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Abstract 

 

Iodine is a micronutrient essential for thyroid hormone synthesis, and its deficiency causes 

severe health problems both in children and adults. As most of iodine is stored in the ocean, 

the soil of regions far from the ocean such as Nepal lacks iodine and foods contain insufficient 

iodine. Therefore, in these regions, iodine-fortified salt has been used to prevent iodine 

deficiency disorders. Importantly, inappropriate usage of iodine-fortified salt can cause excess 

intake of iodine. In fact, recent survey in Nepal showed excess iodine intake at the population 

level. However, effects of long-term excess intake of iodine on human health remain to be 

unclear. In addition, recent studies have revealed that iodide is actively secreted into saliva and 

gastric juice, suggesting that iodine also plays physiological roles by mechanisms independent 

of thyroid hormone. 

 Therefore, it is essential to investigate effects of long-term excess intake of iodine on 

human health. To perform the investigation, the following two methods are absolutely 

necessary. (1) Some means to quantify changes in metabolites induced by excess iodine 

through thyroid hormone dependent and independent mechanisms. (2) On-site method to 

determine iodine content of various samples such as food, urine, and serum because it is 

essential to know in vivo kinetics of iodine and balance between intake and excretion of iodine 

in individuals. 

 In the present study, I successfully developed a method to quantify L-proline (L-Pro), D-

proline (D-Pro), trans-4-hydroxy-L-proline (t-4-HPL), trans-4-hydroxy-D-proline (t-4-HPD), 

cis-4-hydroxy-L-proline (c-4-HPL), and cis-4-hydroxy-D-proline (c-4-HPD). 13C6-dabsyl 

chloride and 13C6-dabsyl-amino acids were synthesized for the first time. By using standard 

addition method and respective 13C6-dabsyl amino acids as internal standards, high-quality 

linear calibration curves were obtained for Pro, t-4-HP, and c-4-HP, enabling to obtain the total 

amounts of these three secondary amino acids with high precision and accuracy. Using small 



 

chiral columns, enantiomers of dabsylated Pro, t-4-HP, and c-4-HP were completely separated 

and thus the D- and L-enantiomer ratio (rD/L) was successfully determined for various natural 

samples using liquid chromatography-mass spectrometry. 

 Next, a method to quantify iodine in various foods was developed by improving the 

Sandell-Kolthoff method, which is used worldwide to determine urine iodine content in 

population. To judge the disturbance to the Sandell-Kolthoff reaction by various substances 

contained in samples, the standard addition method was used, and sample calibration curve and 

water calibration curve were simultaneously obtained by measuring the pseudo-first order rate 

constant. Iodine-extraction method was optimized for each group of samples such as raw milk, 

seaweed, and some common food samples. Iodine content of various food samples was 

successfully determined for the first time. 

 Finally, a pilot mouse study was performed to design a mouse model which mirrors 

lifelong effects of moderate excess iodine intake on human health. Recently, in many countries 

including Chaina, excess iodine intake has becoming urgent health concerns and not only large-

scale human cohort studies have been carried out but also studies using various mouse and rat 

models for excess iodine intake have been performed. However, these animal experiments have 

the following shortcomings. Iodine is given to animals through drinking water or by means of 

oral gavage, unnatural way of taking iodine. Breeding period is short, mostly 3 months, and 

samples were collected only on the first day and the end of experiment. Balance between intake 

and excretion of iodine is not followed. To overcome these problems, I performed a pilot study 

using 6 female mice (C57BL/6J) to establish methods to give feed, to collect 24-hour urine, to 

collect 10-μL amounts of blood through the tail vein, and to take out organs, including the 

thyroid gland. 
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Chapter I 

 

Introduction 

 
1-1 Change from iodine deficiency to iodine excess in Nepal 

 Iodine is an element necessary for synthesizing thyroid hormones, and thyroid hormones 

are essential for normal development and growth of mammals including humans. In Napal, 

visible goiter, enlargement of thyroid gland, had long been prevalent (about 55% of the 

population) because both foods and drinking water contain insufficient amounts of iodine due 

to the lack of iodine in soils. To tackle the iodine deficiency problem, usage of iodized salt has 

been started from1973 in Nepal. As shown in Figure 1-1, at present, almost all households use 

iodized salt, and concomitantly visible goiter almost disappears (the prevalence of 0.4%). 

