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Abbreviation

A: ATP-binding cassette (ABC);
acetonitrile (ACN); average
fluorescence intensity (Ag);
apical sodium dependent-bile acid
transporter (ASBT)

C: cyclosporine A (CSA);
cyanidin (Cy);
cyanidin-3-O-$-D-glucoside
(Cy3G);
cyanidin-3-O-$-D-galactoside
(Cy3-Gal);
cyanidin-3-0-(6-0O-(4-O-(E)-p-
coumaroyl)-p-D-glucopyranosyl)-
(1—6)-[p-D-xylopyranosyl-(1—2)
]-p-D-galactopyranoside
(Cy3XCGG);
cyanidin-3-O-(f-D-gluco-
pyranosyl)-(1—6)-[5-D-
xylopyranosyl-(1—2)]-f-D-
galactopyranoside

(Cy3XGG);
cyanidin-3-0-(6-O-sinapoyl-f$-D-
glucopyranosyl)-(1—6)-[5-D-
xylopyranosyl-(1—2)]-$-D-

galactopyranoside

(Cy3XSGG);
cyanidin-3-O-(6-O-feruloyl-S-D-
glucopyranosyl)-(1—6)-[f-D-
xylo-pyranosyl-(1—2)]-5-D-
galactopyranoside

(CY3XFGG);
a-cyano-4-hydroxycinnamic acid
(CHCA)

D: 2,5-dihydroxybenzoic acid
(DHB); 1,5-diaminonaphthalene
(1,5-DAN);
3,4-dimethoxycinnamic acid
(DMCA); deuterium chloride
(DCI)

E: estrone-3-sulfate (E3S);
electrospray ionization (ESI);
epicatechin-3-O-gallate (ECG)
F: formic acid (FA); ferulic acid
(FCA)

G: glucose transporter 2 (GLUT2);

glucuronide (GIcA);



H: high performance liquid
chromatography (HPLC); human
umbilical vein endothelial cells
(HUVECsS)

I: indium-tin oxide (ITO); internal
standard (IS); interleukin 8 (IL-8)
K: Krebs-Ringer bicarbonate
(KRB)

L: limit of detection (LOD); limit
of quantification (LOQ); liquid
chromatography-mass
spectrometry (LC-MS);

M: matrix-assisted laser
desorption/ionization mass
spectrometry (MALDI-MS);
methyl (Me); Methanol-d4
(CD30D); pro-inflammatory
markers monocyte
chemoattractant protein-1
(MCP-1); multidrug resistance
protein 2 (MRP2);
monocarboxylate transporters
(MCTs)

N: nucleoside transporters (NTs)

O: organic anion transporting
polypeptide (OATP);
O-dinitrobenzene (O-DNB)

P: P-glycoprotein (P-gp); peptide
transporter 1 (PepT1)

Q: quantitative MALDI-MS
(GQMALDI-MS)

R: rhodamine 6G (R6G); region
of interest (ROI); relative standard
deviation (RSD)

S: Sprague-Dawley (SD); sulfate
(Sul); sodium-dependent glucose
transporter 1 (SGLT1)

T: time-of-flight/mass
spectrometry (TOF/MS);
tetramethylsilane (TMS);
theaflavin-3'-O-gallate (TF3'G);
tumor necrosis factor-o. (TNF-a);
trifluoroacetic acid (TFA)

W: wortmannin (WOR)



Chapter |

Introduction

Researches on physiologically active food compounds have been performed, among
which polyphenols may exert the prevention of age-related diseases, such as cardio
protective,!™! lipid and cholesterol-lowering,?®! anti-hypertensive,’** anti-diabetes,**!

(12141 effects. Polyphenols are a group of natural phytochemicals

and anti-inflammatory’
having >2 hydroxyl (OH) groups in benzene ring and flavonoids are a typical
phytochemical.

Flavonoids with C6-C3-C6 skeleton provide health benefits against the onset of
chronic degenerative diseases, e.g., cancers, diabetes, and cardiovascular diseases
(CVD). Hence, flavonoids could serve as a fascinating natural food supplement for our
health.

Among the flavonoids, anthocyanins are a unique contributor to food quality by their
characteristic colors. The name comes from a combination of greek anthos (flower) and
kyanous (blue). The unique chemical properties are caused by flavylium cationic
backbone, which can make them charged electrically.*® Hence, anthocyanins can be
used as a pH indicator. Change in color and chemical structure of anthocyanins by pH is
shown in Figure 1-1. Anthocyanins are a subgroup of flavonoids from the structural
aspect and are further classified by the position and number of methyl and hydroxyl

substitutions in the flavylium cationic ring, as cyanidin (Cy), malvidin (Mal),

delphinidin (Del), pelargonidin (Pel), petunidin (Pet), and peonidin (Peo).*®! They are



Flavylium cation Carbinol or pseudobase

(red, pH =1-3) (colourless, pH = 4-5)
OH OH
OH
s S
HO 0
N OH
~

Quinoidal base Chalcone
(blue, pH = 6-7) (yellow, pH = 8-9)

Figure 1-1 Chemical structures and color of anthocyanin in different pH



naturally modified via acylation and glycosylation to improve their solubility and

[17]

stability in natural plants.'”" It has been reported that such diverse anthocyanins formed

in natural plants have exhibited various health benefits, such as immunostimulation,™®

anti-tumor,*** and anti-inﬂammatorym*zzl

effects, as well as the prevention of
diabetes®?* and hypertension.!”>?®! For instance, the intake of bilberry extract reduced
venous plasma  glucose level in  human trials.”®!  Acylated (Cy
-3-0-(6-O-feruloyl-g-p-glucopyranosyl)-(1—6)-[5-D-xylo-pyranosyl-(1—2)]-4-D-galact
opyranoside, Cy3XFGG) anthocyanins and monoglycosylated (Cy-3-O-4-D-glucoside,
Cy3G) have been reported to reduce the secretion of interleukin 8 (IL-8) in human
umbilical vein endothelial cells (HUVECS) inflamed by tumor necrosis factor-a (TNF-a)

and pro-inflammatory markers monocyte chemoattractant protein-1 (MCP-1).123!

In order to demonstrate the aforementioned physiological actions of anthocyanins, it is
necessary to clarify the effective bioavailability of anthocyanins after the intake in
vivo.B138l As summarized in Table 1-1, studies on most anthocyanin absorption have
been conducted using acylated anthocyanins, such as
Cy-3-O-[f-D-xylopyranosyl-(1—2)]-p-D-galactopyranoside (Cy3XG),
Cy-3-O-(p-D-gluco-pyranosyl)-(1—6)-[-D-xylopyranosyl-(1—2)]-5-D-
galactopyranoside (Cy3XGG),
Cy-3-0-(6-0-(4-0-(E)-p-coumaroyl)-p-b-glucopyranosyl)-(1—6)-[5-D-xylopyranosyl-
(1—2)]-p-D-galactopyranoside (Cy3XCGQG),
Cy-3-0-(6-0-sinapoyl-f-D-glucopyranosyl)-(1—6)-[f-D-xylopyranosyl-(1—2)]-f-D-
galactopyranoside (Cy3XSGG), Cy3XFGG, etc.*"#!



Table 1-1 Pharmacokinetics of anthocyanins in literature

. . Plasma
Anthocyanins Source Dose  Species B:’:;g';a' conc. Metabolite  Reference
P (pmol/mL)
plasma, .
404 mg/k ) e cyanidin
- (Cy3£(13)g Wistar  jejunum, - (a{;lycon) [39]
stomach
359 mg/kg Coma
black (equiv. Wistar plas_ma, 840 + 190 ) [42]
currant urine Tomaxs
Cy36) 0.5h
C
0.165 max
5037
black mg/kg Human ~ Plasma, Tinax: - [42]
currant (equiv. urine 125+
Cy36) 0.46 h
elderberry, 160 mg/kg Crnaxs
Cy-3- black (equiv. SD plasma, 3490 Methylated [41]
. liver Tonaxs
glucoside currant Cy3G) 095 h
(Cy3G) -
Cmaxn
720 lasma 425+45
elderberry mg/human  Human plasma, Tmax - [44]
(extract) urine 1.08 £
0.34h
C
283.5 max
redgrape o human  Human ~ Plsma. - 0.001 - [46,47]
juice - urine Thax
(juice) 05h
Cmax.
black mglL?J?nan plasma 0.005
. Human L Tmace glucuronided [49]
raspberry (equiv. urine 1.00 +
Cy3G) 0.30h
elderberry, 20 mg/kg
black (equiv. SD plﬁ:;r:a, - -
currant Cy3,5DG)
Cy-3,5- elderberry, 0.25 mg/kg
diglucoside black (equiv. Human plasma - - [38,41]
(Cy3,5DG) currant Cy3,5DG)
rexd 100-300
cabbage g/human Human urine - -
g (cooked)
plasma, c
476 mg/kg kidney, max:
ct;'fgr‘] . (equiv.  Wistar  heart, 84(} 190 - [42]
Cy3R) bladder, 0"‘53’;1
urine .
o63 0%
C}y-37 black mg/human Human plasma, fm " glucuronided [49]
rutinoside raspberry (equiv. urine 1 62 "
(Cy3R) Cy3R) 0.50 h
C
cyanidin 45'_";"’:
(Cy) black 1.24 mg/kg plasma, 225 )
(equiv. Human N [42]
currant urine Tmao
C¥3R) 150 £
053 h




Table 1-1 (Continued)

. . Plasma
Anthocyanins Source Dose  Species B;‘:;Q‘I:a' conc. Metabolite  Reference
P (pmol/mL)
Ci‘l\aX!
black mg?hsljrsnan plasma 0.004 !
- Human L Tinaxs glucuronided [49]
raspberry (equiv. urine 218 +
Cy-3- Cy3s) 154 h
sambubioside
(Cy3S) Crax:
elder 720 lasma 389+74
berr mg/human  Human purine ’ Tomaxs - [44]
y (extract) 118+
0.28h
kidney,
Cy-3- tart . heart,
rutinoside-5- - Wistar - - - [40]
; cherry brain,
glucoside bladder
721
Cy-3- choke mg/human  Human plasma, - - [48]
arabinoside berry (extract) urine
721
Cy-3- choke mg/human  Human plasma, - - [48]
galactoside berry (extract) urine
C
256.5 max
Cy-3-xylosyl 0.009
rutinoside ra::fbc:r "‘?é r;man Human p'j‘fi‘:;a' Toms  Olucuronided  [49]
(Cy3XR) ry CYIXR) 2554+
0.16 h
Cy-3- red 100-300
diglucoside-5- cabbade g/human Human urine - - [38]
glucoside g (cooked)
(sincgp_)g;'l)- red 100-300
diglucoside-5-  cabbage ?éggg;ad'; Human urine ) B (38]
glucoside
Cy-3-
(glycopyranos red 100-300
yl-sinapoyl) cabbage g/human Human urine - - [38]
diglucoside-5- 9 (cooked)
glucoside
Cy-3-
(caffeoyl) red 100-300
(p-coumaroyl) cabbage g/human Human urine - - [38]
diglucoside-5- g (cooked)
glucoside
Cy-3-
(glycopyranos red 100-300
yl-feruloyl) cabbage g/human Human urine - - [38]
diglucoside-5- 9 (cooked)
glucoside
Cy-3-
(p-coumaroyl) red 100-300
-(sinapoyl) cabbage g/human Human urine B - [38]
triglucoside-5- 9 (cooked)
glucoside




Table 1-1 (Continued)

Biological ' asma
Anthocyanins Source Dose Species - mg le conc. Metabolite Reference
P (pmol/mL)
Cy-3-
100-300
(p-coumaroyl) red ) ) )
diglucoside-5-  cabbage ?ég:{:g; Human urine (38]
glucoside
(fgrmg;'l) red 1/?10_310?1 Human urine [38]
diglucoside-5-  cabbage ?oogkeil) ) i
glucoside
| 250 |
Cy3XG purple glhuman  Human P@sma - - 137]
carrot (raw) urine
250
Cy3XGG purple glhuman  Human Plasma : - [37]
carrot (raw) urine
urple 250 lasma
Cy3XSGG purp g/human  Human Pasm& - - (371
carrot (raw) urine
250
Cy3XFGG purple o human  Human  Plasma i - [37]
carrot (raw) urine
urple . lasma
Cy3XCGG purp g/human  Human PasT& - - (37]
carrot (raw) urine
CMBX'
0.488 227+
black mg/kg Human plae_,ma, 12.4 ) 39]
currant (equiv. urine Tonax
Del-3- D3G) 150 +
glucoside 053h
(D3G) C
283.5 mex,
red mg/human  Human plas_ma, 0.013 - [46.47]
grape (iuice) urine Tnaxs
05h
delphinidin C
489 mg/kg max,
(Del) black (equiv. Wistar plas_,ma, 580 + 410 )
currant urine Tinaxs
D3R)
20h
Del-3- P [42]
rutinoside black 1.68 mg/kg lasma 35 0‘
(D3R) (equiv.  Human P@sma. : -
currant D3R) urine Tonax
175+
1.04 h
black - Wistar ~ Plasma, - - 43]
currant urine
red 17 lasma
rape mg/human  Human purine ' - - [45]
o grap (juice)
malvidin Mal-3- G
(Mal) glucoside 2835 max
red mg/human Human Plasma, 0092 [46.47]
grape (uice) urine Tmax
05h




Table 1-1 (Continued)

Biological ' asma
Anthocyanins Source Dose Species samg le conc. Metabolite Reference
P (pmol/mL)
C
283.5 Tax:
Peo-:?- fed mg/human  Human plasma, 0.059 [46.47]
glucoside grape (iuice) urine ) p—-
0.5h
721
amctosde  bery  MOMuman Human SRR : &
peonidin g i (extract)
(Peo) kidney,
Peo-3- tart : heart,
rutinoside cherry B Wistar brain, B B [40]
bladder
Peo-3- red 100-300 peonidin
diglucoside-5- g/human Human urine - mono- [38]
A cabbage ’
glucoside (cooked) glucuronide
CmaXv
petunidin Pet-3- red 263.5 plasma 0.056
£ mg/human  Human o : - [46.47]
(Pet) glucoside grape s urine Ty
(juice)
0.5h
-: Not available



In general, nutrients and food compounds may run into the body system after the diet.
The intestinal tract is the first barrier responsible for the absorption of nutrients and
physiologically active food compounds.*** Except for hydrophobic compounds (e.g.,
drugs, and vitamin E, etc.) transported via the transcellular (epithelial tight junction, TJ)
or passive paracellular transport system, most nutrients (monosaccharides, fatty acids,
amino acids, di-/tripeptides, organic acids, and sterols, etc.) are recognized by diverse
intestinal transporters®®®? located at the brush border (brush border membrane or
striated border) of the apical side of the enterocytes, along with the first and second
phases (I/11) metabolism as one of the detoxification processes.”® For anthocyanin
absorption, anthocyanins have been reported to suffer from phase | hydrolysis,
demethylation, and phase Il metabolism such as methylation, glucuronidation, and
sulfation.l®*®®1 Methylated form of Cy3G was detected in both the liver and plasma of
SD rats after oral administeration of black currant and elderberry extracts (160
mg/kg)."Y In human trials, glucuronidated forms of Cy3G, Cy-3-O-8-D-rutinoside,
Cy-3-0O-f-D-sambubioside, and Cy-3-O-[f-D-xylopyranosyl-(1—2)]-f-D-rutinoside
were detected in plasma samples after the intake of anthocyanin extracts.®**“? These
findings indicate that absorbed glycosylated anthocyanins may cause phase I/l
metabolism during blood circulation and intestinal absorption. Thus, anthocyanin
metabolites including phenolic metabolites and aglycon forms may also play a role in
physiological access and action. However, metabolic behavior of anthocyanins still
remains unascertained; in other words, it is important to get insights of metabolism of

anthocyanins from the aspect of bioaccessibility in the body.

