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Food-derived polyphenols have health benefits owing to their ability to prevent some
diseases. Knowledge of their bioavailabilities and metabolism is important for understanding
the mechanisms underlying their benefits. Thus, mass spectrometry (MS)-based analytical
techniques, such as liquid chromatography-MS (LC-MS), that are capable of highly sensitive
and simultaneous detection of absorbed polyphenols and their metabolites are essential tools
in this field. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
imaging is currently used in biological sciences for visualizing the spatial information of various
compounds, such as peptides, proteins, lipids, drugs, and food compounds, in various biological
tissues. However, the application of MALDI-MS imaging to polyphenols is challenging owing
to the lack of appropriate matrix reagents for visualizing (or detecting) polyphenols absorbed
in target biological tissues. This review highlights the development of the MALDI-MS
imaging technique for the detection and visualization of food-derived polyphenols. First,
the development of new matrices and matrix additives for the detection and visualization of
polyphenols is discussed, followed by their introduction to inhibitor-aided MALDI-MS imaging
for the elucidation of intestinal absorption routes and the metabolic behaviors of polyphenols.
The MALDI-MS imaging technique shows great potential as a novel analytical tool for
elucidating the bioavailabilities of food-derived polyphenols.

1. Introduction

Food-derived polyphenols, which occur naturally in tea, coffee, and a wide variety of fruits

and vegetables, are consumed worldwide owing to their potential health benefits, such as the

*.5)

prevention of cardiovascular diseases,? diabetes,?) and cancers, as well as intestinal

regulation for the absorption of other compounds.(6) To understand the mechanisms underlying
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their bioactivities, their absorption, distribution, metabolism, and excretion (ADME) behaviors
must be elucidated. Owing to their complex absorption behaviors and metabolic processes,
such as methylation, sulfation, and glucuronidation,”™® mass spectrometry (MS)-based
analytical techniques such as liquid chromatography-MS (LC-MS) techniques with high
sensitivity and throughput characteristics are considered useful.!°' However, despite their
widespread application, LC-based methods present several drawbacks in terms of laborious
pretreatment processes, such as preparation and extraction steps, which can lead to loss of
information regarding the localization of analytes in biological tissues.'¥ Matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) is widely used for the simultaneous
detection of both low- and high-molecular-weight target compounds without the aforementioned
pretreatment processes owing to its advantages in terms of sensitivity, selectivity, and tolerance
to impurities.(ls’lé) Accordingly, MALDI-MS is used to detect a diverse range of ionizable

compounds, such as proteins, lipids, and drug molecules.!”"1?

Currently, the development
of MALDI-MS-aided imaging is receiving considerable attention since it not only provides
information on the presence of compounds, but can also be used to visualize their distribution
and/or localization in biological tissues, overcoming the limitations of LC-MS methods.(142%-2D
The combination of MS detection with spatial localization presents a novel scientific
methodology for food and drug development fields.'*?? Numerous reports on the application

of MALDI-MS imaging to the visualization of a wide mass range of peptides,>>) (24,25)

(27-29)

proteins,
lipids,?® drugs, and food compounds®? have been published. However, the application
of MALDI-MS imaging to the visualization of polyphenols is challenging owing to the lack
of appropriate matrix reagents for detecting and/or visualizing target polyphenols with low
bioavailabilities. Therefore, the present review focuses on the development of MALDI-MS as
a technique for detecting and visualizing food-derived polyphenols in biological tissues. This
novel MS imaging technique provides a powerful analytical strategy for understanding the

ADME behaviors of polyphenols.

2. MALDI-MS Imaging Principle

The general procedure for MALDI-MS imaging is illustrated in Fig. 1. Typically, it
comprises tissue preparation, matrix application, and MS imaging data acquisition, followed
by data analysis and image construction. The sample, which may be any type of biological
tissue, is cryosectioned into slices with um thicknesses, which are then mounted onto
indium-tin oxide (ITO)-coated conductive glass slides. The mounted slices are then coated
with a MALDI matrix to extract the analytes from the tissue surface into a matrix crystal
and to aid desorption/ionization in the mass spectrometer. Upon irradiation by a UV laser,
the matrix absorbs the laser energy and transforms the analytes into the gas phase, promoting
the ionization of the analytes in the matrix plume. MALDI sources are equipped with a
UV laser, such as a nitrogen laser (337 nm) or a Nd-YAG laser (355 nm).®) The MALDI
technique is usually combined with time-of-flight (TOF)-MS or high-resolution MS such as
Fourier-transform ion cyclotron resonance (F T-ICR)-MS.®? Mass spectra are acquired from
defined geometrical coordinates across the tissue. The analytes are detected on the basis of m/z (a