However, many people (29⁓39%) in Nepal have thyroid disorders, about 2⁓3-fold higher 

prevalence compared to European countries, USA, and Japan. The reason why the prevalence 

of thyroid disorder remains high after the spread of iodized salt in households is unclear. 

Recently, median urinary iodine content in Nepal, which is used as a measure of population 

level iodine status, was reported to be 314 μg/L, indicating the excess iodine intake. 

 

 

 

Figure 1-1. Household usage of iodized salt and change in population level iodine intake and 

the prevalence of thyroid disorders 
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As universal salt iodization is a global strategy recommended by World Health 

Organization (WHO), iodine-deficient countries like Napal have performed this strategy to 

prevent iodine-deficiency diseases. In this strategy, the amount of iodine added into salt, 

usually 20–40 mg iodine/kg salt, should be adjusted regularly based on the recent median 

urinary iodine content, otherwise excess iodine intake occurs. In fact, excess iodine intake in 

population levels was observed in 13 countries in 2020 (1). As for individual levels, excess 

iodine intake becomes a newly emerging health problem in most countries due to global 

distribution of foods and supplements containing large amounts of iodine such as brown 

seaweeds extracts, which have no labels displaying iodine contents. At present, chronic effects 

of excess iodine intake on human health are far from to be elucidated. Therefore, many research 

groups have now investigating possible risks of long-term intake of excess iodine from 

perspectives of not only authentic thyroid function but recent findings of extra-thyroid receptor 

roles of iodine and thyroid hormones (2–7). 

 

1-2 High prevalence of metabolic and cardiovascular diseases in Nepali patients with 

hypothyroidism 

 To reveal the association between hypothyroidism and lifestyle-related diseases, in my 

master’s thesis, I examined comorbidities of the patients with hypothyroidism: 85% of adults 

with hypothyroidism were obese and 69% of them had comorbidities such as hypertension, 

type 2 diabetes and dyslipidemia. In this study, although I performed diet survey, the daily 

iodine intake of each participant was not estimated because I had no means to assay the iodine 

contents of foods and urine. Therefore, effects of excess iodine intake on thyroid function and 

pathogenesis of lifestyle-related diseases in Napal remain to be completely unknown.  

 

1-3 Necessity of biomarkers to detect metabolic changes induced by excess iodine intake 

 It is well known that excess iodine intake can cause subclinical hypothyroidism, which is 

diagnosed by the slight increase in thyroid stimulating hormone (TSH) and normal levels of 

free thyroxin (T4) and free triiodothyronine (T3). Excess iodine intake is also associated with 

appearance of antibodies to thyroglobulin and thyroid peroxidase (8–13). On the other hand, 

recent investigations have revealed various aspects of iodine that these traditional biomarkers 

cannot detect (14). For example, excess iodine exposure increases salivary concentrations of 

iodide (I−) and hypoiodous acid (HOI), suggesting a role to inhibit oral microbial pathogens 
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(15). Excess iodine intake changes gut microbiota and disrupts T17/Treg balance by reducing 

butyric acid (16,17). In rats, chronic excess iodine intake damages the articular cartilage and 

epiphysial growth plate (18) and inhibits bone reconstruction (19). Excess iodine intake impairs 

reproductive functions in male rats due to oxidative stress on testis induced by testis-

accumulated iodine (20−22). Long-term excess iodine impairs the learning and memory of rats 

via induction of mitochondrial apoptosis (23). These recent findings indicate that we need 

biomarkers to sensitively detect various kinds of metabolic changes occurring in our body due 

to excess iodine intake. As urine is obtained without invasive treatment and iodine content in 

the urine is needed to evaluate excess levels of iodine intake, it is worth trying to find the 

biomarkers in urine samples. 