As mentioned earlier, the intestine expresses numerous transporters to deliver food
compounds. The intestinal transporters include apical sodium dependent-bile acid

transporter (ASBT),”® nucleoside transporters (NTs),*” organic anion transporting



polypeptides (OATP), and monocarboxylate transporters (MCTs) for organic acids,

sodium-dependent glucose transporter 1 (SGLT1) for glucose,® peptide transporter 1
(PepT1) for di/tripeptides.®™ While compounds are incorporated into the intestinal
microvillus membrane by influx transporters, some compounds may be pumped out into
the gut by efflux ATP-binding cassette (ABC) transporters, including P-glycoprotein
(P-gp), multidrug resistance protein 2 (MRP2), and breast cancer resistance protein
(BCRP).®Y Thus far, to elucidate the transport routes of anthocyanins, a cell-based
assay using Caco-2 cell monolayers, which imitate the intestinal epithelium layer, was
performed with the aid of transport inhibitors® 7@ and an index of apparent
permeability (Papp) (Table 1-2). As shown in Table 1-2, Cy3G, which is an anthocyanin
monoglycoside, was transported through Caco-2 cell monolayers (Papp 0of 1.50 X 10°
cm/s) in intact form.®® In this report, Cy3G transport was inhibited by phlorizin (an
inhibitor of SGLT1) and phloretin (an inhibitor of glucose transporter 2 (GLUT2)),
indicated the involvement of both transporters in the intestinal absorption of Cy3G.5"!
Furthermore, the transport routes for diverse anthocyanins, including aglycon, acylated,
and/or glycosylated have not been clarified yet. Thus, although the bioavailability of
anthocyanins has been extensively studied, the actual absorption behavior or

bioavailability of anthocyanins remains unexpected.



Table 1-2 Anthocyanin transport through Caco-2 cell monolayers

Anthocyanins Transporter P.op (cmis) Reference
, SGLT1, 14.96 + 1.88 x
Cy-3-glucoside GLUT2 107 (691
cyanidin Cy-3-galactoside - - [72]
(Cy) Cy-3-rutinoside - - [70]
Cy-3,5-
diglucoside ) i s
Del-3-glucoside - - [68]
delphinidin Del-3-rutinoside - - [70]
(Del) Del-3,5-
. . - - [67]
diglucoside
Mal-3-glucoside - - [68]
malvidin
{Mal) Mal-3,5- ) )
diglucoside [67]
Peo-3-glucoside - - [68]
peonidin
(Peo) Peo-3- i )
galactoside [72]
Pet-3-glucoside - - [68]
petunidin
(Pet) Pet-3,5- i )
diglucoside [67]
Pel-3-glucoside - - [71]
pelargonidin
(Pel) Pel-3- i ) 71]

malonylglucoside

-: Not available
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In terms of methodology, although Caco-2-cell-monolayer-based experimental system
could be useful to figure out the transport routes in combination with specific inhibitors
or the siRNA technique, the cell model has certain downsides, such as differences in
protease expression from intestinal epithelium cells and lack of a mucus layer. It has
been also reported that the co-culture of a human colorectal adenocarcinoma cell line
(HT-29; Human colon cancer) with the Caco-2 cell line did not exhibit the result as
anticipated.l™ In the case of in vivo experimental models, experimental animals, mainly
mice or rats, are generally employed to detect the target compounds in circulating blood
via the liver after intestinal absorption. These in vivo experimental systems can reflect
real behaviors of absorption and metabolism. However, the results observed from urine
or plasma samples cannot provide information on the site of the metabolism and

intestinal transport route(s) because of the limitation of analytical methods.

Lately, matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
geneally known as “soft” ionization that can produce intact pseudomolecular ion species
without fragmentation has been used for selective and simultaneous detection of
ionizable food compounds even in complex matrix.["*%” The advantages of MALDI-MS
are high selectivity and sensitivity by selected mass units, as well as tolerance for
impurities and high speed.l”®®! Thus, MALDI-MS has been employed for diverse food
compounds such as lipids, proteins, carbohydrate, and polyphenols.’4” Currently,
MALDI-MS-aided imaging technique comes into the limelight, since the extensive
technique can visually provide not only the detection of target compounds presented in
biological samples, but also the spatial distribution, or localization in tissues. As
illustrated in Figure 1-2, target organs are cryosectioned into um-thick slices and
mouted onto an indium-tin oxide (ITO)-coated conductive glass slide. Upon irradiated

by e.g., neodymium-doped yttrium aluminum garnet (Nd:YAG) laser, the sprayed

11



matrix reagent absorbs the light energy at 355 nm to sublimate and ionize the analytes
with the matrix reagent in the matrix plume.” The analytes are subsequently detected

with corresponding mass-to-charge ratio (m/z).

Considering the advantage of MALDI-MS and aforementioned issues in the
experimental systems for intestinal absorption, a novel assay system, namely, in situ
MALDI-MS with imaging techniques,l’” has been developed, which can visualize
incorporated bioactive food compounds into the intestinal membrane tissue without
using specific labels, such as antibodies (Figure 1-2). In this technique with in situ and
ex vivo approaches, the rat intestinal membrane tissue is mounted on the Ussing
chamber system, to obviously evaluate the transport dynamics of polyphenols which has
physiological effects, such as vasorelaxationl™ and anti-atherosclerosis!’® in real

[77] it has been indicated that the in

intestinal tracts of the animals. In the previous study,
situ MALDI-MS imaging technique clearly visualized not only the intestinal absorption
process of the tissue accumulation of an absorbable polyphenol such as anthocyanins,
epicatechin-3-O-gallate (ECG), but also non-absorbable theaflavin-3'-O-gallate (TF3'G)
in intestinal tissue section. The intestinal incorporation of non-absorbable bioactive
compounds was the first evidence that could only be clarified by the novel MS imaging
technique. The visualization technique of in situ MALDI-MS imaging technique is

applicable to determine the absorption routes involved in both the influx and efflux of

bioactive compounds with the aid of the specific transport inhibitors.

12



MALDI-MS imaging technique

Detector
A

@i

Time of flight
tube

Laser o

(Nd:YAG)
A

\ =4

intensity

Tissue section

ITO glass slide l |
AN L !

H*
Matrix Lj"sfr {\ / (T ;;]/zxn 36

e\\o

Figure 1-2 Matrix-assisted laser desorption/ionization mass spectrometry imaging
technique

The matrix was sprayed onto indium-tin oxide (ITO) glass slide and tissue section.
Target compounds on the tissue section were visualized by using matrix-assisted laser

desorption/ionization mass spectrometry imaging (MALDI-MS imaging) technique.
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Besides, the evidence of the tissue accumulation of orally administered bioactive food
compounds such as anthocyanins and their metabolites has also been considered
important to understand their physiological behavior in vivo. Furthermore, spatial
distribution on the target organs is critical to determine the site and mechanism of action.
Although the quantitative evaluation of the organ-accumulated amount of the bioactive
food compounds has been generally performed by using liquid chromatography-mass
spectrometry (LC-MS)-based assay systems that accompany tedious sample
preparations,i” the spatial information is lost throughout the homogenization processes.
Moreover, since there are fewer specific labeling systems, such as antibodies,[74] for
food compounds, the immunohistochemical staining is not applicable. Hence, the
MALDI-MS imaging technique can be a useful tool that can visualize tissue
accumulation of bioactive food compounds and only requires a simpler sample
preparation and a smaller amount of biological tissue than the LC-MS technique.
Despite having these advantages, MALDI-MS imaging technique was still rarely
employed for the quantification approach, because, the fluctuation of matrix spray
amount and heterogeneous crystallization of the matrix on the tissue section are serious
problems in the quantitative capability of MALDI-MS imaging technique.l’®® In
particular, the lack of quantification due to the inhomogeneity of the internal standard
sprayed on tissues during analytical runs is a critical issue to be solved for the
improvement of the quantitative capability of MALDI-MS imaging technique. Although
robotic matrix sprayers and spotters® have been developed to achieve reproducible
matrix spraying, the homogeneity of matrix crystal and its distribution, and the amount

on the tissue sections still cannot be monitored and controlled.

According to the aforementioned research background, although most studies on

bioavailability such as intestinal absorption, metabolism, and tissue accumulation of

14



physiologically active anthocyanins have been reported to elucidate bioactivity and
mechanisms in vitro and in vivo, detailed information is still lacking to understand fully
and accurately on anthocyanin’s bioavailability in organs. One of the factors would be
considered as the lack of an analytical assay capable of accurate evaluation of their
bioavailability. Thus, the aim of the present study was to clarify bioavailability such as
intestinal absorption, metabolism, and tissue accumulation of food compounds like
anthocyanins using in situ MALDI-MS imaging technique. Then, the present study also
aimed to establish novel MALDI-MS imaging systems to visually and quantitatively
assess the tissue accumulation of food compounds including the metabolites of acylated

anthocyanins. The summaries for each chapter are described as follows:

1) In Chapter Il, an in situ MALDI-MS with imaging technique was performed to
evaluate the intestinal absorption process of anthocyanins, including an acylated Cy
(Cy-3-(2"-xylose-6"-feruloyl-glucose-galactoside, Cy3XFGG) that exhibit in vivo

[301 1t was visualized that intact form

hemodynamic improvement in rat blood vessels.
of Cy3XFGG can be absorbed into intestinal tissue via OATP 2B1, while
glycosylated anthocyanin form and its aglycon form were found to be favorably

transported via both GLUT2 and OATP 2B1 transport routes.

2) In Chapter 111, establishment of novel MALDI-MS imaging system was achieved
visually and quantify the tissue accumulation of ferulic acid (FCA), which is one of
anthocyanin’s metabolites. Successful quantitative MALDI-MS imaging analysis of
FCA were achieved in kidney tissues via fluorescence-assisted spraying method
using R6G (the MS normalizing standard) in the 1,5-DAN solution containing

O-DNB as an additive. Moreover, the present MALDI-MS imaging technique
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quantitatively visualized tissue-accumulated FCA in Kkidneys after the oral

administration (50 mg/kg B.W.).

Taken together, the present study has demonstrated for the first time that an intact form
of acylated anthocyanin can be absorbed into the intestine via OATP 2B1 by in situ
MALDI-MS imaging technique, and novel fluorescence-assisted spraying method

improved quantitative capabilities of MALDI-MS imaging technique.
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Chapter |1

Visualization of rat intestinal absorption of acylated

anthocyanins by MALDI-MS imaging technique

1. Introduction

As mentioned in Chapter I, anthocyanins, a group of flavonoids, provide several
colors as natural pigments to plants, such as red and purple lettuce, grape, and carrot,®!
and have been reported to exhibit anti-hyperglycemic, anti-cancer, and
anti-inflammatory effects.?%?+262884 The anthocyanin extract of Daucus carota L.
(purple carrot) reduced secretion of IL-8, a pro-inflammatory marker, and MCP-1 in
TNF-a-treated HUVECS.?¥ In the previous report, a cremaster arteriole blood flow was
improved following oral administration of the purple carrot extract (10 mg/kg) in rats
via the activation of Akt signaling pathways and aortic endothelial nitric oxide
synthase.” Health benefits of anthocyanins have been also provided by anti-mutagenic
and anti-proliferative effects in Wistar rats,® anti-obesity effect in humans,®® and
anti-diabetic effect in streptozotocin-induced diabetic rats.”]

Thus far, it has been reported that a monoglycosylated Cy, Cy3G,[16] can be detected in
the circulatory system in its intact glycoside form in SD rats following oral

administration.®® Caco-2 cell assay exhibited that Cy3G can be transported via

GLUT2.! Despite the aforementioned findings on bioavailability and physiological
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effects of monoglycosylated anthocyanins, there have been no reports on intestinal
absorption of “acylated” anthocyanins showing hemodynamic effects in rats.”