Sensors and Materials, Vol. 31, No. 7 (2019) 2335

Tissue preparation MALDI-MS imaging

Isolated small intestine

= X 4
B Isolation |

b= —

5) MALDI-MS detection Mass spectrum

2
s

4
Experimental animal * —p 2,
(e.g., rats) %2
| Apical side || { Basolateral side | E
e \'/e S R
‘ ‘ ‘ miz
[ N .
* 6) MS imaging construction

o ()—

1) Intestinal transport by an Ussing chamber system

Collected intestinal
I membrane

my/z my/z my/z

* 2) Cryosectioning m/z images

[ /

‘ 3) Matrix spraying

/

4) Laser irradiation
(UV laser; e.g., Nd-YAG)

] Analyte ions

Crystallized matrix i Laser irradiation
with analytes = .
=9 04— Matrix
()
mmmecu'es

Fig. 1.  (Color online) General workflow of MALDI-MS imaging for visualization of polyphenols after intestinal
transport experiment using an Ussing chamber system. 1) Intestinal transport by Ussing chamber system: the rat
small intestine is isolated and cut along the mesenteric border to expose the mucosal side and subsequently mounted
on the Ussing chamber system. The polyphenol sample is added to the apical compartment to transport it across
the intestinal membrane. 2) Cryosectioning: the intestinal membrane after the transport was collected and then
cryosectioned into slices with pm thickness. The slices are thaw-mounted on ITO-coated slide glass. 3) Matrix
spraying: tissue slices on ITO glass slides are homogenously spray-coated with an appropriate matrix. 4) Laser
irradiation: the matrix-coated slices are inserted into the MALDI-MS instrument and irradiated using a UV laser
to ionize analytes. 5) MALDI-MS detection: the analytes are detected on the basis of their mass-to-charge ratios
(m/z values) in generated mass spectra. 6) MS imaging construction: a custom software program is used to compile
the mass spectra into a format where intensities of all detected analytes can be visualized across the tissue as ion
density images.

dimensionless quantity obtained by dividing the ratio of the mass of an ion to the unified atomic
mass unit, by its charge number)®? in the generated mass spectra. Custom software is used
to compile the mass spectra into a certain image format in which the presence of the analytes
detected can be visualized across the tissue as ion density images.(34) MALDI-MS imaging is
typically performed at spatial resolutions of 10 to 200 pm.®? The pseudo-color images thus
obtained allow the visualization of the distributions of molecules of interest in biological tissues
to be visualized.
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3. MALDI-MS Imaging for Polyphenol Analysis
3.1 Matrix selection for MALDI-MS visualization of polyphenols

Matrix selection is critical for analyte detection by MALDI-MS. In general, matrix
reagents for MALDI must exhibit a strong absorption at the laser irradiation wavelength used,
good compatibility between the analytes and the matrix solvent, good vacuum stability, a low
vapor pressure, and the ability to participate in protonation or deprotonation reactions in the
gas phase.'® Matrix reagents for a negative MALDI mode should be strong bases in order
to abstract a proton from analytes, whereas a high acidity in the gas phase that donates a
proton to analytes appears to be an important characteristic of matrices for a positive MALDI
mode.®> Matrices such as o-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA),
and 2,5-dihydroxybenzoic acid (DHB) have been widely used in the positive-charge MALDI
detection of proteins, peptides, and lipids owing to the positively charged characteristics of
their nitrogen-containing chemical structures.®® However, the MALDI-MS detection of
polyphenols, which have neutral chemical structures (except for anthocyanins, which have
positively charged flavylium skeletons), has severe limitations owing to their lack of proton
removal or addition groups.(37) Moreover, there are several limitations for the aforementioned
conventional matrices, such as an abundance of interfering signals in the low-mass range for a
positive detection mode and a low ionization efficiency for a negative detection mode. (%

Several attempts at detecting polyphenols by MALDI-MS have been reported in the
literature, as listed in Table 1. One strategy for the MALDI-MS detection of polyphenols is
to monitor them as metal adducts. For instance, theaflavins and hesperidin were detected
as [M+Na]” and [M+K]" adducts in positive-mode MALDI-MS using conventional CHCA