 

1-4 Aims of the present study 

 In Nepal, there are about 142 ethnic groups, and each group has own language and lifestyle 

including eating habits. Therefore, to elucidate long-term effects of excess iodine intake on the 

health of Nepalese people, it is essential to perform long-term follow up study of as many 

individuals as possible. In such study, first of all, we need a safe and easy to perform on-sight 

method to measure iodine in various samples including salts, foods, and urine. In the present 

study, I have improved the Sandell-Kolthoff method to be applicable to this purpose, which is 

described in Chapter III of this PhD thesis. 

 Iodine is inevitable for the synthesis of thyroid hormone, and all the cells in our body are 

the target of this hormone. Although iodine is essential for human health as a building block of 

thyroid hormone, recent studies strongly indicate that iodine plays various important roles 

through mechanisms independent of thyroid hormone synthesis. Therefore, it is insufficient to 

monitor only classical biomarkers of T3, T4, TSH, antibodies to thyroglobulin and thyroid 

peroxidase. In the present study, I focused on not cells but the extracellular matrix (ECM) 

surrounding cells because cellular metabolic changes are intimately coupled with remodeling 

of ECM. Collagen is the major component of ECM and thus the most abundant protein in 

animal body (24). Importantly, about 20% of the amino acids in collagen are L-proline (L-Pro) 

and trans-4-hydroxy-L-proline (t-4-HPL), and t-4-HPL is produced by post-translational 

modification of collagen catalyzed by prolyl hydroxylase. In fact, urine hydroxyproline has 

long been investigated as a possible biomarker for the metabolic turnover of collagen in various 

health and disease conditions including thyroid dysfunction (25−29). However, in all these 

previous studies, only the total amount of 4-hydroxyproline is measured despite the fact that 4-
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hydroxyproline consists of 4 stereoisomers. Therefore, in the present research I aimed to 

develop a method to quantify all the stereoisomers of proline and 4-hydrosyproline, which is 

described in Chapter II of this PhD thesis. 

 Although a large-scale follow-up study on human cohorts is inevitable to elucidate possible 

good or bad effects of excess iodine intake on human health, it needs large amounts of money, 

manpower, and decades of time. Therefore, studies using appropriate mouse models are 

indispensable for screening possible effects of excess iodine intake and obtaining mechanistic 

hypotheses about the effects. Recently, various mouse models for excess iodine intake have 

been reported (30−36). Most of these studies, iodine is given to mice via drinking water 

containing sodium iodide or iodate because in China there are regions where groundwater 

contains more than 300 μg/L iodine (37). However, in Napal, drinking water contains very low 

levels of iodine and excess iodine intake is occurring through taking foods fortified with iodine 

by iodine-added salt. Therefore, in the present study, I performed a pilot mouse study to find a 

mouse model suitable for the excess iodine intake in Napal, which is described in Chapter IV 

of this PhD thesis. 

 Figure 1-2 shows the relationship between my future study plan in Nepal and the studies 

performed in the PhD thesis. 

 

 

Figure 1-2. The relationship between future study plan in Nepal and the present PhD studies. 
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Chapter II 

 

Development of a method to quantify proline and 4-hydroxyproline 

stereoisomers in complex matrices 
 

2-1 Introduction 

 Figure 2-1 shows the chemical structures of proline (Pro) and 4-hydroxyproline (4-HP). 

Pro has a single chiral center at Cα atom and there exist L-proline (L-Pro) and D-proline (D-Pro). 