Thus, the aim of Chapter Il was to clarify the intestinal absorption of acylated
anthocyanins in SD rat experiments. An inhibitor-aided MALDI-MS imaging technique
[ was used to simultaneously analyze intestinal absorption behaviors, including
metabolism and transport route(s) of acylated anthocyanins. Purple carrots were used in

this study, since they have rich acylated anthocyanins and exhibit in vivo hemodynamic

improvement in rat blood vessels.”!
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2. Materials and methods

2.1. Materials

Estrone-3-sulfate (E3S), nifedipine, and 2,5-dihydroxybenzoic acid (DHB) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Cy and Cy3G were
purchased from Tokiwa Phytochemical Co., Ltd. (Chiba, Japan). Wortmannin (WOR)
was purchased from Enzo Life Science (Lausen, Switzerland). Tetramethylsilane (TMS),
phytic acid and cyclosporine A (CSA) were obtained from Nacalai Tesque Co. (Kyoto,
Japan). Phloretin was obtained from Wako Pure Chemical Ind. (Osaka, Japan).
Methanol-d;, (CD3OD), and deuterium chloride (DCI) were purchased from
Sigma-Aldrich Co. Sevoflurane was purchased from Maruishi Pharmaceutical Co. Ltd.
(Osaka, Japan). All other chemicals were employed without further purification and

were of analytical reagent grade.

2.2. Preparation of anthocyanin extract in purple carrot

A powdered extract of anthocyanins from purple carrots (Daucus carota L.) was
prepared according to previous report.®® In brief, the concentrate of purple carrot,
purchased from Diana Naturals (Antrain, France), was subjected to a liquid-liquid
extraction with an equivalent volume of ethyl acetate. The aqueous phase was applied
onto a Sephadex LH20 column (5.1 x 60 cm; GE Healthcare UK Ltd, Amersham Place,
England). The purple-colored fraction was eluted with 30% methanol, and was
evaporated, and stored at —80 °C.

Anthocyanins in the purple carrot extract were isolated by a high performance liquid
chromatography (HPLC) separation on a Develosil ODA-HG-5 column (20 x 250 mm)

from Nomura Chemical. Co., Ltd. (Aichi, Japan) using the elution of 0.1%
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trifluoroacetic acid (TFA) for mobile phase A and a methanol solution containing 0.1%
TFA for mobile phase B, with the following gradient: 26% B from 0 to 80 min; 100% B

from 80 to 110 min at 1.0 mL/min with monitoring absorbance at 520 nm.

2.3.'H NMR and MS measurements

A mixed solvent consisting of CD3;OD containing DCL and TMS as an internal
reference compound was used for all one-dimensional (1D) *H NMR measurements.
The NMR measurement conditions were set as follows: an acquisition time of 2.18 s,
16,384 acquisition data points, 8 scans, relaxation delay of 5 s, and spinning at 15 Hz.
The *H NMR spectra were referenced using TMS at 0 ppm. *H NMR spectra of five
anthocyanins (1 mg in 0.8 mL of CD3;OD/DCI) were acquired at 25 °C using an
ECS-400 spectrometer (JEOL, Tokyo, Japan).

Time-of-flight/mass spectrometry (TOF/MS) measurements were performed using a
micrOTOF-11 mass spectrometer (Bruker Daltonics, Bremen, Germany). Purple carrot
extract was diluted 1:10 (V/V) in methanol (HPLC grade) for the TOF/MS experiments
in the positive ion mode and directly infused at a flow of 10 pL/min. The MS conditions
were set as follows: drying temperature of 200 °C; capillary voltage of 3800 V; and
nebulizing gas pressure of 1.6 bar. Data acquisition and analysis were performed using

Bruker Data Analysis 3.2 software.

2.4. Oral administration of anthocyanin extract to Sprague-Dawley (SD) rats

The purple carrot extract dissolved in the saline solution (0.9% NaCl) was
administered orally to male 8 week-old SD rats (SPF/VAF Crj, 292.7 + 3.8 g); Charles
River Japan; Kanagawa, Japan at a dose of 30 mg/kg. At 60 min following oral
administration, blood from either the abdominal aorta or the portal vein was collected

into blood collection tubes containing EDTA-2Na. Blood samples were centrifuged at
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4 °C for 15 min at 3,500 x g to obtain plasma, which was immediately frozen and stored
at —80 °C before LC-TOF/MS analysis. SD rats were sacrificed via exsanguination from
the abdominal aorta during induction of anesthesia by volatile anesthetic agents,
sevoflurane. All animal experiments were performed conforming to the Guideline for
Animal Experiments in the Faculty of Agriculture in the Graduate School of Kyushu
University, and conforming to law (low no. 105, 1973 and notification no. 71, 2006) and
Notification (No. 6, 1980 of the Prime Minister’s Office) of the Japanese Government.
All experimental processes were reviewed and approved by the Animal Care and Use

Committee of Kyushu University (permit number: A30-015-5).

2.5. In situ intestinal transport experiments

Intestinal transport experiments using jejunum membranes from SD rats were carried
out in accordance with our previous report.””! Namely, the jejunum segment (15-20 cm
below the stomach) was washed out with Krebs-Ringer bicarbonate solution (KRB, pH
7.4, 4.8 mM KCI, 2.5 mM CaCl,, 1.3 mM KH,PO4, 118.1 mM NaCl, 1.2 mM MgSO,,
10 mM D-glucose, and 25 mM NaHCO3). The jejunum was subsequently cut along the
mesenteric border to expose the mucosal surfaces and mounted onto the Dual Channel
Model Ussing Chamber (model U-2500) from Warner Instrument (Hamden, CT, USA).
An aliquot (5 mL) of KRB solution was filled up to the apical (pH 6.0) and basolateral
(pH 7.4) sides, respectively. For inhibitor-aided transport experiments with inhibitor,
KRB solution containing inhibitors (20 uM CSA as an inhibitor of ATP-binding cassette
(ABC) transporters, 100 uM E3S as an inhibitor of OATP, 1 uM WOR as an inhibitor of
transcytosis, or 200 uM phloretin as an inhibitor of GLUT?2) dissolved in 0.05% DMSO
was used as the solution of apical side. After 15 min of incubation, the apical solution
was replaced with KRB solution containing 100 uM Cy, Cy3G, or Cy3XFGG in the

presence or absence of each inhibitor. Then, intestinal transport experiments of
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anthocyanins were conducted for 60 min. During the intestinal transport period, a 95:5
0,/CO, mixture was regularly bubbled into apical and basolateral solutions via air vents
of the Ussing chamber to provide stirring and improve tissue viability during transport
experiment. Apical and basolateral solutions were immediately retrieved for subsequent
LC-TOF/MS analysis after 60 min of transport experiment, the jejunum membranes
were washed out twice with KRB solution and immediately frozen in powdered dry ice.
The frozen jejunum membranes were subsequently stored at —30 °C before MALDI-MS

imaging analysis.

2.6. LC-TOF/MS analysis

An aliguot (4 mL) of the retrieved apical or basolateral solutions following 60 min of
transport experiment was mixed with 1 mL of 5% TFA containing
Del-3-O-p-D-glucoside as an internal standard (10 nmol/mL) to maintain stable
flavylium cation in acidic aqueous solution. An aliquot (100 pL) of plasma was mixed
with 500 pL of 5% TFA containing IS, and was applied to a Waters Sep-PakC18 short
cartridge (360 mg sorbent, Waters, Milford, MA, USA), and eluted with methanol
containing 0.1% TFA. The eluate was subsequently evaporated to dryness and dissolved
in 100 pL of LC grade water containing 5% formic acid (FA). An aliquot (20 pL) of the
solution was injected into an LC-TOF/MS system. LC separation of anthocyanins was
carried out using an Agilent 1200 series HPLC (Agilent Technologies, Waldbronn,
Germany) equipped with a binary pump (G1312A), a thermostatically controlled oven
compartment (G1316A), a micro degasser (G1379B), and Cosmosil 5C18-MS-II
column (2.0 x 150 mm, Nacalai Tesque Co.). The mobile phase containing solvent A
(LC grade water containing 5% FA) and solvent B (acetonitrile (ACN) containing 0.1%
FA) was employed to establish a linear gradient from 0 to 100% of solvent B over 30

min at 40 °C at a flow rate of 0.2 mL/min. MS analysis was carried out using a
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micrOTOF-11 mass spectrometer (Bruker Daltonics, Bremen, Germany) with a single
TOF/MS reflector-mode. lonization was performed by electrospray ionization (ESI) in
the positive ion mode, and the mass range was set to 100-1300 m/z. The ESI-MS
conditions were set as follows: drying temperature of 200 °C; drying gas (nitrogen) at a
flow rate of 8.0 L/min; capillary voltage of 3800 V; and nebulizing gas pressure of 1.6
bar. Calibration was carried out at the initiation of each analytical run using 10 mM
sodium formate in 50% ACN. Data acquisition and analysis were performed using

Bruker Data Analysis 3.2 software.

2.7. MALDI-MS imaging analysis

The frozen intestinal tissue was sliced into 12 pm-thick tissue sections using a
CryoStar NX70 (Thermo Scientific, MA, USA) at —25 °C. The tissue sections were
thaw-mounted onto an ITO-coated conductive glass slide (Bruker Daltonics) and dried
under nitrogen (N,) gas flow. An automatic matrix sprayer, ImagePrep (Bruker
Daltonics) was employed to spray the matrix evenly over the ITO glass slide. DHB (20
mg/mL in 70% ACN) containing 20 mM phytic acid was used as matrix reagent.”” The
following spraying conditions were set: modulation 20%; spray power 20%; spraying
time of 1.5 s; spraying for 90-100 cycles; incubation time of 10 s; and drying time of 60
s. MALDI-MS imaging technique was performed using an Autoflex III mass
spectrometer equipped with a SmartBeam (Bruker Daltonics). MALDI-MS imaging
technique in the positive ion-linear mode was carried out to analyze Cy ([M]*, 287.1
m/z), Cy3G ([M]", 449.1 m/z), Cy3XFGG ([M]", 919.3 m/z), as well as CSA ([M+H]",
1202.8 m/z) and WOR ([M+Na]", 451.1 m/z). For phloretin ((M—H]’, 273.1 m/z) and
E3S (IM—HJ, 349.1 m/z) detections, MALDI-MS data were obtained in the negative
ion-linear mode using nifedipine (20 mg/mL) containing phytic acid (20 mM) as a

matrix reagent.’”! MS parameters were as follows: laser frequency of 200 Hz; laser

23



focus range of 100%; laser power of 36%; off set of 59%; range of 20%; ion source 1 of
20.00 kV; ion source 2 of 18.80 kV; lens voltage of 7.50 kV; value of 6.0%; and gain of
12.00. MALDI-MS imaging analysis was carried out at a raster width of 50 um. The
obtained MS spectra were analyzed by Flexanalysis software (version 3.3, Bruker
Daltonics, Bremen, Germany) as the sum of all spectra obtained from the tissue region
of MS image. MS image data were reconstituted for visualization of spatial distribution
with mass filtering of £+ 0.2 m/z by Flex-imaging software (version 2.1, Bruker
Daltonics, Bremen, Germany). In this study, relative MS intensity (%) of analytes
against DHB intensity was used to compare MS spectra of anthocyanins incorporated in

tissue sections.

2.8. Statistical data analysis

The results are expressed as the mean + standard error of mean (SEM) obtained from
three independent samples. The analysis was conducted between multiple groups by
using a one-way analysis of variance followed by the Tukey-Kramer test for post-hoc
analysis. A P value < 0.05 was considered statistically significant. All analyses were

carried out by Stat View J 5.0 (SAS Institute Inc., Cary, NC, USA).
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3. Results and discussion

3.1. In vivo intestinal absorption of purple carrot anthocyanins in SD rats
There have been numerous reports regarding the physiological effects of
anthocyanins in humans and animals, including anti-diabetes,®” anti-cancer,!*”

hemodynamic,®® and anti-inflammation effects.!”!

In order to clarify these
physiological characteristics, it is important to clarify absorption process. Lately, there
have been conflicting opinions on intestinal absorption of anthocyanins whether they
must be metabolized and/or degraded by gut microbiota® or if they can be absorbed
into the intestine in their intact form.’ In particular, the bioavailability such as
metabolism and absorption route(s) of acylated anthocyanins remains unidentified. In
Chapter Il, as summarized in Table 2-1, the extract obtained from purple carrots
comprised five major anthocyanins with their content range of 0.34 — 2.92 mg/g. These
anthocyanins were also identified by using 'H NMR and the exact mass of TOF/MS
(Tables 2-1 and 2-2). Although degradation of anthocyanin aglycon to phenolic acids,
including hippuric acid, ferulic acid, and vanillic acid,’® cannot be excluded, the lack
of Cy (and monoglycosylated anthocyanins) in the purple carrot extract used in the
present study suggested that glycosylated anthocyanin forms may be stable in the purple
carrot matrix; this is consistent with a previous reported result revealing that purple
carrot anthocyanins such as Cy3XG, Cy3XGG, Cy3XCGG, Cy3XSGG, and Cy3XFGG
do not convert their structures throughout heat-processing of purple carrot juice.®
Acylated anthocyanins such as Cy3XCGG, Cy3XSGG, and Cy3XFGG, have been
reported to be prevailing anthocyanins in purple carrot extract.®” In the purple carrot
(Daucus carota L.) used in the present study, an acylated form, Cy3XFGG, exhibited
the highest content (2.92 + 0.01 mg/g) among the five major anthocyanins (Table 2-1).

The anthocyanins of purple carrot extract (30 mg/kg) were orally administered to SD
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rats to elucidate whether and which anthocyanins are absorbed into the small intestine in
their intact form. Surprisingly, all five anthocyanins derived from the purple carrot
(Figure 2-1) were clearly detected by LC-TOF/MS in intact anthocyanin form in both
the circulating and portal blood at 60 min following oral administration (Figures 2-2 and
2-3). Their plasma levels ranged from 0.2% (percentage of absorption) or 0.92 + 0.02
pmol/mL-plasma (Cy3XSGG) to 2.2% (percentage of absorption) or 39.3 + 0.1
pmol/mL-plasma (Cy3XFGG). These results indicate that some acylated and/or
non-acylated anthocyanins can get through the intestinal brush border membrane and
enter the circulatory blood system via the liver (Figure 2-3). Among the five major
anthocyanins, Cy3XFGG with bulky glycosylated and acylated moieties showed a
significantly highest concentration (39.3 £ 0.1 pmol/mL-plasma; P < 0.05) in SD rat’s
blood (Figure 2-3). Assuming from these results of a bulky Cy3XFGG that exhibited the
highest concentration among the three major acylated anthocyanins detected in its intact
form into bloodstream in Figures 2-2 and 2-3, the feruloyl group of a bulky Cy3XFGG
may be a crucial factor for intestinal absorption process. Thus, the detection of a bulky
Cy3XFGG into bloodstream allowed further investigation and discussion on absorption

route(s) and its metabolism during the intestinal absorption process.
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Table 2-1 Anthocyanins extracted from Daucus carota L.