(1538 The detection of proanthocyanidins as [M+Cs]*

and DHB matrices, respectively.
and [M+Ag]" has also been reported.'® Another strategy is to use basic matrices such as
trans-3-indoleacrylic acid (IAA)®? and 1,5-diaminonaphthalene (1,5-DAN)C? in the negative
MS detection mode. Since basic matrices abstract a proton from analytes, these matrices have
been used to detect proanthocyanidins and epigallocatechin gallate (EGCG) as [M—H] (%39
The photobase generator nifedipine (4,4 at 344 nm)(40) has recently been developed as a unique
MALDI matrix reagent that can deprotonate polyphenols because the photobase produced
from nifedipine can act as a catalyst in UV-mediated polymer cross-linking reactions owing
to its proton abstracting ability.!*? A variety of polyphenols including flavonols, flavones,
flavanones, flavonones, chalcones, stilbenoids, and phenolic acids were successfully detected
as [M—H] by nifedipine-aided MALDI-MS in the negative mode with markedly higher
intensities than those reported for other matrices such as IAA [Fig. 2(a)].°” The mechanism
of nifedipine-induced MS ionization of polyphenols involves the production of a nitrosophenyl

pyridine derivative from nifedipine under laser irradiation at 355 nm.C”

This photobase
product plays a crucial role in the deprotonation of polyphenols in negative-mode MALDI-MS
[as illustrated in Fig. 2(b).®7 Moreover, the enhanced detection of polyphenols was achieved
by the addition of phytic acid, which has been reported as a matrix additive for enhancing the

MALDI-MS detection of peptides.*) According to the nifedipine-aided MALDI-MS analysis
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Table 1
Matrices for MALDI-MS detection of polyphenols.
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Fig. 2. (Color online) (a) MALDI-MS detection of EGCG (1 pmol/spot) using IAA, 1,5-DAN, and a photobase
generator, nifedipine, in negative mode. (b) Generation and detection of a MALDI-laser-induced photobase,
nitrosophenyl pyridine, by MALDI-MS analysis of nifedipine in positive mode.

of methylated naringenins, the OH group at the S-position of the flavonoid skeleton A-ring
undergoes proton removal by nifedipine.(37) Thus, nifedipine may be useful as a novel and
powerful MALDI matrix reagent for the analysis of polyphenols and may contribute to the
future application of MALDI-MS imaging for investigating the bioavailability of bioactive
polyphenols.

3.2 Visualization of polyphenol distributions in edible plants by MALDI-MS imaging

Polyphenols are plant metabolites during growth and development. Thus, understanding
the distribution of polyphenols in plant tissues is important for elucidating the biological
processes that occur in plants. MALDI-MS imaging has been used to visualize the distribution
@) In that study, the different distribution behaviors of
flavonoid glycosides such as quercetin hexoside, kaempferol hexoside, and phloretin hexoside
in the skin region and in the pericarp were determined.*? The localization of anthocyanins
such as cyanidin pentoside, cyanidin hexoside, and cyanidin dihexoside in black rice has been
investigated by MALDI-MS imaging, revealing that anthocyanins composed of different sugar
moieties exhibit different localization patterns in the pericarp of black rice.*> MALDI-MS

imaging has also revealed that, unlike other flavonoids, vicenin-2 is produced at the top of
(46)

of flavonoid glycosides in apple.

Lychnophora salicifolia leaves. The combination of the localization and UV absorption
properties of vicenin-2 indicate that it could act as a UV-light barrier to protect plants.
Thus, MALDI-MS imaging provides information vital for understanding the ecological and
physiological functions of metabolites in plants.(%) The presence of hesperidin in leaves and
stems of Citrus limonia after Xylella fastidiosa infection has been visualized by MALDI-MS
imaging, revealing that hesperidin plays a role in the plant-pathogen interaction.®®  Thus,
MALDI-MS imaging could overcome the limitations of conventional analytical methods
in research into the distribution of polyphenols in plant tissues, providing new analytical

information regarding the biological roles and biosynthesis of phytochemicals in plants.
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3.3 MALDI-MS imaging as a novel method for in situ visualization of polyphenol
absorption in rat small intestine

MALDI-MS imaging has been widely used in drug discovery and development studies
to visualize the absorption and distribution of administered drugs. The intestinal absorption
behaviors of propranolol and metoprolol (high-permeability compounds) and atenolol (a low-

permeability compound) were evaluated by MALDI-MS imaging.??

The results provided
novel insight into site-specific absorption along the crypt—villus axis for each of the compounds,
and confirmed a proximal-distal absorption gradient along the intestine.?” In a tuberculosis
research study, several anti-tuberculosis drugs including rifampicin, pyrazinamide, and
moxifloxacin were administered to patients, and MALDI-MS imaging was used to visualize
the distribution of these drugs in tuberculosis lesions.?” The results revealed that rifampicin
and pyrazinamide efficiently penetrated the tuberculosis infection sites in lung lesions but did
not diffuse well in caseum.?” However, the MALDI-MS imaging of polyphenols distributed
in biological tissue is limited owing to their low bioavailabilities. There is only one report
on the application of MALDI-MS imaging to the visualization of polyphenols administered
in biological tissues. In that study, Kim et al. achieved the in situ visualization of EGCG
in rat liver and kidney after the administration of a 2000 mg EGCG/kg rat body weight
dose,?? demonstrating that MALDI-MS imaging may be applicable to the evaluation of the
bioavailability of polyphenols.