In the case of 4-HP, two chiral centers (Cα and C4 carbon atoms) exist to give four isomers: 

trans-4-hydroxy-L-proline (t-4-HPL), trans-4-hydroxy-D-proline (t-4-HPD), cis-4-hydroxy-L-

proline (c-4-HPL), and cis-4-hydroxy-D-proline (t-4-HPD). 

 

 

Figure 2-1. Chemical structure of L- and D-proline, and enantiomers of trans-4-hydroxyproline 

and cis-4-hydroxyproline.  

 

L-Pro is the only proteinogenic amino acid that contains a secondary amino group in the 

pyrrolidine ring structure. A large amount of L-Pro is found in collagen, which is the most 

abundant protein in animals, distributed ubiquitously in the entire body (1). During the 

maturing process, nearly 40% of the Pro residues of collagen are post-translationally 

hydroxylated to t-4-HPL by the enzyme prolyl-4-hydroxylase (2,3). t-4-HPL is widely found 

not only in collagen but also in hydroxyproline-rich glycoprotein of the plant cell wall (4,5). 

Both Pro and 4-HP play vital roles in the strength, structure, and thermodynamic stability of 



10 

 

mature collagen (6,7). Hydroxyproline-rich glycoproteins are vital structural ingredients in the 

plant cell wall. They participate in the formation of cross-linked networks in the cell wall, 

which is significant for wall strengthening as well as disease resistance (8). 

 Free L-Pro plays various roles in cellular metabolism and physiology (9). Animal model 

studies suggest that dietary L-Pro supplementation improves fetal growth and survival (10–

12). In plants, L-Pro accumulates in response to scavenging free radicals and protection from 

osmotic stress (13,14). On the other hand, substantial amounts of D-Pro are contained in 

bacterial fermented foodstuffs such as cheese, yogurt, sourdough, pickles, vinegar, seafoods 

(bivalves and crustaceans), and beverages like wine and beer (15). In recent years, D-Pro is 

gaining attention due to its role in disease biomarkers and physiologically active substances. 

For example, D-Pro levels are known to correlate with the progression of chronic kidney 

disease (9) and Alzheimer's disease (16,17). Some bacteria, such as Sinorhizobium meliloti 

have been shown to catabolize D-Pro as a carbon and nitrogen source for their growth and 

development (18). 

 Generally, it is insufficient to know the total amounts of amino acid of interest. Therefore, 

chiral separation of various amino acids has been intensively challenged by many research 

groups. However, it is still difficult to determine respective amounts of enantiomers in 

biological samples with complex matrices. As for 4-HP, t-4-HPL is the major stereoisomer 

found in most biological samples (19,20). t-4-HPL is mainly produced by the degradation of 

collagen and used as a marker of turnover of bone and muscle connective tissues (18,21). In 

addition, it is used as a nutritional supplement in the food industry and as an intermediate in 

the pharmaceutical industry (22,23). It is also reported that t-4-HPL promotes collagen 

synthesis. On the other hand, animal studies have indicated that c-4-HPL inhibits collagen 

synthesis (24,25). Mueller et al. showed that c-4-HPL causes growth inhibition, loss of 

adherence, and apoptosis in the rat pancreatic carcinoma cell line DSL6A, which could be 

prevented by L-Pro supplementation (26). In the case of t-4-HPD, it is rarely found in 

mammals, and some naturally occurring peptides contain t-4-HPD (1). Small amounts of c-4-

HPD are found in nature (27). For example, certain bacterial species produce free c-4-HPD 

from L-Pro and/or t-4-HPL (29–30). Ishii et al. showed the presence of c-4-HPD in human 

urine and tissues of bivalves (5). 

 As each isomer of Pro and 4-HP is expected to play various physiological functions, it is 

essential to determine all these six secondary amino acids in biological samples. To date, a 

few methods have been reported to quantify all six isomers (5,31). However, the reported 
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methods did not take matrix effects into sufficient consideration and thus are not suitable for 

application to biological samples with complex matrices. It is still challenging to quantify 

small amounts of one enantiomer in the coexistence of large amounts of another enantiomer. 