Contentin purple

m/z

Anthocyanin targeted in this study Abbreviation carrot extract (Theo.JExp.)
(ma/g) ’
cyanidin (aglycon) Cy n.d. 287.0550/-
cyanidin 3-O-[B-D-xylopyranosyl- 581.1501/581 1502
(1—2)]-B-D-galactopyranoside CyaxG 038 k000 ’ ’
cyanidin 3-O-(B-D-glucopyranosyl)-
(1—6)-[B-D-xylopyranosyl-(1—2)]- Cy3XGG 0.34 = 0.03 743.2029/743.1956
B-D-galactopyranoside
cyanidin 3-O-(6-O-(4-O-(E)-p-
coumaroyl)-B-D-glucopyranosyl)-
(1—6)-[B-D-xylopyranosyl-(1—2)]- Cy3XCGG 0.70 + 0.01 889.2397/889.2391
B-D-galactopyranoside
cyanidin 3-O-(6-O-feruloyl-B-D-
ulScopyranesyli-Cl=st i Cy3XFGG 2.92 + 0.01 919.2503/919.2491
xylopyranosyl-(1—2)]-8-D-
galactopyranoside
cyanidin 3-O-(6-O-sinapoyl-3-D-
glucopyranosyl)-(1—6)-[8-D- Cy3XSGG 0.68 + 0.04 949.2608/949.2667

xylopyranosyl-(1—2)]-8-D-
galactopyranoside
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Table 2-2 'H NMR data of five anthocyanins extracted from Daucus carota L.

Cy3XG
'HNMR
Position & (ppm) Multiplicity (Hz)

Cy (aglycon)
H-4 8.989 s
H-6 6.676 d(2.2)
H-8 6.928 d(1.2) OH
H-2' 8.077 d(1.2) . _OH
H-5' 7.034 d (1.6) ,
H-6' 8.290 dd (1.3, 3.0)

Galactose HO ~ ’ Cy
H-1 5.408 d(2.4) ,  °
H-2 4.220 dd (~1,4.5) TN o HO
H-3 3.897 dd (~1,2.3) 4

\
F-a 3.966 dd (2.0, n.d.) OH O ?H
H-5 n.d. n.d. O 2
H-6 4.843 n.d. 5¢ £ OHO
Xylose HO OH OH

H-1 4.687 d (5.2) 64 ! Xvl
H-2 3.148 dd (~2, n.d.) Galactose ylose
H-3 3.272 dd (3.2, n.d.)
H-4 3.348 ddd (2.3,9.0, n.d.)
H-5A 3.015 d(~1)
H-5B 3.613 n.d.

n.d.: Not detected
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Table 2-2 (Continued)

Cy3XGG
'H NMR
Position & (ppm) Multiplicity (Hz)
Cy (aglycon)
H-4 8.994 S
H-6 6,688 d(1.4)
H-8 6,940 d (3.2)
H-2' 8.102 d(1.6)
H-5' 7.048 d (2.0)
H-6' 8.313 dd (2.0, 3.5)
Galactose
H-1 5.418 d(1.1)
H-2 4.256 dd (4.1, n.d.)
H-3 3.909 dd (3.0, 5.5)
H-4 3.917 dd (2.3, n.d.)
H-5 3.883 n.d.
H-6A 4.102 n.d.
H-6B 4.055 n.d.
Glucose
H-1 n.d. n.d.
H-2 3.252 dd (~2, n.d.)
H-3 n.d. n.d.
H-4 3.199 d(2.9)
H-5 3.268 ddd (2.1,9.0, n.d.)
H-6A 3.894 dd (3.0, n.d.)
H-6B 3.697 dd (3.2, 6.0)
Xylose
H-1 4.734 d(2.3)
H-2 3.128 dd (1.2, 3.2)
H-3 3.339 dd (3.8, n.d.)
H-4 3.415 ddd (2.0,9.1,11.3)
H-5A 3.697 n.d.
H-5B n.d. n.d.

n.d.: Not detected

HO
HO—
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Table 2-2 (Continued)

Cy3XSGG
"H NMR
Position & (ppm) Multiplicity (Hz)
Cy (aglycon)

H-4 8.498 s

H-6 6.675 d(1.3)

H-8 6.525 d(1.4)
H-2' 7.948 d(2.1)
H-5' 7.044 d(2.9)
H-6 8.152 dd (2.1, 8.9)

Galactose

H-1 5.310 d (2.3)

H-2 4.304 dd (3.0, n.d.)

H-3 4.224 dd (2.5, 6.3)

H-4 3.974 dd (3.9, 9.0)

H-5 4.525 nd.
H-6A 4.263 nd.
H-6B 3.781 n.d.

Glucose

H-1 4.520 nd.

H-4 3.770 d (3.5)
H-6A 5.342 dd (7.7,9.3)
H-6B 4.139 dd (~3, n.d.)

— — o — Sinapinic acid ~ CGlucose

H-2 3.228 dd (5.0, n.d.)

H-4 3.272 ddd (~2, 6.5, n.d.)
H-5A 3.638 n.d.
H-5B 3.145 n.d.

Sinapinic acid
H-2/H-6 6.213 n.d.
H-7 7.340 dd (7.8, 8.9)
H-8 6.193 dd (6.0, n.d.)
H-10/H-11 3.459 nd.

n.d.: Not detected
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Table 2-2 (Continued)

Cy3XFGG
H NMR
Position & (ppm) Multiplicity (Hz)
Cy (aglycon)
H-4 8.516 S
H-6 6.668 d(2.3)
H-8 6.533 d(1.4)
H-2' 7.945 d(2.3)
H-5' 7.071 d (8.7)
H-6' 8.103 dd (2.3,8.7)
Galactose
H-1 5.285 d(7.3)
H-2 n.d. n.d.
H-3 4,188 dd (3.2, 4.0)
H-4 3.948 dd (2.3, n.d.)
H-5 n.d. n.d.
H-6A 4.265 n.d.
H-6B 3.770 n.d.
Glucose
H-1 4.488 d (6.4)
H-2 3.542 n.d.
H-3 3.542 n.d.
H-a 3.765 d(2.1) HO ¢
H-5 3.542 n.d. o "'0 SOH Galactose
H-6A 5.339 dd (1.2, 4.0) Hsé
H-6B 4.152 dd (7.0, n.d.) Ferulic acid Glucose
Xylose
H-1 4.721 d(7.3)
H-2 3.272 dd (4.5, n.d.)
H-3 3.439 dd (2.0, n.d.)
H-4 n.d. n.d.
H-5A 3.579 n.d.
H-5B n.d. n.d.
Ferulic acid
H-2 6.498 d(1.8)
H-5 6.341 d(8.2)
H-6 6.578 dd (2.0, 6.9)
H-7 7.328 d (16.0)
H-8 6.164 d (16.0)

n.d.: Not detected
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Table 2-2 (Continued)

Cy3XCGG
H NMR
Position 3 (ppm) Multiplicity (Hz)
Cy (aglycon)
__H4 8.538 s
__He 6.665 d(2.1)
__.H8 6.592 d(1.4)
K2 7.953 d(2.4)
___H5 7.091 d (8.5)
H-6 8.091 dd (2.1, 8.5)
Galactose
__H-1 5.349 d(7.2)
__H2 4.221 dd (3.3,9.0)
__H3 4.179 dd (~2, n.d.)
___H4 3.948 dd (2.9, n.d.)
__H5 4.466 n.d.
___H6A n.d. n.d.
H-6B 3.772 n.d.
Glucose
__H1 4.492 n.d.
..h2 3.477 dd (~3,n.d.)
__H3 3.482 n.d.
__H4 3.729 d(2.9)
L 3.484 ddd (n.d.)
__H-6A 5.288 dd (1.3,5.0)
H-6B 4.167 dd (6.3, n.d.)
Xylose
_ha n.d. n.d.
__hH2 n.d. n.d.
__H3 3.347 dd (3.1, n.d)
___H4 3.432 ddd (~2, 6.9, 9.0)
__H-5A 3.504 n.d.
H-5B 2.810 n.d.
Coumaric aicd
__H2 6.972 d(8.2)
___H3 6.390 d(2.3)
__H5 6.390 d(2.5)
__H6 6.961 n.d.
__HT7 7.350 d (15.8)
H-8 6.186 d (15.9)

n.d.: Not detected

Coumaric acid
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Anthocyanin extract of purple carrot (Daucus carota L.)

Intensity
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Figure 2-1 LC-MS chromatograms of anthocyanins of purple carrot extract
(Daucus carota L., 1 mg/mL) by LC-TOF/MS

Each chromatogram shows the elution of the target anthocyanins ([M]": Cy =
287.0550 m/z; Cy3G = 449.1078 m/z; Cy3XG = 581.1501 m/z; Cy3XGG = 743.2029
m/z; Cy3XCGG = 889.2397 m/z; Cy3XFGG = 919.2503 m/z; Cy3XSGG = 949.2608
m/z). Numbers inserted in MS chromatograms indicate the concentration (pmol/mL) of

anthocyanins in purple carrot extract (mean + SEM, n = 3). N.D.: not detected.
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Figure 2-2 LC-MS chromatograms of anthocyanins via LC-TOF/MS in portal
plasma of SD rats at 60 min after oral administration of the purple carrot extract
(30 mg/kg)

Each chromatogram shows the elution of the target anthocyanins ([M]:
Del-3-O-$-D-glucoside (an internal standard) = 465.1027 m/z; Cy = 287.0550 m/z;
Cy3G =449.1078 m/z; Cy3XG = 581.1501 m/z; Cy3XGG = 743.2029 m/z; Cy3XCGG
= 889.2397 m/z; Cy3XFGG = 919.2503 m/z; Cy3XSGG = 949.2608 m/z). Numbers
inserted in MS chromatograms indicate the concentration (pmol/mL) of anthocyanins in
portal plasma (mean £ SEM, n = 3). Different superscript letters indicate significant

difference (P < 0.05) between groups by Tukey-Kramer’s t-test.
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Figure 2-3 LC-MS chromatograms of anthocyanins via LC-TOF/MS in circulating
plasma of SD rats at 60 min after oral administration of the purple carrot extract
(30 mg/kg)

Each chromatogram shows the elution of the target anthocyanins ([M]:
Del-3-O-$-D-glucoside (an internal standard) = 465.1027 m/z; Cy = 287.0550 m/z;
Cy3G =449.1078 m/z; Cy3XG = 581.1501 m/z; Cy3XGG = 743.2029 m/z; Cy3XCGG
= 889.2397 m/z; Cy3XFGG = 919.2503 m/z; Cy3XSGG = 949.2608 m/z). Numbers
inserted in MS chromatograms indicate the concentration (pmol/mL) of anthocyanins in
circulating plasma (mean = SEM, n = 3). Different superscript letters indicate significant

difference (P < 0.05) between groups by Tukey-Kramer’s t-test.
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3.2. MALDI-MS imaging analysis of acylated anthocyanin transport across SD rat
intestinal membranes

MALDI-MS imaging technique is a powerful analytical technique for direct
visualization of targeted analytes in organs. Combinatorial transport experiments of the
analytes with transport inhibitors allow for the prediction of absorption route by
diminishing their visualized distribution and MS intensity in the intestinal tissue
sections by MALD-MS imaging technique .’} DHB matrix solution with phytic acid as
a matrix additive can form homogeneous DHB matrix crystal formation, and exhibits
reproducibility of MS intensity ([M+H]", 155.1 m/z; intensity of DHB: 2.61 + 0.36 x
106, CV: 33.9%) on intestinal tissue sections (Figure 2-4), which can be utilized for
semi-quantitative analysis of analytes in a visualization region by acquiring the relative
MS intensity of matrix solution, DHB in MALDI-MS. The MALDI-MS imaging
technique was also applied to investigate the transport pathways of bulky Cy3XFGG
that can be absorbed into bloodstream (Figures 2-2 and 2-3). In situ transport
experiments of acylated anthocyanin, Cy3XFGG, and its aglycon, Cy, were conducted
in jejunum for 60 min of transport. Cy3G was also used as a typical non-acylated target

that was known to be transported via GLUT2 in the intestine membrane.[*!
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Figure 2-4 MALDI-MS spectra of DHB on jejunum membrane tissue sections after
60 min intestinal transport of Cy3XFGG with or without phloretin and E3S as the
influx transporter inhibitors

DHB matrix solution with phytic acid as a matrix additive was used for MALDI-MS.
Blank indicates the intestinal tissue section without intestinal transport of Cy3XFGG.
The details of experimental conditions are described in “Materials and methods” section.
Reproducibility of MS intensity of DHB ([M+H]", 155.1 m/z; intensity: 2.61 + 0.36 x

106, CV: 33.9%) was acquired for 4 tissue sections of small intestine.
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As shown in Figures 2-5, 2-6, 2-7, and 2-8, Cy3XFGG, as well as its aglycon (Cy) and
Cy3G, was clearly visualized in jejunum tissue sections. Their intact transports were
also further confirmed in the basolateral direction via LC-TOF/MS (Figure 2-9).
LC-TOF/MS (>1 pmol/injection) and MALDI-MS imaging technique (>100 pmol/spot,
Figure 2-10) have different detection sensitivity, but both showed that the Cy3XFGG
can be incorporated and transported into the intestinal membrane in its intact form.

