellular biosynthetic/metabolic process, nitrogen com-
pound metabolic process and the ribonucleoprotein complex 
localization.

A comparison of the differential proteins between groups 
of the Advanced and the Earlystage by GO term enrichment 
analysis revealed that the significant differences mainly 
include the organophosphate and carbohydrate derivative 
biosynthetic processes (Biological process category), the 
nutrient reservoir activity (Molecular function category) 
and the small ribosomal subunit (Cell component category) 
(Fig. 5a). Similarly, the differential protein analyses based on 
the GO enrichment results between groups of the Advanced 
vs the Metaphase, and the Metaphase vs the Earlystage were 
performed too (Fig. 5b, c).

The liquid chromatography/mass spectrometry has been 
successfully applied to identify and quantify the principal 
compounds from A. oxyphylla fruit in recent years (Li et al. 
2016a, b; Sun et al. 2016). New natural products with prom-
ising pharmacological functions are constantly isolated and 
characterized (Li et al. 2016a, b; Hou et al. 2015; Lv et al. 
2011). Some researchers investigated the accumulation pro-
files of multiple components between pericarp and seed of A. 
oxyphylla capsular fruits gathered from different production 
regions and found that nootkatone is predominantly distrib-
uted in the seeds and the flavonoids and diarylheptanoids 
are mainly deposited in the capsules. Moreover, the content 
levels of the tested secondary metabolites occurring in the 
capsules varied greatly among different production regions 
(Chen et al. 2014). Other scientists reported that there was 
a large variation in the contents of 10 common nucleobases 
and nucleosides among the fruits of A. oxyphylla collected 
from different cultivation regions, and especially they found 
some samples from the same growing region exhibited quite 
different content levels of nucleobases and nucleosides, 
which implies that besides the factor of geography, harvest 
time may also affect the contents of these components (Song 
et al. 2014). In general, the effect of harvest time on the con-
tents of bioactive compounds and the chemical fingerprint 
profile in fruits of A. oxyphylla has been paid more and more 
attention in recent years (Miao et al. 2015; Li et al. 2013a, 
b). However, the effect of different harvest times on protein 
expression profiles in fruits of A. oxyphylla has not been 
reported. In this study, the differences in proteomic pro-
files of the A. oxyphylla fruits harvested at different devel-
opmental stages were detected by a label-free quantitative 

Fig. 2  Volcano plots showing the fold change of differential proteins 
identified between two A. oxyphylla fruit groups. a The Metaphase 
group vs the Earlystage group; b the Advanced group vs the Earlys-
tage group; c the Advanced group vs the Metaphase group
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proteomic profiling analysis. Considering the fact that har-
vesting time has a serious impact on the development and 
maturity of fruit and seed, it is not difficult for us to under-
stand the obvious changes in protein compositions and con-
tents of the A. oxyphylla fruits among sample groups. In this 
study, the quantitative determination of proteomic profiles 
of the A. oxyphylla fruits harvested at three developmental 
stages was conducted. The significantly differential proteins 
between all sample groups are enriched into the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways. The 
KEGG classification results indicated that the differential 
expressed proteins are mainly concentrated in the processes 
of oxidative phosphorylation, synaptic vesicle cycle and lys-
osome (Fig. 6). Some studies have shown that the extracts of 
A. oxyphylla fruit (AOF) can stimulate or participate in the 
process of oxidative phosphorylation of cells. For example, 
the ethanol crude extracts of A. oxyphylla fruit, especially 
its ethyl acetate fraction (EF) and petroleum ether-soluble 
fraction (PE) have been confirmed to possess potent antioxi-
dant activities (Bian et al. 2013; Wang et al. 2013). Previous 
investigation showed that fractions of the petroleum ether 
(PE) extract layer of AOF led to a decrease in phosphoryla-
tion of anti-apoptotic kinases ERK and an increase in phos-
phorylation of pro-apoptotic kinase JNK and p38. HPLC 
analysis pointed out five main components (9-hydroxynoot-
katone, oxyphyllacinol, yakuchinone A, yakuchinone B and 
tectochrysin) which may contribute to the anti-proliferative 
activity of PE (Zhang et al. 2015). It was found that the AOF 
extract significantly triggers the phosphorylated insulin-like 
growth factor-1 receptor-phosphatidylinositol 3-kinase/
serine-threonine kinase pathway in RSC96 Schwann cells 
and up-regulates the cell cycle regulatory proteins cyclin A, 
cyclin D1 and cyclin E (Chang et al. 2017). Recent studies 
have suggested that the dysfunction of synaptic vesicle recy-
cling at presynaptic terminals may contribute to the onset 
of Parkinson’s disease (PD) (Chapman 2014; Esposito et al. 
2011). The anti-Parkinsonian activities of the AOF extracts 
such as protocatechuic acid and oxyphylla A were tested on 
PD models in vitro and in vivo (Li et al. 2016a, b; Li et al. 
2013a, b). Similarly, pharmacological mechanisms underly-
ing the neuroprotective effects of terpene, a major compound 
of A. oxyphylla extract on Alzheimer’s disease have also 
been explored (Xu et al. 2020). Many findings have indicated 
that clearance of α-synuclein by the autophagy-lysosome 
pathway (ALP) plays a key role in many neurodegenera-
tive conditions (Batelli et al. 2011; Ebrahimi-Fakhari et al. 
2011; Lee et al. 2004). A. oxyphylla contains diverse bioac-
tive constituents and has various pharmacological activities 

