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ABSTRACT: Background: Taxus cuspidata is an endangered
evergreen conifer mainly found in Northeast Asia. In addition to
the well-known taxanes, several active ingredients were detected in
the leaves of T. cuspidata. However, the precise spatial distribution
of active ingredients in the leaves of T. cuspidata is largely
unknown. Results: in the present study, timsTOF flex MALDI-2
analysis was used to uncover the accumulation pattern of active
ingredients in T. cuspidata leaves. In total, 3084 ion features were
obtained, of which 944 were annotated according to the mass
spectrometry database. The principal component analysis sepa-
rated all of the detected metabolites into four typical leaf tissues:
mesophyll cells, upper epidermis, lower epidermis, and vascular
bundle cells. Imaging analysis identified several leaf tissues that specifically accumulated active ingredients, providing theoretical
support for studying the regulation mechanism of compound biosynthesis. Furthermore, the relative accumulation levels of each
identified compound were analyzed. Two flavonoid compounds, ligustroflavone and Morin, were identified with high content
through quantitative analysis of the ion intensity. Conclusions: our data provides fundamental information for the protective
utilization of T. cuspidata.

■ BACKGROUND
Taxus is a rare genus of dioecious, evergreen trees with
significant medicinal and ecological value.1 The Taxus tree is
considered a valuable natural resource for taxol (also known as
paclitaxel) and its derivatives, which are the most important
market access anticancer drugs.2,3 With the deterioration of the
environment, the incidence of cancer is on the rise. To obtain
scarce taxol, wild Taxus trees have suffered devastating
damage.4 The conservation and comprehensive utilization of
Taxus trees have become a hot research focus.
Modern medical research proves that the extracts of Taxus

twigs contain a variety of biological constituents, such as
terpenoids, phenols, polysaccharides, and flavonoids.5,6 Various
compounds exhibit a wide range of pharmacological activities,
making Taxus extracts important sources of drugs for treating
different diseases.7 From the extracts of Taxus chinensis fruit,
14 compounds with potential neuroprotective activity were
isolated. These compounds could be used in the treatment of
neuronal injury and Alzheimer’s disease.8 Ascorbic acid,
carotenoids, and polyphenols extracted from Taxus baccata
red arils exhibit strong antioxidant activities.9 A number of
flavonoids with diverse skeleton structures were reported to
exhibit significant antibacterial, antiaging, and antiviral
activities.10 Using the high-performance liquid chromatogra-
phy with diode-array detection method, several phenolic

compounds with antioxidant and anticancer activities were
determined in the Taxus cuspidata bark extracts.11 α-
Conidendrin, a polyphenolic compound extracted from
Taxus yunnanensis, exhibits significant anticancer activity on
human breast cancer cell lines.12 Detailed identification of
active ingredients in the Taxus tree contributes to the
comprehensive utilization of this rare plant.
Bark contains a large number of active ingredients, but it is a

nonrenewable resource. Due to its sufficient biomass and
renewable characteristics, the Taxus leaf is a primary resource
used for industrial extraction.13 In the past few years, a number
of active ingredients have been detected and isolated from the
leaves of different Taxus species.14 In plants, the leaf is the
primary organ for photosynthesis and carbon fixation,
harboring various types of tissues.15 Previous studies have
focused on the spatial distribution of medicinal components in
plant leaves. In the leaf of Arabidopsis, lipids, such as
galactolipids, accumulate highly in the interveinal leaf lamina.16
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In Clausena lansium, alkaloids are especially enriched in the leaf
epidermal region, while coumarins are mainly distributed in
the leaf vein tissues.17 Investigating spatial distribution patterns
is crucial to understanding the biological functions of active
ingredients in medicinal plants.
Mass spectrometry (MS) imaging is a newly developed in

situ metabolomic technique that refers to the analysis of
compounds within tissues without the need for tissue
collection or extraction.18 Traditional methods need to
consider the polarity of the target compound, and MALDI-
MSI is also a suitable analytical technique for both polar and
nonpolar biomolecules.19 MS imaging allows chemists to
visualize the distribution of chemical molecules in a slice and
determine the molecules in different locations.20 MS imaging is
a fit-for-purpose tool for detecting the transformations of
secondary metabolites in plant tissues.21 MS imaging, coupled
with continuously improving MS databases, can efficiently
dereplicate, identify, and quantify active ingredients in
medicinal plants.22 Principal component analysis (PCA) is a
method of extracting important variables from a large set of
variables available in a dataset. It extracts a low-dimensional set
of features from a high-dimensional dataset with the motive to
capture as much information as possible.23 PCA can be used to
divide complex features into different distribution patterns. T.
cuspidata is an endangered evergreen conifer mainly distributed
in Northeast Asia.24