As can be seen in Figures 2-5, 2-6, and 2-7, inhibition of intestinal transport by
phloretin and E3S caused the noticeable diminishment of MS intensity of Cy (Figures
2-5, 2-8, and 2-9) and Cy3G (Figures 2-6, 2-8, and 2-9) in the jejunum tissue section,
indicating that these non-acylated anthocyanins were incorporated via both the OATP
and GLUT2 routes. Alzaid et al. reported that Cy inhibited GLUT2-mediated glucose
transport in Caco-2 cell monolayers.*] Monoglycosylated anthocyanins, such as
quercetin-4'-O-4-D-glucoside, quercetin-3-O-4-D-glucoside, and Cy-3-O-4-D-glucoside,
can be reportedly absorbed via hexose transport routes like GLUT2.84192 Consistently,
the present results exhibit that Cy3G and Cy in the jejunum tissue sections with 60 min
of transport were diminished by the presence of phroletin as a GLUT2 inhibitor (Figures
2-5 and 2-6). In contrast, there was no change of appearance in the MS image and
intensity for Cy3XFGG with phroletin, while OATP inhibition caused the noticeable
diminishment of all MS images and intensities of acylated, glycosylated, as well as
aglycon forms (Figures 2-7, 2-8, and 2-9). This strongly suggested that the OATP route
involved in the incorporation process of acylated anthocyanin, Cy3XFGG, into the
intestinal membrane, but not the GLUT2 route. The absence of an acylated moiety,
including the feruloyl group, may be a crucial factor for intestinal GLUT2-mediated
anthocyanins transport as there has been reported that the feruloyl moiety of
arabinoxylan oligosaccharide inhibited its GLUT2-mediated transport in Caco-2 cell

experiments.”®! In this study, although MALDI-MS detection could not accomplish
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selective MS detection of diverse anthocyanin forms, such as quinoidal anion, carbinol
flavylium cation, and chalcone psuedobases at physiological small intestine condition
(pH 7.4) owing to the acidic condition by using 20 mM phytic acid in DHB matrix
solution,®**! any targeted anthocyanins must be incorporated into the small intestinal
membrane in their intact form. Considering the broad range substrate specificity of
OATP route that can recognize anionic substrates,®>*") it seems likely that the
formation of quinoidal anion from flavylium cationic structure at around pH 6°* (in the
present study, pH 6.0) can cause readily transport of acylated anthocyanins, as well as
other anthocyanins via OATP route.

In situ MALDI-MS imaging technique experiments using WOR as a transcytosis
inhibitor®®! and CSA as an efflux ABC transporter inhibitor®! also provided noteworthy
information on the small intestinal transport mechanism of acylated anthocyanins with
specific pathways. Inhibition of the transcytosis route was not involved in the intestinal
transport of Cy3XFGG (Figure 2-11), while the inhibition of efflux pumps by CSA
caused a noticeable increase in the MS image and intensity of Cy3XFGG (Figure 2-12).
These results demonstrate that membrane-incorporated Cy3XFGG can be pumped out

to the apical side via ABC transporter efflux routes.
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Figure 2-5 MALDI-MS imaging analysis of Cy distributed in rat jejunum
membranes after 60 min intestinal transport experiments in the presence or
absence of each transport inhibitor

Blank indicates the intestinal tissue section without intestinal transport of Cy. The
concentration of Cy was 100 uM. Each MS image shows the spatial distribution of the
Cy, phloretin, and E3S on the jejunum tissue section; [Cy]" (287.1 m/z) in positive ion

mode, and [phloretin—H] (273.1 m/z) and [E3S—H] (349.1 m/z) in negative ion mode.
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Figure 2-6 MALDI-MS imaging analysis of Cy3G distributed in rat jejunum
membranes after 60 min intestinal transport experiments in the presence or
absence of each transport inhibitor

Blank indicates the intestinal tissue section without intestinal transport of Cy3G. The
concentration of Cy3G was 100 uM. Each MS image shows the spatial distribution of
Cy3G, phloretin, and E3S on the jejunum tissue section; [Cy3G]" (449.1 m/z) in positive
ion mode, and [phloretin—H] (273.1 m/z) and [E3S—H] (349.1 m/z) in negative ion

mode.
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Figure 2-7 MALDI-MS imaging analysis of Cy3XFGG distributed in rat jejunum
membranes after 60 min intestinal transport experiments in the presence or

absence of each transport inhibitor

Blank indicates the intestinal tissue section without intestinal transport of Cy3XFGG.
The concentration of Cy3XFGG was 100 uM. Each MS image shows the spatial
distribution of the Cy3XFGG, phloretin, and E3S on the jejunum tissue section;
[CY3XFGG]" (919.3 m/z) in positive ion mode, and [phloretin—H] (273.1 m/z) and

[E3S—H] (349.1 m/z) in negative ion mode.
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Figure 2-8 MALDI-MS spectra corresponding to visualized Cy, Cy3G, and
Cy3XFGG in jejunum membranes after 60 min intestinal transport experiments in

the presence or absence of each transport inhibitor shown in Figures 2-5, 2-6, and

2-7

The concentration of each anthocyanin in intestinal transport experiments was set at

100 uM. The spectrum of MALDI-MS is shown as a relative MS intensity of the analyte
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against MS intensity of DHB. N.D. indicates no MS detection.
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Figure 2-9 LC-MS chromatograms corresponding to Cy, Cy3G, and Cy3XFGG in

basolateral solutions after 60-min intestinal transport experiments in the absence
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Time [min]

or presence of each influx transport inhibitor

The concentration of each anthocyanin in intestinal transport experiments was set at
100 uM. The corresponding extracted-ion chromatograms of [Cy]" (287.0550 m/z),
[Cy3G]" (449.1078 m/z), and [Cy3XFGG]" (919.2503 m/z) in basolateral solutions

were shown by LC-MS. N.D. indicates no MS detection.
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Figure 2-10 MALDI-MS detection of Cy3XFGG spots on the blank intestine tissue
section at 0.1 and 1.0 nmol/mm?

Measurement areas of MALDI-MS imaging technique are shown as white dotted area.
MS images of 0.1 and 1.0 nmol/mm? of Cy3XFGG were acquired on the blank intestine
tissue sections via MALDI-MS imaging technique. MALDI-MS also detected spatial
distribution of the transported Cy3XFGG on the jejunum tissue section; [Cy3XFGG]"

(919.3 m/z) in positive ion mode.
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Figure 2-11 MALDI-MS imaging analysis of Cy3XFGG distributed in rat jejunum
membrane sections after 60 min intestinal transport in the presence or absence of
wortmannin (WOR, 1 uM)

The concentration of Cy3XFGG for the intestinal transport experiments was 100 pM.
Each MS image shows the spatial distribution of Cy3XFGG ([M]", 919.3 m/z) and
WOR ([M+Na]*, 451.1 m/z) in the intestinal tissue section. The spectrum of

MALDI-MS is shown as a relative MS intensity of target against DHB MS intensity.
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Figure 2-12 MALDI-MS imaging analysis of Cy3XFGG distributed in rat jejunum
membrane sections after 60 min intestinal transport in the presence or absence of
an efflux transport inhibitor, cyclosporine A (CSA, 20 pM)

The concentration of Cy3XFGG for the intestinal transport experiments was 100 pM.
Each MS image shows the localization of Cy3XFGG ([M]", 919.3 m/z) and CSA
([M+H]", 1202.8 m/z) in the intestinal section. The spectrum of MALDI-MS is shown

as a relative MS intensity of target against DHB MS intensity.
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3.3. Metabolic behavior of acylated anthocyanins in SD rat intestinal transport
Figures 2-13 and 2-14 visually show detection result of phase | enzymatic degradation
products and phase Il metabolites of Cy3XFGG via MALDI-MS imaging technique,
respectively. MS images for [Cy3XGG]" (743.2 m/z), [Cy3GG]" (611.2 m/z), [Cy3XG]"
(581.2 m/z), [Cy3-galactoside]” (449.1 m/z, Cy3-Gal), and [Cy]" (287.1 m/z) are shown
as degraded fragments from Cy3XFGG ([M]", 919.3 m/z) (Figure 2-13). MS images of
Cy3XFGG-transported jejunum tissue sections exhibited that only Cy was visualized at
the apical regions (Figuure 2-13), in agreement with detection of its aglycon form
degraded from Cy-based anthocyanins in blood samples (Figures 2-2 and 2-3). In
addition, there has been reported that monoglycosylated Cy, Cy3G, can undergo
enzymatic hydrolysis to its aglycon, Cy,®? following the methyl conjugation.®*%! In
this study, conjugated Cy3XFGG (glucuronidated, sulfated, methylated, and their
combination forms) was not detected in the Cy3XFGG-transported intestine tissue
sections, while methylated Cy was slightly visualized in the Cy- and
Cy3XFGG-transported tissue setions (Figure 2-14). Although the possibility of
production of other metabolites in the tissue section was not excluded, these MS images
indicated that Cy3XFGG is stable against phase I/Il metabolism during intestinal
absorption process. In this study, LC-TOF/MS analysis also exhibited that Cy3XFGG
was not degraded and was stable in the apical solution following the 60-min transport

experiments (Figure 2-15).
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Figure 2-13 MALDI-MS imaging analysis of degraded metabolites from Cy3XFGG
in rat jejunum membranes after 60 min intestinal transport

MS images of degraded metabolites of Cy3XFGG were acquired on the intestine tissue
sections via MALDI-MS imaging technique in positive ion mode. Each MS image
shows the spatial distribution of the targets on the intestinal tissue section; degraded
metabolites of Cy3XFGG ([M]*, 919.3 m/z): Cy3XGG ([M]", 743.2 m/z), Cy3GG ([M]",
611.2 m/z), Cy3XG ([M]", 581.2 m/z), Cy3-Gal ([M]", 449.1 m/z) and Cy ([M]", 287.1

m/z).
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Figure 2-14 MALDI-MS imaging analysis of phase Il metabolites of Cy and
Cy3XFGG after 60 min intestinal transport in jejunum membranes

MS images of phase Il metabolites of Cy and Cy3XFGG were acquired on the
intestine tissue sections via MALDI-MS imaging technique in positive ion mode. Each
MS image shows the spatial distribution of the target on the intestinal tissue section;
Phase 1l metabolites of Cy: Cy + methyl (Me) ([M]*,301.1 m/z), Cy + sulfate (Sul)
([M]", 367.0 m/z), Cy + glucuronide (GIcA), ([M]", 463.1 m/z), Cy + Me + Sul ([M]",
381.0 m/z), Cy + Me + GIcA ([M], 477.1 m/z), Cy + Sul + GIcA ([M]", 543.0 m/z), Cy
+ Me + Sul + GIcA ([M]", 557.1 m/z), and metabolites of Cy3XFGG: Cy3XFGG + Me
(IM]*, 933.3 m/z), Cy3XFGG + Sul ([M]*, 999.2 m/z), Cy3XFGG + GIcA ([M]", 1095.3
m/z), Cy3XFGG + Me + Sul ([M]", 1013.2 m/z), Cy3XFGG + Me + GIcA ([M]", 1109.3
m/ z), Cy3XFGG + Sul + GIcA ([M]", 1175.2 m/z), Cy3XFGG + Me + Sul + GIcA
(IM]*, 1189.3 m/2).
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Figure 2-15 Extracted-ion chromatograms of Cy3XFGG via LC-TOF/MS in the
apical solution before (0 min) and after (60 min) intestinal transport in rat
jejunum membranes

Extracted-ion chromatograms of Cy3XFGG were acquired in the apical solution before
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(0 min) and after (60 min) intestinal transport via LC-MS in positive ion mode. Each

chromatogram shows the elution of the target anthocyanin ([M]*: Cy3XFGG =

919.2503 m/z)
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4, Summary

In conclusion, Chapter Il demonstrated for the first time that acylated anthocyanins
can be incorporated and transported in their intact form with a relatively strong
resistance against phase I/l metabolism. In situ MALDI-MS imaging technique
provided the remarkable finding that the small intestinal transport of an acylated
anthocyanin, Cy3XFGG, is confining for the OATP 2B1 route, while glycosylated
anthocyanin form and its aglycon form are favorably transported via both the GLUT2
and OATP 2Bl transport routes (Figure 2-16). Taken together, acylated anthocyanins
with anti-inflammatory,?® hemodynamic,®*® and anti-oxidant effects®®® can be absorbed
into the intestine via OATP 2B1.

These findings also prove that the MALDI-MS imaging technique is the outstanding
tool to visually evaluate bioavailability such as accumulation, metabolism, and
absorption of targeted bioactive food compounds. However, bioavailability evaluation
using a conventional MALDI-MS system was only available for the acquisition of
visual localization and qualitative information, excluding quantitative information.
Therefore, a novel quantitative approach of MALDI-MS imaging technique in
biological tissue sections, which allows not only quantification of tissue accumulated
bioactive food compounds but also visualization of their spatial localization was

investigated in the next Chaper I11.
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Figure 2-16. Graphic overview of intestinal absorption process of anthocyanins
OATP 2B1, organic anion transporting polypeptide 2B1; ABC transporter,
ATP-binding cassette transporter; GLUT2, glucose transporter 2; and SGLT1,

sodium-dependent glucose transporter 1; Me, methyl; GIcA, glucuronide.
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Chapter |11

Establishment of quantitative MALDI-MS imaging technique

for tissue accumulation of anthocyanin-related compounds

1. Introduction

As mentioned in Chapter | and Chapter I, the explication of absorption mechanisms
is indispensable for verifying the nutritional properties and functionalities of food
compounds. The absorption process of food compounds into the blood circulatory
system, as well as tissue accumulation, must be considered. However, analytic methods
for precisely analyzing the microenvironments in organs are still lacking and
requiring.’”! Therefore, it is essential to establish an analytic method that can topically
and quantitatively visualize the tissue accumulation of absorbed bioactive compounds,
including their metabolites, in aimed organs.