including neuroprotective, anticancer, anti-oxidant proper-
ties and so on (Zhang et al. 2018; Li et al. 2013a, b). Accord-
ing to the data we have, the active substances that have been 
found are all chemical compounds, but there is no report that 
the potential pharmacology function has been explored from 
the protein level, comprehensively analyzing the changes of 
protein abundance and variety in fruits of A. oxyphylla with 
harvest time. The reason for this situation may be that the 
active substances in the fruit of A. oxyphylla are generally 
extracted with organic solvents, and the solubility of proteins 
in those organic phases is relatively low, which is easy to 
precipitate or denature, so the proteins cannot be detected 
by the conventional extraction test. Of these enriched KEGG 
pathways, the phenylpropanoid biosynthesis is related to 
plant defense reactions via preformed or inducible physical 
and chemical barriers against infection to signal molecules 
that involved in local and systemic signaling for defense 
gene induction (Taheri and Tarighi 2010; Vogt 2010; Dixon 
et al. 2002). The phenylpropanoid pathway is required for 
the biosynthesis of lignin and other important compounds 
such as flavonoids, coumarins and lignans in plants. The 
polyphenols including lignin and flavonoids can effectively 
prevent the invasion of pathogens and furthermore partici-
pate in the plant-pathogen interaction (Zabala et al. 2006).

Protein–Protein Interaction (PPI) Analysis

The most significantly enriched proteins with high con-
nectivity and the significant enrichment of the metabolic 
pathways between all sample groups were obtained by PPI 
analysis. In the protein–protein interaction (PPI) network 
map (Fig. 7), the three metabolic pathways that were sig-
nificantly enriched were Non-Alcoholic Fatty Liver Disease 
(NAFLD), Vibrio cholera infection and valine, leucine, and 
isoleucine degradation. A. oxyphylla extract (AOE) prevents 
diabetes in mice by modulating gut microbiota and chang-
ing the expression of specific miRNAs involved in biologi-
cally significant signaling pathways (Xie et al. 2018; Sang 
et al. 2017). Consequently, the associated NAFLD is also 
prevented due to the decrease in free fatty acids delivered 
to the liver. The A. oxyphylla fruit (AOF) has been used for 
treating diarrhea and related gastrointestinal disorders for 
thousands of years in China, and a number of traditional 
Chinese medicine formulae provide AOF as an alternative 
herbal treatment for diarrhea (Wang et al. 2015). The results 
of PPI analysis show that AOF has the potential to treat 
Vibrio cholera infection, and novel active substances with 
anti-diarrhea and anti-Vibrio cholera infection properties, 
including proteins, are expected to be isolated and identi-
fied in the forthcoming future. The three branched-chain 
amino acids (BCAA), Valine, leucine and isoleucine are all 
essential for human growth (Kindt and Halvorsen 1980). 
These amino acids affect muscle recovery and the immune 