Traditional MS technology detected a variety of bioactive
metabolites in the leaves of T. cuspidata.25 For example, six
new taxanes with various skeletons were isolated from the
needles of T. cuspidata.26 Due to the tissue specificity of gene
expression, understanding the location of metabolites can be

helpful in deciphering their biosynthetic pathways.13,27 Data on
the spatial distribution of active ingredients can also provide
guidance for sampling for the pharmaceutical industry.
However, the precise spatial distribution of active ingredients
in the leaves of T. cuspidata is largely unknown. In this study,
we utilized the MALDI-IMS approach to determine the spatial
distributions of different types of active compounds in the
leaves of T. cuspidata.

■ RESULTS AND DISCUSSION
Overview of the TimsTOF Flex MALDI-2 Data.

TimsTOF flex MALDI-2 was carried out to identify the active
ingredients in the leaves of T. cuspidata (Figure 1a). The raw
MS imaging files were imported into the SCiLS Lab
workstation for MS feature identification. In total, 3084 ion
features were obtained, of which 944 were annotated according
to the MS database. The detailed information on each MS
feature, including m/z, compound name, notation, formula,
metabolite annotation, and m/z-Dev, is listed in Table S1.
Segmentation analysis divided the leaf map into 7696 data
points with different colors, suggesting that the data resolution
meets the requirements of subsequent research (Figure 1b).
According to the annotation information, 658 ion features

were grouped into various categories (Figure 1c). Among the
identified metabolites, the largest number of features belonged
to “flavonoids” (77 features), followed by “carboxylic acids and
derivatives” (63 features), “prenol lipids” (59 features), and
“organooxygen compounds” (52 features). For active ingre-
dient-related groups, 29 steroids and derivatives, 21 coumarins
and derivatives, and 13 cinnamic acids and derivatives were

Figure 1. Analysis of the data from timsTOF fleX MALDI-2. (a) Sampling and sectioning of the T. cuspidata leaves. (b) Mean mass spectrogram
and segmentation analysis of the T. cuspidata leaf sample. (c) Number of the metabolites belonging to different groups.
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detected, providing reliable data for analyzing the spatial
distribution of active ingredients in the leaves of T. cuspidata.
PCA of the Identified Metabolites. The PCA separated

all the detected metabolites into four principal components

(PCs), referring to typic leaf tissues: mesophyll cells (PC1),
upper epidermis (PC2), lower epidermis (PC3), and
epidermis/bundle sheath cells (PC4, Figure 2a). The heatmap
illustrated the loading intensities of each metabolite in different

Figure 2. PCA of the identified metabolites. (a) PCA of all identified metabolites in the leaves of T. cuspidata leaves. PC1−PC4 indicated four
different distribution patterns of identified metabolites in the T. cuspidata leaves. (b) Heatmap displaying the relative levels of different identified
metabolites. Heatmap scale ranges from 0 to 100 on a log2 scale. Clustering analysis classed all of the identified metabolites into six clusters. (c)
Number of metabolites belonging to different categories in each cluster.