 In the present study, I selected 4-dimethylaminoazobenzene-4'-sulphonyl chloride (Dabs-

Cl) as a pre-column labeling reagent because it is relatively easy to synthesize Dabs-Cl from 

aniline. Using 13C6-aniline, 13C6-Dabsyl-Cl was successfully synthesized. Then I prepared 

13C6-dabsyl derivatives of L- and D-Pro and all four stereoisomers of 4-HP in crystals. These 

stable isotopes labeled derivatives were used as internal standards to correct step by step 

recovery. To take matrix effects into quantification, I applied the standard addition method 

(32) and obtained a calibration curve under the matrix of the samples. Combined use of 

standard addition and 6-dalton heavy standard significantly enhanced the accuracy and 

precision. Using small chiral columns of OJ-H (Daicel Corporation, Osaka, Japan), each pair 

of the enantiomers (D-Pro and L-Pro, t-4-HPD and t-4-HPL, and c-4-HPD and c-4-HPL) was 

completely separated. 

 

2-2 Materials and Methods 

 

2-2-1 Reagents 

D-Pro, DL-Pro, t-4-HPL, c-4-HPL, c-4-HPD, and Dabs-Cl were purchased from Tokyo 

Chemical Industry (Tokyo, Japan). L-Pro, t-4-HPD, methanol (LC-MS grade), ethanol (LC-MS 

grade), acetonitrile (LC-MS grade), and trifluoroacetic acid (TFA, LC-MS grade) were 

obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Ultrapure Milli-

Q water was used in all experiments. 

 

2-2-2 Synthesis of 13C6-Dabs-Cl 

13C6-Dabs-Cl was synthesized from 13C6-methyl orange (13C6-MO) according to the 

protocol of Lin et al. (33). Figure 2-2 shows the reaction scheme for the synthesis. 13C6-MO (1 

g), which was synthesized from 13C6-aniline, was taken into an agate mortar and ground into 

fine powder using an agate pestle. Then, 1.5g of phosphorus pentachloride was added to the 

mortar and the mixture was ground for 8−10 min using the pestle. After the reaction, the 

mixture was poured into 500 mL of water with cracked ice. The precipitates were collected 

onto a filter paper by suction filtration, and the collected precipitates were washed with water 

(200 mL) twice. The washed precipitates were completely dried and then Dabs-Cl was 
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extracted from the precipitates with acetone (300 mL) using a Soxhlet apparatus. The acetone 

solution was concentrated to about 50 mL using a rotary evaporator and the concentrated 

solution was left at 4°C overnight. Shiny, deep red crystals of Dabs-Cl appeared. After 

removing the acetone, the crystals were completely dried at 60°C. The dried 13C6-Dabs-Cl 

crystals (Fig. 2-3) were stored at room temperature in a polypropylene container with large 

amounts of silica gel. It is of note that Dabs-Cl is unstable under moisture.  

 

 

Figure 2-2 Reaction scheme for synthesis of 13C6-dabsyl chloride.  

 

 

Figure 2-3 Crystals of 13C6-dabsyl chloride.  

 

2-2-3 Synthesis of 13C6-dabsyl derivatives of proline and 4-hydroxyproline stereoisomers 

13C6-Dabsyl labeled L-Pro, D-Pro, racemic Pro (DL-Pro), t-4-HPL, t-4-HPD, c-4-HPL, and c-

4-HPD were prepared as follows. Each amino acid (150 μmol) was dissolved in 5 mL of 0.2M 

NaHCO3 (pH 9.0), and the solution was pre-incubated at 60°C for 2 min. Then, 5 mL aliquot 

of 13C6-Dabs-Cl solution (2mg/mL acetone, prepared just before use) was added to the solution. 