Fig. 3  Hierarchical clustering based on the significantly differentially 
expressed proteins between two A. oxyphylla fruit groups. a the Meta-
phase group vs the Earlystage group; b the Advanced group vs the 
Earlystage group; c the Advanced group vs the Metaphase group

◂
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system and are closely related to metabolic and physiologi-
cal functions (Zhang et al., 2017; Calder 2006). Thus, in the 
present study, the PPI analysis suggests that the degradation 
of identified amino acids, i.e. valine, leucine and isoleucine 
may play an important role in the pharmacological effects 
of A. oxyphylla. The most significantly enriched proteins in 
these metabolic pathways were the NADH dehydrogenase 
(unigene 108543_i1, ko04932), putative vacuolar proton 
translocation ATPase (unigene 101787_i1, ko05110) and 
putative acyltransferase component (unigene 055317_i1, 
ko00280). NADH dehydrogenase is an enzyme that cata-
lyzes the transfer of electrons from NADH to coenzyme 
Q in the inner membrane of mitochondria. It is the entry 
enzyme of oxidative phosphorylation in mitochondria. 
The function of a specific electron-transferring-chain con-
taining NADH dehydrogenase, cytochrome reductase and 
cytochrome oxidase is to link electron transfer with proton 
translocation out of the mitochondrion. In doing so, they 
generate a transmembraneous proton motive force which 

subsequently drives ATP synthesis by the  H+-ATPase (Weiss 
et al. 1991). At present, our laboratory has completed the 
sequencing of the chloroplast genome of A. oxyphylla, and 
the results reveal that the phototrophic component of NADH 
dehydrogenase (ndhB and ndhC), photosystem II (psbZ) and 
ATP synthase (atpE and atpF) exhibit adaptive evolution 
under different environments, and the strength of light is an 
important trigger for the adaptation at the chloroplast level 
(Gao et al. 2019). Therefore, we speculate that the differ-
ences in light strength due to different harvest times may 
result in the significant variations of NADH dehydrogenase 
abundance among sampling groups in this study. Analysis 
of the genetic diversity of natural populations of A. oxy-
phylla using Inter-Simple Sequence Repeat (ISSR) markers 
revealed an obvious genetic diversity in natural populations, 
with much higher genetic variation within populations than 
between populations. The geographic distribution of samples 
coincided closely with the distribution of genetic diversity 
within A. oxyphylla, indicating a weak gene flow (Wang 

Fig. 4  Gene ontology (GO) analysis results for significant protein 
enrichment between all A. oxyphylla fruit groups. The picture dis-
plays the Top 20 most significantly enriched entries in the three cat-

egories, biological processes (BP), molecular function (MF) and cell 
component (CC) (p < 0.05, one-way ANOVA)
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Fig. 5  Gene ontology (GO) 
analysis results for significant 
protein enrichment between two 
A. oxyphylla fruit groups. The 
picture shows the most signifi-
cantly enriched entries in the 
three categories, biological pro-
cesses (BP), molecular function 
(MF) and cell component (CC) 
(p < 0.05, one-way ANOVA). a 
The Advanced group vs the Ear-
lystage group; b the Advanced 
group vs the Metaphase group; 
c the Metaphase group vs the 
Earlystage group
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et al. 2012). The results of proteomic profiling analysis in 
this study with a combination of other researchers’ reports 
on genetic diversity detection of A. oxyphylla populations 
may provide valuable guidance regarding the conservation 
and genetic improvement of this herb.

A total of 25 proteins were found to be significantly dif-
ferentially expressed in the Metaphase group when com-
pared to that of the Early-stage group. Of these proteins, 8 
proteins were up-regulated and 17 proteins were down-regu-
lated. The up-regulated protein designated as unigene066055 
(aldehyde dehydrogenase (NAD) activity) was supposed to 
be involved in the pentose phosphate pathway (PPP) by 
enrichment analysis. Of the down-regulated proteins, the 

protein named unigene103767 was considered to be related 
to spliceosome and systemic lupus erythematosus (SLE), 
and it should be noted in particular that the expression of a 
specific protein (gene name: unigene117427, oxidoreduc-
tase activity) that involved in the phenylpropanoid biosyn-
thesis was significantly down-regulated in the Metaphase 
stage. The pentose phosphate pathway (PPP) is required 
for the synthesis of ribonucleotides and is a major source 
of NADPH. In addition, PPP plays a pivotal role in help-
ing glycolytic cancer cells to meet their anabolic demands 
and combat oxidative stress (Patra and Hay 2014). SLE is 
a prototypic autoimmune disease characterized by the pro-
duction of antibodies to components of the cell nucleus in 