MALDI-MS imaging technique has been used in various fields, such as food
science, 1992 medical science,™®! pharmacology,*®*®! and plant physiology,!*®!
because it can visualize the localization and distribution of MS detectable compounds in
organs without using specific labels, such as antibodies. Nonetheless MALDI-MS
imaging technique has the lack of quantitative property. The factors that affect directly

quantitative performance of MALDI-MS imaging technique have included the

extraction efficiency of analyte molecules,™! inhomogeneity of tissue sections,
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matrix-to-analyte ratio,!*%! heterogeneous matrix crystallization on the tissue section, %"
variation of MALDI laser intensity,'"*? ion suppression from tissue section,™™* etc. In
particular, the inhomogeneity of matrix crystal formation and low-level reproducibility
during analytical runsi’® are crucial issues to be solved for the enhancement of the
quantification capability of MALDI-MS. Thus, analytic methods with high-level
reproducibility, such as LC-MS systems, generally using an IS which is detectable to
compensate the analytic fluctuation, are preferred in quantification of analytes.**?
Otherwise, MALDI-MS imaging technique, which has exhibited considerable
advantages of maintaining the form of biological tissues, as well as simplifying the
processing of samples,™*® can be a indispensable analytical technique in several
scientific fields if the aimed analytes can be visually and precisely quantified. However,
the inhomogeneity of the matrix crystals, as well as the fluctuation in the matrix spray
amount on the tissue sections,™**®! is a crucial issue to the quantitative capability of
MALDI-MS imaging technique. Thus, the regulation of constant matrix spraying, as
well as the nondestructive evaluation of the amount of matrix spray before MALDI
laser irradiation, may extremely improve the quantitative capability.

Although quantitative MALDI-MS (qMALDI-MS) methods utilizing robotic matrix
spotterst %1718 \which exhibit small fluctuation in the matrix amount, have been
developed, a crucial limitation persists with regard to the distance (>250 um) between
the spots. This limitation significantly affects the resolution of MS image or imaging
quality. Furthermore, the inhomogeneity of matrix crystal formation is a critical factor
that diminishes the imaging resolution of MALDI-MS.[8811201 Ajthough robotic or
automatic matrix sprayers have been evolved to achieve reproducible matrix
spraying,'*’¥! the homogeneity of the matrix crystal formation, its amount, and

distribution on the biological tissue sections cannot be controlled and monitored.
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Thus, Chapter 111 focus on establishing a novel quantitative method for MALDI-MS
imaging technique by utilizing MS ionizable fluorescent and crystal-homogenizing
substances as the additives to matrix solution, allowing the nondestructive monitoring
of matrix spray amount and improving the homogeneity of the matrix crystals. The
fluorescent substance added to matrix solution could behave as both an index to control
the amount of the matrix sprayed prior to MALDI laser irradiation and a MS
normalizing standard to enable compensation of the MS intensity variability of analytes
owing to the heterogenous matrix crystallization and ion suppression from tissue
sections (Figure 3-1). Ferulic acid (FCA), a representative absorbable metabolite of
acylated anthocyanins as visualized in Chapter 11, possessing various physiological
benefits such as anticancer activities™* *?® was applied to the gMALDI-MS imaging
technique to validate its quantification capability by correlating it with capability of
LC-MS in negative-ion detection mode. Nifedipine, an oral antihypertensive agent that
can accumulate in organs following oral administration, ™2 was also subjected to the

gMALDI-MS imaging technique in positive-ion detection mode.
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Figure 3-1 Scheme of the fluorescence-assisted matrix-spraying method

The matrix solution containing the fluorescent IS was homogeneously sprayed onto the
kidney tissue sections. The homogeneity of the matrix crystal was significantly
enhanced by adding a matrix additive. The average fluorescence intensity (Ar_) of the
fluorescent IS that was sprayed on the tissue sections was measured using the Fusion
SOLO.7S.EDGE system (a convenient and quick fluorescent imager) at every number

of spray cycles, either 1 or 5 cycles, until the desired Ar_(~40,000) was acquired.
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2. Materials and methods

2.1. Materials

O-Dinitrobenzene (O-DNB) was obtained from Nacalai Tesque Co. (Kyoto, Japan).
nitrobenzene and a-Cyano-4-hydroxycinnamic acid (CHCA) were obtained from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). Sevoflurane was purchased from
Maruishi Pharmaceutical Co., Ltd. (Osaka, Japan). Furthermore, DHB, quercetin,
rhodamine 6G (R6G), 6-carboxyfluorescein, nifedipine, ferulic acid (FCA), and aniline
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Additionally,
1,5-diaminonaphthalene (1,5-DAN) and 7-methoxycoumarin-3-carboxylic acid were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Naphthalene was
obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). All the reagents, which were of

analytical grade, were used without further purification.

2.2. Animal experiments

Male 8-week-old SD rats (268.7 + 3.9 g, SPF/VAF Crj; Charles River, Kanagawa,
Japan) were used for the present study. The SD rats were acclimated under the following
conditions: light, 12 h period (from 8:00 am to 8:00 pm); humidity, 55 + 5%; and
temperature, 21 + 1 °C. After 16 h of fasting, the FCA (dose = 50 mg/kg) was
administered orally to SD rats. Afterward, the SD rats were sacrificed by exsanguination
from the abdominal aorta during induction of anesthesia via volatile anesthetic agents,
sevoflurane. Their kidneys were collected at 0, 15, 30, and 60 min following the oral
administration. The residual blood in the organs was washed out by perfusion from their
left ventricles using an ice-cold pH 7.0 phosphate-buffered saline solution (100 mL) to

focus on the tissue-accumulated FCA except for the blood-accumulated ones. Thereafter,
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the kidney was dissected and immediately stored at —80 °C until the analyses. All the
animal experiments were carried out conforming to the Guidelines for Animal
Experiments in the Faculty of Agriculture in the Graduate Course of Kyushu University
and according to the law (no. 105, 1973) and notification (no. 6, 1980 of the Prime
Minister’s Office) of the Japanese Government. All the experiments were reviewed and
approved by the Animal Care and Use Committee of Kyushu University (permit number:

A20-095).

2.3. Fluorescence measurement

First, R6G, 7-methoxycoumarin-3-carboxylic acid, 6-carboxyfluorescein, and
naphthalene were dissolved in 70% ACN. Each fluorescent substance (0.01-1 mM,
2-200 pmol/spot) was spotted onto tissue sections of blank kidney. The fluorescence
images of the spotted substances were acquired using the Fusion SOLO.7S.EDGE
system  (Vilber-Lourmat, = Marne-la-Vallée,  France)  consisting of  Dblue
(excitation/emission (Aex/Aem) = 480/536 nm), green (excitation/emission (Aex/Aem) =
530/595 nm), and red filters (excitation/emission (Aex/Aem) = 640/750 nm). The image
capture condition was set at a detection time of 1.8 s. As MALDI imaging technique is
performed on-tissue area, the Ar_ was calculated from the regions on the kidney tissue

sections was used to control and monitor the sprayed matrix amount.

2.4. Preparation of tissue samples for MALDI-MS imaging technique

The frozen kidneys were sliced into 12 um thick tissue sections using a CryoStar
NX70 (Thermo Scientific, MA, USA) at —25 °C. The kidney sections were collected
sequentially for MALDI-MS imaging technique and LC-MS to compare the quantitative
capabilities of the two analytic systems. The tissue samples were thaw-mounted onto an

ITO-coated conductive glass slide (Bruker Daltonics) and immediately dried under the
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flow of nitrogen gas for qMALDI-MS imaging technique. ImagePrep (automatic matrix
sprayer) was used to spray the matrix solution containing R6G (40 pg/mL), O-DNB (10
mg/mL), and 1,5-DAN (10 mg/mL) in 70% ACN, over the tissue sections onto the ITO
glass slide in accordance with the following spraying conditions: spraying time 1.5 s;
spraying cycles, 20—60; spray power, 20%; modulation, 20%; incubation time, 10 s; and
drying time, 60 s. The Ar_ of sprayed R6G as the fluorescent IS on the kidney tissue
sections was measured using the Fusion SOLO.7S.EDGE system which was equipped
with the green fluorescence filter, at every 1-5 cycles consecutively to regulate further
matrix spraying (until the desired fluorescence intensity was obtained) to gain a constant
matrix amount between the kidney tissue sections, as shown in Figure 3-1. The Ag_ of
kidney tissue sections was calculated by dividing the sum of fluorescence intensity that
was acquired from the Kkidney tissue via the number of pixels acquired in the
corresponding whole tissue area on the ITO-coated glass slide. The optical images of
microscopy were captured on ITO-coated glass slide at 40—100x resolutions using an

Eclipse Ts2-FL microscope (Nikon Corporation, Tokyo, Japan) before and after matrix

spraying.

2.5. Quantitative MALDI-MS imaging analysis

The matrix-sprayed kidney tissue sections were analyzed using an Autoflex III
MALDI-TOF/MS that was equipped with a SmartBeam (Bruker Daltonics) at 100 um
spatial resolution. The kidney tissue sections were subjected to gMALDI-MS imaging
analysis in both the positive- and negative-ion detection modes using the following
MALDI-MS parameters: the number of shots per pixel, 100; lens voltage, 7.50 kV; gain,
12.00; laser power, 39%; laser frequency, 200 Hz; range, 20%); offset, 59%; laser focus
range, 100%; value, 6.0%; and ion source 1, 20.00 kV; ion source 2, 18.80 kV. The MS

image data were reconstituted for visualization of spatial distribution with a mass
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filtering of + 0.2 m/z using Flex imaging software (version 2.1, Bruker Daltonics,
Bremen, Germany). The obtained MS spectra were analyzed using Flexanalysis
software (version 3.3, Bruker Daltonics, Bremen, Germany) as the sum of all the MS
spectra obtained in the MS-imaging region. The average MS intensity was calculated as
the sum of the MS spectra that were exported from the region of interest (ROI) divided
by the number of pixels obtained in the ROI (100 pixels/mm?). Calibration curves were
constructed by plotting the average MS intensity ratio of FCA (2—-300 pmol/0.2 pL spot)
or nifedipine (2—160 pmol/0.2 pL spot) to R6G, which was calculated with MS spectra
from the ROI covering the whole sample spot area (4 mm?). The weight of the kidney
tissue section (12 um) was 430 pg/section, as calculated from the sum of weights of
three sequential kidney tissue sections. The whole area of the kidney tissue sections was
measured based on the number of pixels obtained on the kidney tissue section (204 + 2
mm?/kidney section = 20,411 + 215 pixel/ kidney section) using Flex imaging software,
which provided the density of kidney tissue section as mol/g dry tissue, to calculate the
amount of FCA accumulated in the kidney tissue. The limit of detection (LOD) and
limit of quantification (LOQ) were calculated respectively in accordance with the

equations that were reported by Sammour et al.!**®!

2.6. LC-TOF/MS analysis

The kidney tissue sections of the FCA-administered SD rats were immediately
lyophilized and mashed using a BioMasher Il (Nippi. Inc., Tokyo, Japan). The mashed
powder of five sequential kidney tissue sections (~1.5 mg), which was adjacent to that
for gMALDI-MS imaging technique, was homogenized with 0.1% FA and 500 uL of 50%
MeOH containing 100 pL of 3,4-dimethoxycinnamic acid (DMCA, 1 umol/L) as an IS
using a Polytron homogenizer (20,000 rpm for 30 s x 3 times at 4 °C; KINEMATICA

AG; Luzern, Switzerland). The homogenate was subjected to sonication using a
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SONIFIRE 250 (Branson Ultrasonics, Emerson Japan Co., Kanagawa, Japan) at an
output control of 3 for 10 s x 3 times at 4 °C. After centrifuging for 15 min at 4 °C and
14,000 x g, the supernatant was ultrafiltered using the Amicon® Ultra-0.5 mL
centrifugal filter 3kDa centrifugal filter (Millipore, Carrigtwohill, Ireland) for 30 min at
4 °C and 14,000 x g. The obtained filtrate was evaporated, and the dried filtrate was
subsequently dissolved in 100 pL of a 0.1% FA solution. Afterward, an aliquot (20 pL)
of the solution was subjected to LC- TOF/MS analysis. LC-TOF/MS analysis was
carried out, as described in the previous report.’® LC separation was performed using
an Agilent 1200 series system (Agilent, Waldbronn, Germany) on a Cosmosil 5C 18
AR-1I column (particle size, 5 um; 2.0 mm 1.D. x 150 mm; Nacalai Tesque, Kyoto,
Japan) with a linear gradient elution of ACN (0—100% for 20 min) containing 0.1% FA
at a flow rate of 0.2 mL/min at 40 °C. ESI-TOF/MS analysis was conducted using a
microTOF Il instrument (Bruker Daltonics) in the negative ion mode. The conditions of
ESI-TOF/MS were as follows: the drying nitrogen (N) gas was used at a mass range of
100—1000 m/z, a drying temperature of 200 °C, a flow rate of 8.0 L/min, a capillary
voltage of 3800 V, and a nebulizing gas pressure of 1.6 bar. Acquisition and analyses of
all data were performed using Bruker Data Analysis 3.2 software. The MS calibration
solution containing 10 mM of sodium formate in 50% ACN was injected at the process
of initiating of each analytical run of ESI-TOF/MS, and all the MS spectra were
internally calibrated. To quantify the amount of FCA, a calibration curve of FCA, which
was acquired from the blank kidney sections under the aforementioned MS conditions,
was used: y = 0.0994x + 7.6448 (R? = 0.9904) [y is the peak intensity ratio (the
observed MS intensity of the analyte to that of IS) and x is the concentration of FCA

(6—600 nmol/g dry tissue).
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3. Results and discussion