Figure 3. Imaging of mesophyll cell predominantly accumulated metabolites. Mesophyll cell predominantly accumulated metabolites were
determined by MALDI-IMS analysis. Color scale ranges from 0 to 100%. Blue indicated low accumulation level and red indicated high
accumulation level. Proportion of various metabolites in different PCs was showed by pies.
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PCs (Figure 2b). Clustering analysis grouped all of the
detected metabolites into six clusters. In detail, 525 metabolites
were predominantly enriched in Cluster I (PC1), 526
metabolites were greatly enriched in Cluster II (PC2), 729
metabolites were significantly enriched in Cluster III (PC3),
and 660 metabolites were mainly enriched in Cluster IV
(PC4). In Cluster I, the “organooxygen compounds” group
occupied the largest share; in Cluster II and III, the “carboxylic
acids and derivatives” and “fatty acyls” groups occupied the
largest shares; and in Cluster IV, “carboxylic acids and
derivatives”, “organooxygen compounds”, and “prenol lipids”
were the largest groups (Figure 2c).
ROC is a method that combines sensitivity and specificity to

comprehensively evaluate discrimination effectiveness. Regions
that are selected for ROC analysis were based on PCA, which
can be used for ROC analysis between two regions of interest.
In our study, two regions within a slice were selected for ROC
analysis (Figure S1). The results of the ROC analysis are listed
in Table S2.
Imaging of Mesophyll Cell Predominantly Accumu-

lated Metabolites. A number of mesophyll cells that
predominantly accumulated metabolites were identified by
MALDI-IMS analysis (Figure 3). Makaluvamine P is a
pyrroloiminoquinone alkaloid, known for its potent antioxidant
activity.28 Hesperetin is a flavonoid that significantly
contributes to the inhibition of oxidative stress, inflammation,
and apoptosis.29 Xanthotoxol is an active coumarin that
exhibits various bioactivities and pharmacological properties,
such as the suppression of the inflammatory response.30

MALDI-IMS analysis showed that makaluvamine P, hesper-
etin, and xanthotoxol predominantly accumulated in mesophyll
cells (>50%) and secondarily accumulated in upper epidermal
cells (>30%). Ligustroflavone is a flavone that was first isolated
from the leaves of the common privet.31 Our data showed that
ligustroflavone significantly accumulated in the mesophyll cell

(69%). Cosmosiin is a flavone glycoside that was first identified
in the leaves of red Citrus grandis. Liquiritin is a flavonoid/
phenolic derivative that has antioxidative properties.32 In the
leaves of T. cuspidata, ligustroflavone, cosmosiin, and liquiritin
were found to be evenly distributed in the mesophyll cells.
Imaging of Upper Epidermis Predominantly Accu-

mulated Metabolites. Six typic upper epidermal cells
predominantly accumulated metabolites (>50%), such as
aurantiamide, corylin, milrinone, melatonine, 6-methylflavone,
and helonioside A, were identified (Figure 4). Aurantiamide
and its acetylation product (aurantiamide acetate) are peptides
exhibiting significant cytotoxic activity on the HL-60 leukemia
human cancer cell line.33 Melatonine is an important indole
heterocyclic compound that is involved in various adaptive
responses in plants.34 Interestingly, aurantiamide and melato-
nine specifically accumulated in the upper epidermal cells
(>90%), indicating that they are at the front line of plant
defense. The active flavonoid compound, corylin, was first
detected in the medicinal plant Psoralea fructus (Psoralea
corylifolia L.).35 In the leaves of T. cuspidata, potential corylin
compounds were detected, which were mainly distributed in
the mesophyll cells and upper epidermal cells. Moreover,
helonioside A, an antioxidant phenylpropanoid glycoside, and
6-methylflavone, a flavonoid aglycone, showed a similar
distribution pattern in the leaves of T. cuspidata.36,37

Imaging of Vascular Bundle Cells Predominantly
Accumulated Metabolites. There are two morphologically
and functionally distinct cell types: bundle sheath cells and
mesophyll cells that surround the bundle sheath layer, which
consists of the vascular bundles.38 In Papaver setiferum leaves,
the alkaloids were predominantly localized within the walls and
vascular bundles of the capsules.39 Isocolumbin is a natural
alkaloids targeting the epidermal growth factor receptor in
nonsmall cell lung cancer.40 Gartanin, which is first identified
in the purple mangosteen fruit, is a potent growth inhibitor of