The mixture was incubated for 6 minutes at 60°C under constant shaking. After cooling the 
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reaction mixture to room temperature, acetone was removed using a centrifugal evaporator 

(CVE-1000, EYELA, Tokyo, Japan) equipped with a trap cooled with liquid nitrogen under 

reduced pressure for about 30 min. An equal volume (1:1) of water containing 0.1% TFA 

(solvent A) was added to the acetone-removed solution and then the mixtures were applied to 

a Wako gel 50C18 column (1.5 cm × 1 cm), which was first primed with methanol and then 

pre-equilibrated with solvent A. The column was washed with solvent A and then washed with 

10% acetonitrile:90% water (v/v) containing 0.1% TFA until the eluate became nearly colorless. 

13C6-Dabsyl labeled amino acid was eluted with a minimum amount of 90% acetonitrile:10% 

water (v/v) containing 0.1% TFA (solvent B). The eluted sample was evaporated to dryness 

using the centrifugal evaporator under reduced pressure. The dried sample was completely 

redissolved with a minimum amount of solvent B (or ethanol), and then water was added to the 

solution until turbidity appeared. The resultant solution was kept at 4°C overnight to crystallize 

the 13C6-Dabsyl amino acid. The crystals were collected by centrifugation at 13200 × g for 10 

min. After removing the supernatant, the crystals were completely dried at 65ºC. The purity of 

each 13C6-dabsyl derivatives was confirmed by HPLC analysis on an ODS-3 column (3 µm, 

1.5 mm × 150 mm, GL Sciences Inc.), and the chemical structure was confirmed by measuring 

mass spectrum using LC-MS. Stock 13C6 dabsyl-amino acid standards were prepared as follows. 

Each 13C6 dabsyl-amino acids crystals were dissolved in 1 mL of solvent B to give 2.5 mmol/L 

solution. The solution was aliquoted into 0.5-mL Eppendorf tubes (20 μL/tube), and the 

aliquoted samples were evaporated to dryness using the centrifugal evaporator under reduced 

pressure. The resultant tubes containing 50 nmol 13C6 dabsyl-AA were stored at −18°C until 

use. Figure 2-4 shows the crystals of 13C6-dabsyl c-4-HPL. 

 

 

Figure 2-4 Crystals of 13C6-dabsyl c-4-HPL. 
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2-2-4 Preparation of amino acid stock solutions 

Stock solutions of L-Pro, t-4-HPL, and c-4-HPD were prepared as follows. Each amino acid 

(approximately 250 μmol) was weighed using a Shimazu balance (AP125WD) and transferred 

into a 100-mL volumetric flask. One hundred grams of 0.1 mol/L HCl was added to the flask, 

and the amino acid was dissolved completely. The concentration of the resultant solution was 

calculated by assuming the specific gravity of the solution of 1.00 g/mL. The solution 

(approximately 2.50 mmol/L) was aliquoted into 1 mL in a 1.5-mL Eppendorf tube, and the 

tubes were stored at −18°C until use.  

Five working solutions were prepared from the respective stock solutions by stepwise 

diluted with water at the concentrations of 50, 25, 12.5, 6.25, and 3.1 μmol/L for L-Pro and 25, 

12.5, 6.25, 3.1, and 1.6 μmol/L for t-4-HPL and c-4-HPD. Stepwise dilution was performed as 

follows. First, a stock solution containing 50 μmol/L of L-Pro, 25 μmol/L of t-4-HPL and 25 

μmol/L of c-4-HPD (St-5) was prepared and this solution was stepwise diluted with water to 

obtain St-4, St-3, St-2, and St-1, where St-i contains 50/(25−i) μmol/L L-Pro and 25/(25−i) 

μmol/L t-4-HPL and c-4-HPD. Working solutions were prepared just before use. 