It has been reported that the small intestine is the organ mainly responsible for the
absorption of polyphenols with low bioavailabilities.#” Therefore, evaluating the intestinal
absorption and metabolism of polyphenols is important for understanding their bioavailability
and mechanism of absorption. Although a cell-based in vitro intestinal epithelial model using
Caco-2 cells is commonly used,(48’49) the Caco-2 cell model exhibits several shortcomings, such
as differences in protease expression from those in actual intestinal membranes. An ex vivo
animal intestinal membrane mounted on an Ussing chamber system is a promising alternative
and has been used to investigate the transport of drugs and food compounds.m’so’5 " Enhanced
MALDI-MS imaging using nifedipine with phytic acid was used to visualize the accumulation
of an absorbable epicatechin gallate (ECG)(Sz) in the rat small intestinal membrane after an
Ussing chamber transport experiment, revealing that ECG was distributed throughout the entire
jejunum membrane [Fig. 3(c)].(53) The involvement of intestinal membrane uptake transporters
such as monocarboxylic transporter (MCT) and organic anion-transporting polypeptide (OATP)
in the cellular uptake of polyphenols has been reported. #3349 Therefore, the elucidation of
intestinal absorption routes for polyphenols is important. Accordingly, MALDI-MS imaging
has been applied to investigating the intestinal transport of these polyphenols with the aid of
transporter inhibitors. To elucidate the possible absorption route(s) of polyphenols, phloretin (an
MCT inhibitor),(57) estrone-3-sulfate (an OATP inhibitor),(ss) and wortmannin (a transcytosis
inhibitor)®® have been used in intestinal ECG transport experiments.®¥ The significant
reduction in the level of ECG distribution in the intestinal membrane in the presence of
phloretin and estrone-3-sulfate clearly demonstrated the involvement of MCT and OATP in the

intestinal transport of ECG, respectively [Fig. 4(a)], was reported by Vaidyanathan and Walle.®
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Fig. 3. (Color online) Nifedipine-aided MALDI-MS imaging of TF3’G and ECG in intestinal tissues after Ussing
chamber transport experiments and enhanced MALDI-MS detection of polyphenols. (a) Representative optical
image of the rat jejunum membrane and distributions of (b) TF3’G, and (c) ECG in the membranes.
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polypeptide, and ABC transporters: ATP-binding cassette efflux transporters.
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Moreover, the in situ MALDI-MS imaging of the intestinal membrane has also been applied to
the evaluation of the involvement of efflux ABC transporters, including multidrug resistance
protein 2 (MRP2), P-glycoprotein (P-gp), and breast cancer resistance protein (BCRP),*” since
the low bioavailability of polyphenols is considered to be partly due to their intestinal efflux.(6?
The cotransport of cyclosporine A [a nonspecific ATP-binding cassette (ABC) efflux transport
inhibitor] and ECG provided a marked increase in visualized intensity localized on the apical
side of the intestinal membrane,® clearly illustrating the involvement of ABC transporters in
the transport of ECG [Fig. 4(a)]. Thus, the inhibitor-aided MALDI-MS imaging technique is a
powerful and novel analytical tool for the direct analysis of the intestinal absorption of analytes
without the pretreatment steps, such as extraction and separation, required in LC and LC-MS
analyses.?)

Inhibitor-aided intestinal MALDI-MS imaging has also been used to investigate the
absorption of nonabsorbable theaflavin-3’-O-gallate (TE3°G),*” which can regulate the
intestinal expression of peptide transporter 1 (PepTl) and tight-junction (TJ)-related proteins
(claudin-1, ZO-1, and occludin) in order to inhibit the intestinal transport of peptides and TJ-
mediated substrates.>%® Interestingly, although TF3’G was not absorbed, the apical-specific
localization of TF3’G on an intestinal membrane after Ussing chamber transport was clearly
visualized [Fig. 3(b)]. The visualized TF3’G disappeared in the presence of phloretin and
estron-3-sulfate, and was enhanced by cyclosporine A [Fig. 4(b).®¥ Thus, these visualized
results demonstrated for the first time that TF3’G can be incorporated into intestinal tissues
through MCT or OATP followed by efflux back to the apical compartment, and this discovery
will help elucidate the mechanism of the regulatory effect of TF3’G on the expression of PepT1
and TJ proteins. Such observation of tissue incorporation of nonabsorbable polyphenols is due
to the great advantage of in situ tissue visualization by MALDI-MS imaging, which indicates
the potential use of the present MS imaging technique for the elucidation of intestinal transport
mechanisms of substrates including absorbable and nonabsorbable polyphenols.