3.1. Establishment of fluorescence-assisted spraying method

The fluctuation of the spray amount of the matrix, as well as the inhomogeneity of the
matrix crystal formation on the tissue section, were serious issues to the quantitative
capability of MALDI-MS imaging technique.[’8*2 Thus, the present study examined
the applicability of a fluorescence substance as an IS to compensate for the fluctuation
in the spray amount of the matrix between the measurements or tissue sections. A
FUSION imaging system (simple fluorescent imager) was used in this study to ensure
convenient and quick fluorescent image and intensity monitoring. As fluorescent ISs,
compounds containing naphthalene (Aex/Aem = 290/330 nm), coumarin (Aex/Aem =
355/405 nm), fluorescein (Aex/Aem = 490/520 nm), and rhodamine (Agx/Aem = 530/550 hm)
as their fluorophores were used for the fluorophore screening to determine the quantities
of IS on the tissue section surfaces. R6G was certainly monitored on the kidney tissue
sections (Figure 3-2) via fluorescence imaging technique using a green filter (Aex/Aem =
530/595 nm), while significant autofluorescence background, which hindered the
fluorescence detections of other fluorescent substances, such as 6-carboxyfluorescein,
naphthalene, and coumarin, by the blue (Aex/Aem =480/536 nm) or red (Aex/Aem = 640/750
nm) filters, from the tissues, was observed. Furthermore, R6G was detected by
MALDI-MS in both the negative- and positive-ion modes using 1,5-DAN as the matrix
(Figure 3-3).
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Figure 3-2 Fluorescent images of fluorescent IS candidates on tissue section

Each fluorescent IS candidate (2—200 pmol/0.2 pL spot) was spotted onto kidney
tissue  sections. Fluorescent  images of R6G,  6-carboxyfluorescein,
7-methoxycoumarin-3-carboxylic acid-N-succinimidyl ester, and naphthalene were
acquired by the fluorescent imager consisting of the blue (excitation/emission (Aex/Aem)

= 480/536 nm) and red filters (excitation/emission (Aex/Aem) = 640/750 nm).
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Figure 3-3 MALDI-MS analysis of R6G using four different matrix solutions

R6G was analyzed via MALDI-MS in the positive and negative detection modes using
CHCA, DHB, quercetin, and 1,5-DAN. R6G (20 pmol/0.2 pL spot) was spotted with
each matrix (10 mg/mL) onto the ITO-coated glass slide and subjected to MALDI-MS.
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Although R6G has been known to be ionized in the positive-ion-mode LDI-MS without
the matrix and to be employed as a matrix reagent for the negative-ion-mode
MALDI-MS,™272% jts detected intensity without the 1,5-DAN matrix was almost
negligible in this experimental set-up (at 0.04 mg/mL) of R6G when compared to that in
MALDI-MS with 1,5-DAN (19-fold higher intensity, Figure 3-4). Owing to the linear
correlation coefficient between the MS and fluorescence intensities of R6G (R® =
0.9441, Figure 3-5), these results demonstrate that the fluorescent IS of R6G is a new
MS-detectable index for assessing the matrix amount. Furthermore, since the crystal
fineness and homogeneity of the matrix["®*34 are also key to ameliorating the tissue
spatial resolution of MALDI-MS imaging technique,*** % some attempts at
ameliorating the homogeneity of matrixes via matrix additives have been reported. For
instance, aniline, which can form ionic bonds with CHCA, formed fine CHCA
crystals.l’®4 In the present study, Figure 3-6 shows that O-DNB and nitrobenzene, but
not aniline, at a concentration of 10 mg/mL among examined concentrations (0-10
mg/mL) in the matrix solution (1,5-DAN, 10 mg/mL) seemed to enhance the
homogeneity of the matrix crystal formation. Moreover, the addition of O-DNB, not
nitrobenzene, clearly enhanced the fineness and homogeneity of the matrix crystals of
sprayed 1,5-DAN matrix (average matrix crystal diameter of sprayed droplets, 1,5-DAN
only: 72 um, nitrobenzene: 54 pm, O-DNB: 25 um) (Figure 3-7). Compounds
possessing nitro groups could be crystallized in compact crystal sizes and structures by
strong and tight N—He++O hydrogen bonds regarding the amino group.'**** Based on
these findings, the optimized concentration of O-DNB (10 mg/mL) in the solution of the
1,5-DAN matrix (10 mg/mL), which exhibited the most homogeneous and finest matrix

crystals, was used for the subsequent experiments.
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Figure 3-4 MS spectra of R6G via LDI-MS analysis with or without 1,5-DAN
matrix solution in positive and negative ion modes

R6G was analyzed via MALDI-MS and LDI-MS with or without 1,5-DAN matrix
solution (10 mg/mL) in the positive and negative detection modes. R6G (20 pmol/0.2

uL spot) was spotted with or without 1,5-DAN (10 mg/mL) onto the ITO-coated glass

slide.
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Figure 3-5 Linear correlation between fluorescent intensity and MS intensity of
R6G sprayed on rat kidney tissue sections

1,5-DAN (10 mg/mL) matrix solution containing R6G (40 pg/mL) and O-DNB (10
mg/mL) was sprayed onto the blank kidney sections in a range of 20,000-60,000 of
average fluorescent intensity. The fluorescent and MS intensities of R6G extracted from
the sprayed area of kidney tissue sections were calculated as average intensity [sum of

the spectra/the number of pixels in the ROI].
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Figure 3-6 Optimization of the concentration of matrix additives (such as aniline,

nitrobenzene, and O-DNB) for the matrix crystal formation of a homogeneous
crystal with 1,5-DAN

The matrix crystal of the 1,5-DAN solution (10 mg/mL) containing R6G (0.04 mg/mL)
and each additive (0-10 mg/mL) was formed by spotting a 0.2 uL volume onto the
ITO-coated conductive glass slide. The optical images were acquired using an Eclipse

Ts2-FL microscope with 40x resolution.
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Figure 3-7 Matrix crystals of the 1,5-DAN solution containing different additives

sprayed on rat kidney tissue sections

1,5-DAN solution containing R6G and a matrix additive (nitrobenzene or O-DNB)

was sprayed to cover the kidney tissue sections until the desired fluorescent intensity

(~40,000). The optical images before and after the matrix spraying were acquired by an

optical microscope with 40x and 100x resolutions from the kidney tissue section and

glass-slide regions, respectively. The average diameters of matrix crystals were

calculated from the largest crystal among five randomly selected crystals on ITO-coated

conductive glass slide.



Figure 3-8 shows the fluorescent images and intensities of the R6G after spraying. The
calculated value of average fluorescent intensity was acquired from the kidney tissue
regions among the whole sprayed regions shown in Figure 3-9, as MALDI-MS imaging
technique was performed on kidney tissue. It was demonstrated that the fluorescent
intensity fluctuated remarkably between the kidney tissue sections (RSD of Ag =
15.3%), even though similar optical sprayed tissue images were obtained by 40 cycles
of conventional fixed matrix spraying for the three kidney tissue sections which were
sprayed with the 1,5-DAN matrix solution containing the R6G. Under the varying
matrix conditions, the relative MS intensity of FCA to R6G also fluctuated in negative
ion mode (RSD = 31.1%). Intriguingly, when the fluctuating matrix spray amounts on
the Kkidney tissue sections were controlled until the desired fluorescent intensity
(~40,000) was accomplished based on fluorescent monitoring every 1-5 matrix
spraying cycles, a constant matrix spraying amount (RSD of the Ar = 1.3%) in which
the reproducibility for the relative MS detection of FCA was significantly enhanced
(RSD = 3.1%). The linear improvement of MS intensity of FCA by the increasing
matrix spraying amount (fluorescent intensity of R6G) positively proves the importance
of constant and homogeneous matrix spraying amount in improving the reproducibility
(Figure 3-10). Moreover, Figure 3-11 exhibits that the fine crystal formation by O-DNB
also enhanced the reproducibility of the relative MS intensities of the nifedipine and
FCA in the positive and negative ion modes (n = 5).

According to this result, in this study, R6G would be defined as spraying IS to behave as
both a MS normalizing standard and an index of the matrix amount. Thus, the
fluorescence-assisted reproducible matrix formation by a nondestructive monitoring
matrix spraying amount before MALDI laser irradiation allowed the reproducible MS

intensities of the analytes between different analytical measurements.
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Figure 3-8 Evaluation of fluorescence-assisted spraying method for reproducible
matrix crystal formation in MALDI-MS imaging technique

The optical image, fluorescent image, and MS spectra were acquired by 40 cycles of
cycle-number-fixed spraying and fluorescence-assisted spraying until the desired
fluorescence intensity of ~40,000 was achieved. MS spectra of the spotted analyte
(FCA; 0.1 mM, 20 pmol/spot, shown as white dotted circle) were acquired for each
matrix spraying method. 1,5-DAN (10 mg/mL) solution containing O-DNB (10 mg/mL)
as a matrix additive and R6G (40 ug/mL) as the IS was sprayed onto the blank kidney
tissue sections. The relative standard deviation (RSD) was calculated for relative MS

intensity of FCA to R6G (IS) and Ag, as acquired from the ROI of FCA spotted onto

the blank kidney tissue section.
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Figure 3-9 Optical and fluorescent images (shown as 3D mode) of kidney section

=)

sprayed with 1,5-DAN (10 mg/mL) containing R6G (40 pg/mL) and O-DNB (10
mg/mL.) as the matrix additives

Optical and fluorescent images of R6G were obtained by the fluorescent imager using
a green filter (excitation/emission = 530/595 nm) at a detection time of 0.5 s after

fluorescence-assisted matrix spraying until the desired fluorescent intensity of ~40,000.
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Figure 3-10 Linear correlation between MS intensity of FCA and matrix amount
(fluorescent intensity of R6G)

The matrix crystal of the 1,5-DAN solution (10 mg/mL) containing R6G (40 pg/mL)
and O-DNB (10 mg/mL) was sprayed onto spotted FCA (200 pmol/0.2 pL spot)
corresponding to 50 pmol/mm?on the kidney tissue section. The MS intensity of FCA
and fluorescent intensity of R6G extracted from the FCA spot area on kidney tissue

sections were calculated as average intensity [sum of the spectra/the number of pixels in

the ROI].
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Figure 3-11 Reproducibility of the MALDI-MS imaging technique using
fluorescence-assisted spraying method with or without O-DNB

(A) Nifedipine (200 pmol/0.2 puL spot, n =5) and (B) FCA (200 pmol/0.2 uL spot, n =
5) were spotted on the blank kidney tissue sections, which was subjected afterward to
the present MALDI-MS imaging technique. The MS images for nifedipine
([IM—H,0+H]" = 329. m/z) and FCA ([M—H] = 193.1 m/z), as well as the ratio of their
intensities to R6G (as IS), are shown. The average intensity was calculated as the sum
of the MS spectra that were calculated with MS spectra from 4 mm? of the ROl (400
pixels/4 mm?) covering the whole spot area (corresponding to 50 pmol/mm?). The
results are expressed as the mean + SD obtained from five independent spots. RSD:

relative standard deviation.
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Moreover, since the chemical compounds O-DNB and R6G were developed as matrix
additive to form fine crystal and spraying internal standard (IS), respectively, these
compounds are applicable not only to the ImagePrep station employed in the present
study but also to other automatic and robotic matrix sprayers, such as HTX TM-sprayers,

which improves the reproducible capability of MALDI-MS imaging technigue.

3.2. Quantitative MALDI-MS imaging technique with a fluorescence-assisted
spraying method

The quantitative capabilities of the present MALDI-MS imaging technique employing
fluorescence-assisted constant matrix spraying were assessed in both the positive- and
negative-ion linear modes. To validate the present gMALDI-MS imaging technique of
the tissue-accumulated analytes, the absorbable compounds of FCAM? 712! (g
representative bioactive food compound) and nifedipine!’**™'?®! (oral drug) were
analyzed in both the positive- and negative-ion modes, respectively (Figures 3-12 and
3-13). MS images in Figure 3-12A shows a ‘coffee ring effect’” of the crystal formation
of nifedipine, but not FCA owing to its hydrophobic characteristic (Figure 3-13A),114%
which demonstrated that the present matrix spraying method can maintain spatial
distribution of the organ accumulated-analytes. According to this MALDI-MS imaging
technique, a linear correlation was revealed in the intensity ratios of the spotted
nifedipine (R? = 0.965, 0.5-40 pmol/mm?) and FCA (R? = 0.9972, 0.5-75 pmol/mm?)
against R6G in the kidney tissue sections that were subjected to a constant matrix spray
amount [fluorescent intensity, 43,803 + 1,645 (in the positive ion mode), 37,395 + 3,079
(in the negative ion mode)]. As regards the linear response of the calibration curves, it

has been reported that the threshold laser fluence in MALDI depends on the

analyte-to-matrix molar ratio,™*! and above the threshold, MS intensities increase
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Figure 3-12 Calibration curve of nifedipine in rat kidney tissue section obtained via
the gMALDI-MS imaging technique using the fluorescence-assisted matrix
spraying method in the positive modes

(A) MS image of a series of spotted nifedipine (NF, [M—H,0+H]" = 329.1 m/z, 0.5-40
pmol/mm?) was acquired on the blank kidney tissue sections via positive-gMALDI-MS
imaging technique. The fluorescent images of the positive MS images were inserted to
show the formation of the reproducible matrix crystal. (B) The relative MS intensities of
nifedipine to R6G (IS) were acquired from the sum of the spectra from the ROl (4 mm?)
to cover whole spotted analytes on the kidney tissue sections. (C) The result of the
calibration curve of nifedipine was expressed as the mean = SD of three independent

tissue samples.
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Figure 3-13 Calibration curve of FCA in rat kidney tissue section obtained via the

gMALDI-MS imaging technique using the fluorescence-assisted matrix spraying

method in the negative modes

(A) MS image of a series of spotted FCA ([M—H]™ = 193.1 m/z, 0.5-75 pmol/mm?)

was acquired on the blank kidney tissue sections via negative-gMALDI-MS imaging

technique. The fluorescent images of the negative MS images were inserted to show the

formation of the reproducible matrix crystal. (B) The relative MS intensities of FCA to

R6G (IS) were acquired from the sum of the spectra from the ROl (4 mm?) to cover

whole spotted analytes on the kidney tissue sections. (C) The result of the calibration

curve of FCA was expressed as the mean + SD of three independent tissue samples.
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steeply as a power function of laser fluence.™? Thus, the optimization of laser power
along with the use of a dilution series of internal standard compensating broad changes
in analyte-to-matrix molar ratio would be substantially important to enhance the
linearity of calibration curves for qMALDI-MS methods. Despite the fact that a
constant laser power was applied without such a compensating approach, the obtained
calibration curves exhibit superb linearity in the present gMALDI-MS imaging
technique (Figures 3-12 and 3-13). Based on the calibration curves of FCA and
nifedipine, the LOD, LOQ, and intra- and inter-tissue precisions were obtained [for
FCA: LOD, 0.12 pmol/mm?; LOQ 0.36 pmol/mm?; and intra- and inter-tissue RSDs, 5.4%
and 2.5%, respectively (n = 3). For nifedipine, LOD, 0.35 and LOQ, 1.07 pmol/mm?,
respectively, and intra- and inter-tissue RSDs, 5.1% and 6.9%, respectively (n = 3)
(Table 3-1)]. Comparing the reproducibility of the conventional cycle number-fixed
spraying (Table 3-2), these validation parameters exhibited that the present
fluorescence-assisted matrix spraying method significantly enhanced the quantitative
capabilities of MALDI-MS imaging technique. Furthermore, Table 3-3 showed the poor
reproducibility and linearity of the present data without normalization employing MS
intensity of R6G, which clearly indicated the significance of the normalization to
compensate the variability owing to heterogenous co-crystallization of analytes, R6G,

and matrix and ion suppression.