 

2-2-5 Sample preparation 

Serum from female mice (8-9 weeks old) was obtained from Kiwa Laboratory Animals 

Co., Ltd. (Wakayama, Japan). The serum was aliquoted to 100 μL in 0.5-mL Eppendorf tubes 

and stored at −80°C until use. Just before analysis, one of the tubes was kept at room 

temperature to thaw the serum, vortexed for a few seconds, and centrifuged at 13,200 × g for 

20 min. The supernatant was used for analysis. 

Snails (Achatina fulica, giant land snail invaded into Okinawa) were captured near the 

University of the Ryukyus and hemolymph was collected from 10 snails under cold anesthesia. 

The collected hemolymph was combined, and the combined hemolymph was aliquoted to 500 

μL in 1.5-mL Eppendorf tubes and stored at −80°C until use. Just before analysis, one of the 

tubes was thawed at room temperature, vortexed for a few seconds, and then the hemolymph 

was centrifuged at 13,200 × g for 20 min. The resultant supernatant was used for analysis. 

Frozen (−80ºC) aronia berries harvested at Ueno (Hokkaido, Japan) from 2017 to 2021 

were obtained from Hokuren (Sapporo, Hokkaido). Frozen aronia berries harvested each year 

(25–34g) were wrapped with gauze, partially thawed, and then the juice was collected into a 

50-mL tube by squeezing the berries through gauze by hand. The resultant raw juice was 

centrifuged at 13,200 × g for 20 minutes at 4°C. The supernatant (about 6 mL) was aliquoted 
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into 1.5-mL Eppendorf tubes and immediately stored at −80°C until use.  

After juice collection, aronia seeds were collected from the pulp and stored in a 1.5-mL 

Eppendorf tube at −80°C until use. Just before analysis, six-aronia seeds (3−3.5g) were 

weighed into 2-mL Eppendorf tubes (2 seeds per tube). The seeds were then crushed into 

powder using SK-200 Mill (Tokken, Chiba) under liquid nitrogen. Crushed seeds were 

collected in one tube by suspending them in 1−1.5 mL of 80% methanol. The suspension was 

homogenized using a disposable homogenizer BioMasher (Nippi, Tokyo). The regulating 

homogenate was centrifuged at 13,200 × g at 4°C for 20 min. The supernatant was aliquoted 

into 1.5-mL Eppendorf tubes (100 μL/tube). 

Persimmon, apple, and pear were purchased from a local supermarket (Takarazuka, Japan). 

Each fruit was crushed using a grinder and the crushed fruit was wrapped with gauze. Then, 

the juice was collected into a 50-mL tube by squeezing the crushed fruit through gauze by hand. 

The collected juice was aliquoted into 1.5-mL Eppendorf tubes (1 mL/tube) and stored at 

−80°C until use. Just before analysis, one of the tubes was thawed and the juice was centrifuged 

at 13,200 × g at 4°C for 10 min. The resultant supernatant was used for the analysis. 

Santalum album L (S. album) wood powder was obtained from the local market of 

Kathmandu (Nepal). The wood powder (about 3.3 mg) was weighed into a 15-mL tube and 600 

μL of water was added to the tube. The tube was vortexed vigorously for about 10 min. 

Subsequently, four volumes of methanol were added to the tube, and the mixture was vortexed 

vigorously for 5 min. The mixture was centrifuged at 13,200 × g at 4°C for 10 min. The 

resultant supernatant was aliquoted into 1.5-mL Eppendorf tubes (100 μL/tube) and stored at 

−80°C until use. 