3.4 Visualization of polyphenol metabolites in rat small intestine by MALDI-MS
imaging

Understanding metabolic behaviors (endogenous and exogenous metabolisms) is
essential for obtaining insights into the mechanisms of molecular changes associated with
physiological alterations, such as those induced by diseases and aging, and for evaluating the
bioavailabilities of drugs and food compounds upon oral administration. MALDI-MS imaging
has also been used to visualize a broad range of endogenous metabolites (e.g., nucleotides,
cofactors, phosphorylated sugars, amino acids, lipids, and carboxylic acids in brain tissues)(64)
and drugs/drug metabolites after oral administration (e.g., terfenadine and its metabolites,
fexofenadine in the small intestine and liver,?® and erlotinib and its demethylated conjugates
localized at tumor areas in the lung®)). According to previous reports demonstrating that
polyphenols undergo a complex phase-II metabolism including methylation, sulfation, and
glucuronidation upon oral administration,®°® the low bioavailability of polyphenols is due to
not only their poor absorption but also their extensive metabolism. A lot of research has been
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dedicated to identifying phase-II metabolites of polyphenols in plasma and tissues using LC-
MS methods.(7-67-69 However, detailed information on the localization of these metabolites
in organs remains unclear.®? Exploiting the advantages of MALDI-MS imaging for the
nontargeting analysis of compounds, the nifedipine-aided MALDI-MS visualization technique
was applied to the elucidation of the metabolic behavior of TF3’G and ECG during their
intestinal absorption. Interestingly, MALDI-MS imaging successfully visualized the phase-
II metabolites of ECG, including their sulfated, methylated, and methyl-sulfated forms [Fig.
5(a)], as had been observed in plasma after oral administration to Wistar rats,®? Caco-2 cell
monolayers,(49) and the human intestine.’” In time-course transport experiments, sulfate
ECG was visualized after 15 min transport in the intestinal membrane prior to the formation
of methylated- and methyl-sulfated conjugates (30—60 min transport). Conversely, phase-II
metabolites of TF3’G were not detected in the study [Fig. 5(b)].(53) Considering the results of a
previous study in which TFs and their phase-I1 metabolites were not detected in human urine
after the oral administration of 1000 mg TF extract, TFs seem to be stable against phase-II
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Fig. 5. (Color online) Simultaneous visualization of phase-II metabolites of (a) ECG and (b) TF3’G in intestine by
nifedipine-aided MALDI-MS imaging. Me: methylated and Glc A: glucuronidated.



Sensors and Materials, Vol. 31, No. 7 (2019) 2343

metabolism in the intestinal tissue.”" Moreover, MALDI-MS imaging has also been applied
in the in vivo study of polyphenol metabolism, in which sulfate and glucuronide metabolites of
EGCG were visualized in liver and kidney tissues after its oral administration.®® Thus, the
simultaneous visualization of various polyphenol metabolites may be used to investigate the
complex phase-1I metabolism of polyphenols in the intestine and liver.

4. Conclusions and Future Challenges

The MALDI-MS imaging technique has been developed as a means to elucidate the
bioavailability of polyphenols, their absorption mechanisms, and their metabolic behavior
in the intestine. The in situ tissue visualization of small substrates such as polyphenols by
MS imaging is extremely useful for acquiring the spatial information required to elucidate
their biological roles in plants and animal organs. Clearly, this spatial information cannot be
obtained by immunohistochemistry approaches or other MS-based techniques (such as LC-MS).
However, the MALDI-MS technique seems to be unsuitable for quantitative analysis owing to
the poor reproducibility (both sample-to-sample and shot-to-shot) caused by inhomogeneous
matrix crystal formation, interference from concomitant compounds, and the destruction of
analytes by laser shots.”? According to recently published research by Nakamura er al.’®
regarding the MALDI-MS detection of plasma amyloid-p biomarkers for Alzheimer’s disease,
the use of appropriate internal standards (i.e., stable-isotope-labeled analytes or their analogues)
is a viable strategy for overcoming this disadvantage. Thus, in the view of the aforementioned
(and potential future) development of MALDI-MS imaging, this in situ technique may serve
as a powerful and novel analytical tool for investigating the absorption and metabolism of
polyphenols.
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