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Figure 1-1 Chemical structures and color of anthocyanin in different pH
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Table 1-1 Pharmacokinetics of anthocyanins in literature 
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Table 1-1 (Continued)
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Table 1-1 (Continued)
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Table 1-1 (Continued) 







10 

  

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

 







13 

  

 

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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Table 2-1 Anthocyanins extracted from Daucus carota L.
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Table 2-2 
1
H NMR data of five anthocyanins extracted from Daucus carota L. 
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Table 2-2 (Continued)
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Table 2-2 (Continued)
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Table 2-2 (Continued)
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Table 2-2 (Continued)
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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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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 .
[77]

 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 × 

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.
[16,91]
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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
2
  

 Measurement areas of MALDI-MS imaging technique are shown as white dotted area. 

MS images of 0.1 and 1.0 nmol/mm
2
 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 µM)  

 The concentration of Cy3XFGG for the intestinal transport experiments was 100 µM. 

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 µM)  

 The concentration of Cy3XFGG for the intestinal transport experiments was 100 µM. 

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 I enzymatic degradation 

products and phase II 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,
[92]

 following the methyl conjugation.
[94,98]

 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/II 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 II metabolites of Cy and 

Cy3XFGG after 60 min intestinal transport in jejunum membranes 

 MS images of phase II 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 II metabolites of Cy: Cy + methyl (Me) ([M]
+
,301.1 m/z), Cy + sulfate (Sul) 

([M]
+
, 367.0 m/z), Cy + glucuronide (GlcA), ([M]

+
, 463.1 m/z), Cy + Me + Sul ([M]

+
, 

381.0 m/z), Cy + Me + GlcA ([M]
+
, 477.1 m/z), Cy + Sul + GlcA ([M]

+
, 543.0 m/z), Cy 

+ Me + Sul + GlcA ([M]
+
, 557.1 m/z), and metabolites of Cy3XFGG: Cy3XFGG + Me 

([M]
+
, 933.3 m/z), Cy3XFGG + Sul ([M]

+
, 999.2 m/z), Cy3XFGG + GlcA ([M]

+
, 1095.3 

m/z), Cy3XFGG + Me + Sul ([M]
+
, 1013.2 m/z), Cy3XFGG + Me + GlcA ([M]

+
, 1109.3 

m/ z), Cy3XFGG + Sul + GlcA ([M]
+
, 1175.2 m/z), Cy3XFGG + Me + Sul + GlcA 

([M]
+
, 1189.3 m/z).
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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 

(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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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; GlcA, glucuronide. 




































































































