3.3. Quantitative evaluation of tissue accumulation of FCA in rat kidney

In the present study, FCA, which can be accumulated in the tissues and organs,
including kidney,!'*' %! was employed to validate the quantitative capability of this
gMALDI-MS assay using the fluorescence-assisted spraying method. After the oral

administration of FCA, the time-course accumulation behaviors (0-60 min) of
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kidney-accumulated FCA were observed by using conventional quantitative LC-MS

analysis (Figures 3-14 and 3-15) after its oral administration (50 mg/kg).
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Table 3-1 Method validation parameters for the present gMALDI-MS imaging

technique of nifedipine and FCA using fluorescent-assisted spraying

LOD LoQ Intra-tissue precision Inter-tissue precision
Mode Analyte (pmol/mm2) (pmolimm?) of the intens. ratio, of the intens. ratio,
P P RSD (%)? RSD (%)?
Positive Nifedipine 0.35 1.07 5.1 6.9
Negative FCA 0.12 0.36 54 25
an=3
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Table 3-2 Method validation parameters for MALDI-MS imaging technique of

FCA using conventional spraying method (40 cycles)

Inety Calibration Intra-tissue Inter-tissue
Mode Analyte rearession —— LOD LoQ precision of the precision of the
r’gvalue“ ( moll?nm2) (pmolimm?)  (pmol/mm?) intens. ratio, RSD intens. ratio, RSD
P (%)° (%)*
Negative FCA 0.9349 05-75 0.6 1.7 201 323

a: ;2 value across three calibration sets during validation
bn=3
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Table 3-3 Method validation parameters for the present MALDI-MS imaging

technique of nifedipine and FCA without normalization using MS intensity of R6G

Linearity Calibration LoD LoQ Intra-tissue precision Inter-tissue precision
Mode Analyte regression range lmm? lmm? of the intens. ratio, of the intens. ratio,
value*  (pmolimmz)  (Pmolmm?)  (pmolimm?) RSD (%)* RSD (%)=
Positive Nifedipine 0.894 0.5-40 0.36 1.09 6.4 18.5
Negative FCA 0.9264 05-75 0.17 0.52 255 68.8

2 r? value across three calibration sets during validation
bn=3
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Figure 3-14 Comparison of gMALDI-MS and LC-MS of the kidney-accumulated
FCA after the oral administration (50 mg/kg)

The corresponding sum of the MS spectra (A) and fluorescent images (B) was obtained
from the whole MS-imaging-analyzed tissue regions (C) of FCA ((M—H] = 193.1 m/z).
The corresponding extracted-ion chromatograms (D) of FCA (193.0527 m/z) and
DMCA (207.0657 m/z) as IS, of kidney tissue sections by quantitative LC-MS were also
shown. The correlation curves (E) of the tissue-accumulated FCA were prepared for the
present qMALDI-MS imaging technique and the validated LC-MS system, and these
results are expressed as the mean + SD from three independent tissue samples. N.D.

indicates that there was no MS detection.
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Figure 3-15 Time-course accumulation of FCA in rat kidney after the oral
administration of FCA by LC-MS

The results are expressed as the mean + SD (n = 3).
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The kidney-accumulated FCA was also quantified by the present gMALDI-MS imaging
technique at a constant matrix amount distribution with the following fluorescent
intensities of R6G: 0 min, 37,395 + 3,423; 15 min, 44,815 + 3,423; 30 min, 46,872 +
2,939; 60 min, 44,016 £ 3,225; using adjacent sequential tissue sections that were also
employed for the LC-MS analysis. The amount of kidney-accumulated FCA, as
quantified by the present gMALDI-MS imaging technique, was 1.4-folds higher than
the quantitative value by LC-MS analyses (slope of the correlation curve: 1.3916,
(Figure 3-14). These results agree with a reported one previously™® in which the
tissue-accumulated amount of the analyte (i.e. tetrandrine), as quantified by
gMALDI-MS, was higher than quantitative value via LC-MS analyses. Since both the
present gMALDI-MS and LC-MS used the external standardization to quantify the
kidney-accumulated FCA, these higher quantitative values by gqMALDI-MS method
may exhibit higher extraction efficiency of kidney-accumulated FCA from extremely
thin tissue sections (12 um) by the present qMALDI-MS than that by LC-MS.
Considering the higher extraction efficiency acquired from extremely thin tissue
sections, this gMALDI-MS imaging technique might be applicable for various organs
and analytes. Additionally, an advantage (simple sample preparation) of MALDI-MS
imaging technique would also improve the extraction efficiency, thus preventing the
loss of analytes and degradation via fatiguing preparation processes, as observed by
LC-MS. Notably, a significant linear correlation coefficient was observed between the
present qMALDI-MS imaging technique and LC-MS using the time-course
accumulation of FCA into the kidney tissues of the SD rats (R?= 0.9906, n = 3, Figure
3-14). The quantitative performance of MALDI-MS imaging technique by Chumbley et
al.l’% who used a robotic spotter and isotope-labeled ISs, is the best (RSD = 11.4%)
thus far. However, their micro-spotting method was restricted by the spot distance (>250

um), whereas this gMALDI-MS imaging technique employing the fluorescence-assisted
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spraying method could be a key technique for the application of matrix spraying, which
can achieve high-spatial-resolution of MS image (spatial resolution >10 pm).1324
Moreover, considering the utilization of the present chemical improvement in the
homogeneity of matrix crystals and uniformity of matrix amount, qMALDI-MS
imaging technique at micron-level resolution might be accomplished using advanced
matrix sprayers.'*®! Figure 3-16 shows that this qMALDI-MS imaging technique could
visualize its specific tissue localization and quantify the amount of tissue-accumulated
FCA. For instance, FCA was quantified in the pelvis, medulla, and cortex regions after
15 min of the oral administration at 18.5, 4.9, and 1.3 pumol/g dry tissue, respectively,
assuming that the tissue density of the whole kidney tissue section was homogeneous.
Moreover, the accumulated amount reduced with time after the oral administration of
FCA. For example, the pelvis-specific tissue accumulations of FCA were 18.5, 11.5, and
1.5 umol/g dry tissue in 15, 30, and 60 min, respectively (Figure 3-16). These findings
indicate that this qMALDI-MS imaging technique can quantify the regional tissue

accumulation of analytes.
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Figure 3-16 Regional and time-course quantification of the tissue-accumulated
FCA in rat kidney by the present gMALDI-MS imaging technique

Regional and time-course quantification of kidney-accumulated FCA ((M—-H] =193.1
m/z) after 0, 15, 30, and 60 min of its oral administration (50 mg/kg) was conducted by
the present gMALDI-MS imaging technique. The FCAs were localized and quantified
at the pelvis, medulla, and cortex regions; Average MS intensity ratio of FCA to R6G
was calculated with MS spectra from 1 mm? of the ROI (100 pixels/1 mm?) to quantify

regional kidney area. The inserted MS images are the same as that in Figure 3-14C.
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4, Summary

MALDI-MS imaging technique, which can visualize spaial distribution of ionizable
compounds in biological tissues without the necessity for labeling such as the antibodies,
is tremendously useful in evaluating physiologically active food compounds localized
and accumulated in organs. However, the conventional MALDI-MS is regarded to lack
quantitative properties owing to the inhomogeneity of matrix crystal formation and the
low-level reproducibility of matrix spray conditions. Thus, in Chapter I11, a new matrix
additive was proposed, which can form homogeneous matrix crystals, and a fluorescent
standard substance (a MS normalizing standard) to improve quantitative capability in
MALDI-MS imaging technigue. In this chapter, FCA was used as the aimed bioactive
food compound. In order to control the spray amount of matrix and normalize the MS
intensity, R6G, which is MS detectable fluorescent substance, was added to the matrix
solution (1,5-DAN). Furthermore, O-DNB was employed as a matrix additive to form
homogeneous matrix crystals on the kidney sections, and ImagePrep was employed to
spray the matrix solution with fluorescence intensity (Aex: 530 NM, Aem: 595 nm) of R6G
at the desired value (40,000 a.u.: optimum intensity of MS ionization) on the kidney
section (Figure 3-8). FCA spotted on the kidney section was prepared for gMALDI-MS
imaging technique.

At the matrix spraying condition using 1,5-DAN solution containing the R6G and
O-DNB, linearity (R? = 0.9972, 0.5-75 pmol/mm?) and reproducibility (RSD = 3.1%) of
relative MS intensity of FCA were significantly enhanced compared to results of
conventional cycle-number-fixed spraying (40 cycles, R? = 0.9349, RSD = 31.1%).
Then, FCA accumulated in kKidney tissue was visually determined to be 3.5, 3.0, and 0.2

umol/g dry tissue at 15, 30, and 60 min after the oral administration of FCA (50 mg/kg),
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respectively. Furthermore, a linear correlation was observed between the novel
gMALDI-MS imaging technique and LC-MS results (n = 3, R?> = 0.9906). Based on
these results, gMALDI-MS imaging technique was accomplished via
fluorescence-assisted matrix spraying method using R6G as a MS normalizing standard
in the 1,5-DAN solution containing O-DNB (a matrix additive), which successfully
quantified tissue-accumulated FCA in Kkidney tissue sections after the oral

administration.
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Chapter IV

Conclusion

Most studies on the physiological effects of food-derived compounds such as
anthocyanins have focused on evaluating bioactivity and its mechanisms in vitro and in
vivo. However, there are few reports on bioactive food compounds' bioavailability such
as intestinal absorption, metabolism, and tissue-accumulation in aimed organs. One of
the factors would be considered as the lack of an analytical assay capable of accurate
evaluation of their bioavailability and microenvironment of organs. Hence, the aim of
the present study was to clarify bioavailability such as intestinal absorption, metabolism,
and tissue accumulation of food compounds like anthocyanins using in situ MALDI-MS
imaging technique. Then, the present study also aimed to establish novel MALDI-MS
imaging technique to visually and quantitatively assess the tissue accumulation of food

compounds.

Chapter Il Visualization of rat intestinal absorption of acylated anthocyanins by
MALDI-MS imaging technique

Regardless of numerous reports of the physiological benefits of anthocyanins,
including acylated ones, it has been unclear whether they would be absorbed in their
intact form. Therefore, in Chapter 11, an in situ MALDI-MS imaging technique method
that can visualize intestinal absorption/metabolism dynamics of ionizable compounds

was used to evaluate the intestinal absorption process of anthocyanins, including an
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acylated Cy (Cy-3-(2"-xylose-6"-feruloyl-glucose-galactoside, Cy3XFGGQG), in intestinal
tissue. As a result, it was visualized that Cy3XFGG can be absorbed into intestinal
tissue via OATP 2B1 in its intact form. Moreover, in this study, conjugated Cy3XFGG
(glucuronidated, sulfated, methylated, and their combination forms) was not detected in
the Cy3XFGG-transported intestine tissue sections, while Cy as a degraded form of
Cy3XFGG and methylated Cy were slightly visualized in Cy3XFGG-transported tissue

setions

Taken together, it was demonstrated for the first time that acylated anthocyanins could
be successfully absorbed into intestine in its intact form after the intestinal transport

experiment.

Chapter 11l Establishment of quantitative MALDI-MS imaging technique for
tissue accumulation of anthocyanin-related compounds

MALDI-MS imaging technique is extremely useful for evaluating food compounds
such as anthocyanins and their metabolites accumulated and localized in tissues.
However, the conventional MALDI-MS method has been considered poor gquantitative
capability due to the lack of heterogeneity of matrix crystals on tissue sections and the
reproducibility of matrix spraying conditions. Hence, Chapter 11l focused on
establishing a novel quantification approach for MALDI-MS imaging technique by
applying MS ionizable fluorescent compounds for nondestructive fluorescent
monitoring of the sprayed matrix amount, and additives to improve the homogeneity of
the matrix crystal. As a result, successful quantitative and reproducible capabilities of
MALDI-MS imaging technique of FCA were achieved via fluorescence-assisted
reproducible matrix spraying and formation of matrix crystals by R6G (the MS

normalizing standard) in the 1,5-DAN solution containing O-DNB. Moreover, the
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present qMALDI-MS imaging technique quantitatively visualized tissue-accumulated

FCA in kidneys after the oral administration.

Taken together, the present MALDI-MS imaging technique with fluorescence-assisted
spraying method was firstly established as visible and quantitative evaluation technique
to evaluate bioavailability of food compounds, such as metabolism, intestinal absorption,
and tissue-accumulation. In the future, it is highly expected that this gqMALDI-MS
imaging technique will be a powerful analytical method to clarify the mechanisms of

physiological functionalities of food compounds from the viewpoint of bioavailability.
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