Figure 4. Imaging of upper epidermis predominantly accumulated metabolites. Upper epidermis predominantly accumulated metabolites were
determined by MALDI-IMS analysis. Color scale ranges from 0 to 100%. Blue indicated low accumulation level and red indicated high
accumulation level. Proportion of various metabolites in different PCs was showed by pies.
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various cancer cell lines.41,42 In T. cuspidata, isocolumbin and
gartanin are two vascular bundle cell specifically accumulated
active compounds (>90%), suggesting their movement
between plant tissues. Procyanidin B2 is a potent natural
antioxidant exhibiting multiprotective roles in response to
vitrification stimuli.43 In T. cuspidata, Procyanidin B2 was
detected in vascular bundle cells and mesophyll cells.
Additionally, bisdemethoxycurcumin and dimethylfraxetin
were also significantly accumulated in the vascular system of
T. cuspidata leaves (Figure 5).
Imaging of Metabolites Distributed Relatively

Evenly. In T. cuspidata, a number of active compounds are
evenly distributed in the leaves (Figure 6). Five active
ingredients with anticancer properties, including 5,6,7-
trimethoxyflavone, aromadendrin, cafestol, dihydroquercetin,
and triptophenolide, were relatively evenly distributed in the
leaves of T. cuspidata.44−47 T. cuspidata contains various
potential anticancer drugs, indicating its significant medicinal
value. Moreover, two active ingredients (4-hydroxychalcone
and Morin) with anti-inflammatory, and two active ingredients
(astilbin and isopimpinellin) with antibacterial activity, were
also relatively evenly distributed in the T. cuspidata leaves.48−50

The leaves of T. cuspidata contain evenly distributed active
ingredients, making them excellent raw materials for the
pharmaceutical industry.
Accumulation Levels of Different Active Ingredients.

The contents of different active ingredients in plant tissues vary
greatly. MALDI-IMS analysis is a valuable method to reveal the
relative levels of each identified compound in plant tissues.51

Among the 27 active ingredients mentioned above, two
flavonoid compounds, ligustroflavone and Morin, accumulated
significantly in the leaves of T. cuspidata (intensity > 100). So
far, a large number of flavonoids with different skeletons were
isolated from Taxus plants. Flavonoids have potential benefits
for human health and were reported to be play significant
antibacterial, anti-aging, anti-Alzheimer’s, antidiabetic and

anticancer.10 Our data suggest that the leaves of T. cuspidata
are suitable raw materials for extracting ligustroflavone and
Morin. Meanwhile, several active ingredients, such as makaluv-
amine P, xanthotoxol, aurantiamide, melatonine, isofucosterol,
gartanin, procyanidin B2, 5,6,7-trimethoxyflavone, 4-hydrox-
ychalcone, and astilbin, showed relatively low accumulation
levels in the leaves of T. cuspidata (intensity < 10). Procyanidin
B2, one of the most classic natural pigments, has numerous
bioactivities and possesses the potential to prevent a wide
range of human diseases.52 The low content compounds also
have very high medicinal value. In industrial extraction,
artificially increasing the concentrations of these low-content
compounds is a necessary step.

■ CONCLUSIONS
TimsTOF flex MALDI-2 was utilized to analyze the
accumulation pattern of active ingredients in T. cuspidata
leaves. The PCA separated all the detected metabolites into
four typical leaf tissues: mesophyll cells, upper epidermis, lower
epidermis, and vascular bundle cells. The imaging analysis
identified several leaf tissue specifically accumulated active
ingredients. Our data provides fundamental information for the
protective utilization of T. cuspidata.

■ METHODS
Plant Samples. Three-year-old T. cuspidata seedlings were

planted in a growth chamber at the campus of Hangzhou
Normal University, Hangzhou, China. Professor Yaobin Song
(Hangzhou Normal University) identified the T. cuspidata
seedlings. A young leaf was harvested and prepared for
cryosection and MS imaging analysis. All the chemicals were
purchased from Sinopharm (Shanghai, China). One sample
was analyzed in our study, and three replicates from the same
sample were carried out.
Sampling and Sectioning. Leica CM1950 cryosection