Fig. 5  (continued)

Fig. 6  Kyoto Encyclopedia of 
Gene and Genomes (KEGG) 
pathways with significant pro-
tein enrichment between all A. 
oxyphylla fruit groups
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association with a diverse array of clinical manifestations 
(Mok and Lau 2003). To our knowledge, there is no report 
on the treatment of SLE with A. oxyphylla fruit extract. The 
identified protein (encoded by the unigene103767) may play 
a potential role in the treatment of SLE. Phenylpropanoids 
contribute to all aspects of plant responses towards biotic 
and abiotic stimuli (Vogt 2010; Dixon et al. 1996). The 
decrease of its synthesis may indicate that the resistance of 
A. oxyphylla plants to environmental stress in Metaphase 
period is lower than that in Earlystage period. In a word, the 
detailed information of these differential proteins was listed 
in the supplementary Table S1.

The comparison result of the protein expression lev-
els between the Advanced and the Earlystage groups 

revealed that there were 75 significantly differential pro-
teins, i.e. 27 up-regulated and 48 down-regulated proteins 
in this study. Of the down-regulated proteins, the protein 
(unigene103767, ko05322) was thought to be related to 
systemic lupus erythematosus (SLE); the protein (uni-
gene056408, ko04210, cysteine-type peptidase activity) 
was considered to be involved in apoptosis, nucleotide-
binding oligomerization domain-like (NOD-like) recep-
tor signaling pathway and renin secretion; the protein 
(unigene117427, ko00940) was supposed to participate 
in phenylpropanoid biosynthesis, and the protein (uni-
gene108543, ko05016) was related to Huntington’s disease 
and non-alcoholic fatty liver disease (NAFLD). Overall, 
there is no doubt that the protein (unigene103767) in the 

Fig. 7  Protein–protein interac-
tion (PPI) network map in the 
fruit of A. oxyphylla. This map 
was obtained based on the most 
significantly enriched proteins 
with high connectivity and the 
significant enrichment of the 
metabolic pathways between all 
A. oxyphylla fruit groups
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fruit of A. oxyphylla had the highest expression level in the 
Earlystage group. Therefore, we speculate that the appli-
cation of Earlystage-fruit extracts of A. oxyphylla in the 
treatment of SLE may achieve better therapeutic efficacy. 
Apoptosis is a controlled process of cell death occurring 
when cells face irreversible stress (Xu et al. 2012a, b). In 
the extrinsic apoptosis pathway, components of the death-
inducing signaling complex (DISC) including apoptosis-
related cysteine peptidases (CASP), CASP8 and CASP10 
are activated upon stimuli. Both intrinsic and extrinsic 
apoptotic pathways converge on the level of CASP3 activa-
tion, which in turn cleaves various intra-cellular substrates 
and cause the morphological changes observed in apop-
totic cells (Youle and Strasser 2008). Previous quantita-
tive analysis of global proteome indicated that dispelling 
the inhibitor of cysteine-type endopeptidase and activated 
cell apoptosis may be another apoptosis approach in acute 
myeloid leukemia (AML), which may be used as therapy 
target of AML (Zhu et al. 2016). In the past decades, many 
findings have suggested that A. oxyphylla possesses poten-
tial chemopreventive and antitumorigenic activities. For 
instance, suppression of mouse skin tumor promotion and 
induction of apoptosis in HL-60 cells by A. oxyphylla was 
reported in 1998 (Lee et al. 1998). NOD-like receptor is 
a kind of cytoplasmic pattern recognition receptor, which 
plays an important role in an innate immune response. 
After being activated, it can induce the release of vari-
ous inflammatory factors through a series of signaling 
pathways. The quantitative proteome in suberoylanilide 
hydroxamic acid (SAHA) and valproic acid (VPA) treated 
AML HL60 cells was extensively studied, and the results 
showed that upon SAHA treatment, NOD-like receptor 
signaling pathway was enriched (Zhu et al. 2016). We 
think that both cysteine-type peptidase (unigene056408, 
ko04210) and the protein (unigene 108543, ko05016) 
can be used as potential biomarkers in the pharmacologi-
cal study of A. oxyphylla. In the up-regulated proteins, 
two proteins (unigene103022, ko05418; unigene041900, 
ko04910) should be noted that they were closely linked 
to atherosclerosis and insulin signaling pathways, respec-
tively. The ethanol extract of A. oxyphylla fruit, especially 
the ethyl acetate fraction (EF) was found to possess potent 
antioxidant and anticancer activities (Wang et al. 2013). 
Angiotensin II (Ang-II) plays an important role in cardio-
vascular diseases such as atherosclerosis. It has been dem-
onstrated that AOF significantly inhibits Ang- II induced 
cardiac pathological remodeling-related pathways in H9c2 
cardiomyoblast cells (Tsai et al. 2016; Chang et al. 2013). 
A. oxyphylla extract prevents diabetes in mice by modu-
lating gut microbiota and changes microRNA expression 
profiles in db-/db-mouse livers (Xie et  al. 2018; Sang 
et al. 2017). Taken together, we speculate that the two 
proteins (unigene103022 and unigene041900) identified in 

this study may play an important role in the regulation of 
the physiological function of insulin. The supplementary 
Table S2 shows the detailed information of these differ-
ential proteins.

A total of 19 significantly differentially expressed pro-
teins were identified when compared the Advanced group 
to the Metaphase group, which includes 8 up-regulated 
and 11 down-regulated proteins. Two specific proteins (i.e. 
unigene030025, ko05012; unigene114790, ko05168, ser-
ine/threonine kinase) were considered to be related to the 
neurodegenerative diseases such as Parkinson’s disease, 
Alzheimer’s disease, and Huntington’s disease, and her-
pes simplex infection, respectively. The serine/threonine 
kinase mainly phosphorylates the serine or threonine in 
the downstream signal protein, transmits the extracellular 
signal into the cell, and then achieves a variety of bio-
logical functions by affecting gene transcription. It was 
reported that treatment with extract of AOF can trigger 
the phosphorylated insulin-like growth factor-1 receptor-
phosphatidylinositol 3-kinase/serine-threonine kinase 
pathway, and up-regulate the proliferating cell nuclear 
antigen in a dose-dependent manner. AOF extract activates 
IGFR-PI3K/Akt signaling to induce Schwann cell prolif-
eration and sciatic nerve regeneration (Chang et al. 2017). 
The exploration and characterization of novel bioactive 
substances with neuroprotective properties in AOF will 
undoubtedly benefit the development of natural therapy 
for the prevention and treatment of neurodegenerative dis-
eases. The detailed information of these differential pro-
teins was listed in the supplementary Table S3. In general, 
the proteomic profiles of the fruits from the Advanced and 
the Metaphase stages differed little, while the difference 
in proteomic components between the Earlystage and the 
Advanced groups was relatively significant.

A. oxyphylla has been used as both a food and medicinal 
substance in China for centuries (Zhao et al. 2016), and it 
contained diverse active constituents and had various phar-
macological activities. Numerous studies have confirmed the 
efficacy of A. oxyphylla extracts in the treatment of neurode-
generative diseases (Wang et al. 2018; Jiang et al. 2013; Koo 
et al. 2004), systemic lupus erythematosus (SLE) (Khodaei 
and Alizadeh 2017), antioxidant (Bian et al. 2013), and anti-
cancer (Song et al. 2014). In the present work, we analyzed 
the proteomic profiles of A. oxyphylla fruits at three devel-
opmental stages by LC–MS/MS analysis and successfully 
identified abundant differentially expressed proteins. Some 
target proteins can be used for the further validation of phar-
macological efficacy and protective effects by animal disease 
models. The results of this study should definitely facilitate 
the selection of A. oxyphylla fruit collection period for dif-
ferent human diseases, the isolation and identification of new 
active constituents in A. oxyphylla fruits, and benefit for a 
deep understanding of its pharmacological effects.
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