(Leica, Wetzlar, Germany) was used with a slice thickness of

Figure 5. Imaging of epidermis/bundle sheath cells predominantly accumulated metabolites. Epidermis/bundle sheath cells predominantly
accumulated metabolites were determined by MALDI-IMS analysis. Color scale ranges from 0 to 100%. Blue indicated low accumulation level and
red indicated high accumulation level. Proportion of various metabolites in different PCs was showed by pies.
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10−20 μm. The tissue sample was transferred from −80 °C to
a precooled slicer at −20 °C for 1 h. After adjustment of the
angle and orientation, the tissue sample was sliced according to
the instructions. The cut slices were transferred onto a
MALDI2 specific conductive glass slide (BRUKER, Luken,
Germany) and then vacuum-dried for 30 min. After vacuum
packaging, the samples were kept at −80 °C until used.
Matrix Spraying and MS Imaging. Commercialized

MALDI-2 special matrix solution purchased from BRUKER
OPTICS (BRUKER, Luken, Germany) was evenly sprayed
onto the special conductive glass slide containing tissue slices
using the TM-Sprayer M3 instrument (HTX, Boston, USA).
The MALDI-2 special matrix solution: 5 mg/mL of α-cyano-4-
hydroxy-cinnamic acid was dissolved in 70% HPLC grade
acetonitrile with 0.1% trifluoroacetic acid. The parameters of
the matrix application set in the TM-sprayer (HTX, Boston,
USA) were as follows: spray nozzle velocity (1200 mm/min),
track spacing (2 mm), flow rate (0.12 mL/min), spray nozzle
temperature (72 °C), and nitrogen gas pressure (10 psi).
The conductive glass slide with the substrate was placed

onto the target disk of TimsTOF flex MALDI2. Metabolites in
the samples were imaged using a timsTOF fleX MALDI 2
(BRUKER, Luken, Germany) equipped with a 10 kHz smart
beam 3D laser. MALDI2MSI was operated in positive ion
mode in full scan mode for m/z 50−1500. MALDI2MSI was
performed at a 50 μm spatial resolution. The frequency of the

laser was set to 10,000 Hz, with 62% laser energy and 100 laser
shots per 50 μm pixel. All molecules were released by
ionization at the target site to produce the raw MS imaging
data file.
Analysis Procedures of MS Imaging Data. The raw

imaging data was imported into SCiLSLab 2021 software
(BRUKER, Luken, Germany) for MS analyses. To obtain the
average mass spectrum of the region of interest, several data
analyses were performed, including baseline subtraction, peak
alignment, smoothing, and data normalization. To provide
reliable data for spatial denoising and segmentation of the
sample region, the datasets were normalized using the
SCiLSLab 2021 software (BRUKER, Luken, Germany) with
the “root mean square” method. Each pixel in the spatial
metabolic profile is independently detected and generated by
the MS imaging system. The imaging pixels of the target area
were clustered by using the K-Means analysis function in
SCiLS In Lab 2021 software (BRUKER, Luken, Germany).
Regions with similar metabolite accumulation patterns were

labeled with the same color. PCA was conducted to analyze the
distribution of metabolites on the slices, and several PCs were
obtained to represent different imaging modes. Each PC was a
linear combination of all of the features.
Metabolite Identification. The collected MS imaging

data was peak extracted and calibrated using a Bruker
MetaboScape workstation (BRUKER, Luken, Germany). The

Figure 6. Imaging of relatively uniformly distributed metabolites. Relatively uniformly distributed metabolites were determined by MALDI-IMS
analysis. Color scale ranges from 0 to 100%. Blue indicated low accumulation level and red indicated high accumulation level. Proportion of various
metabolites in different PCs was showed by pies.
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results with a molecular mass error < 10 ppm were compared
with the theoretical mass in the Bruker Library MS Metabase
3.0 database (BRUKER, Luken, Germany). Furthermore, each
MS feature was searched against the Kyoto Encyclopedia of
Genes and Genomes database for metabolic pathway analysis.
Statistical Analysis. Area under curve > 0.7 or <0.3 and

corrected P value < 0.01 were used to screen significant
changed metabolites. The P values were adjusted for multiple
testing correction by false discovery rate (FDR; Benjamini−
Hochberg). SCiLSLab 2021 software was used for statistical
analysis.

■ ASSOCIATED CONTENT
Data Availability Statement
The datasets generated and analyzed in the current study are
available at Baidu Netdisk (https://pan.baidu.com/s/
1hXL8X9bCF5ZLi4UGKXRlHQ [password: tjhg]).
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