 

2-2-6 Standard addition and extraction of free amino acids 

One tube containing frozen sample prepared as described above was thawed. The thawed 

sample was centrifuged at 13,200 × g at 4°C for 10 min, and the supernatant was transferred 

into a new Eppendorf tube. When it was necessary, the supernatant was appropriately diluted 

with water. For example, mouse serum, aronia juice, and pear juice were 10-fold diluted with 

water. In the case of determination of total amounts of Pro, t-4-HP, and c-4-HP, the sample was 

aliquoted into six 1.5-mL Eppendorf tubes (10 μL/tube or 100 μL/tube for aronia seeds and S. 

album). Then tubes labeled as S0~S5, 10 μL of water was added to tube (S0). To the remaining 

5 tubes (S1~S5), the respective working solution (10 μL) containing known amounts of L-Pro, 

t-4-HPL and c-4-HPD prepared above (St-1~St-5) was added to the corresponding tube. After 



16 

 

the standard addition, four volumes of methanol (80 μL or 400 μL) were added to each tube. 

The tubes were vortexed for 5 min and kept on ice for 20 min. Then the mixtures were 

centrifuged at 13,200 × g at 4°C for 10 min. Each resultant supernatant was transferred into a 

new 1.5-mL Eppendorf tube and evaporated to dryness using the centrifugal evaporator under 

reduced pressure (standard-added samples). 

 In the case of determination of the ratio of D- and L-enantiomers, working solution was not 

added to the samples. Other procedures were similar as described for total Pro, t-4-HP, and c-

4-HP determination.  

 

2-2-7 Dabsylation of samples with commercial dabsyl chloride(12C-Dabs-Cl) 

 Figure 2-5 shows reaction scheme for dabsylation of Pro and 4-HP. 

 

Figure 2-5 Reaction scheme for dabsylation of secondary amino acids. 

 

A set of six standard-added samples (S0~S5) as described above were subjected to 

dabsylation. One hundred µL of 0.2 mol/L NaHCO3 buffer (pH 9.0) was added to each tube 

and the tubes were vortexed for 5 min. These solutions were then pre-incubated at 60°C. During 

this incubation, Dabs-Cl solution was prepared as follows. Commercial Dabs-Cl (2~2.5 mg) 

was weighed into a 1.5-mL Eppendorf tube and 1.0 mL of acetone was added to the tube. The 

tube was vigorously vortexed for 1 min and then centrifuged for 1 min using a desk-top 
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centrifuge to remove insoluble substances. The resultant supernatant was transferred into a new 

1.5-mL Eppendorf tube. The concentration of this Dabs-Cl solution was about 6 mM. After 

pre-incubation, 100 µL of the Dabs-Cl solution was added to each tube and the tubes were 

immediately vortexed for 1~2 seconds, and reaction mixtures were incubated at 60°C for 6 

min. Two minutes after the start of the incubation, the tubes were vortexed for 1–2 seconds. 

After 6 min incubation, the reaction mixtures were cooled on ice (12C-dabsylated samples). 

When the mixture of Dabs-Cl and amino acids was incubated at 60ºC in a water bath for 6 min 

at pH 9.0, the color of the mixture changed from red orange to orange. During this reaction, a 

significant amount of methyl orange (MO) was generated as an unavoidable byproduct. The 

MO was subsequently removed by solid phase extraction (see Sample cleanup step). 

 

2-2-8 Addition of 13C6-dabsyl secondary amino acids as internal standards 

To correct the recovery of 12C-dabsyl amino acids for each step (Fig. 2-6), solutions of 

13C6-dabsyl-DL-Pro, 13C6-dabsyl-t-4-HPL and 13C6-dabsyl-c-4-HPD (20 μL, 200 pmol each) 

were added as internal standards to each 12C-dabsylated sample. After vortex, the mixtures 

were centrifuged at 13,200 × g for 5 min and each of the supernatants was transferred to a new 

Eppendorf tube, and then the acetone was removed by centrifugal evaporation for 30 min under 

reduced pressure (acetone-removed samples). 

 

 

Figure 2-6 Procedures for determination of total amounts (A) and enantiomer ratio (B) of 

proline, trans-4-hydroxyproline and cis-4-hydroxyproline. 
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 In the case of determination of the ratio of D- and L-enantiomers, equal amounts of 13C6-

dabsyl D-enantiomer and 13C6-dabsyl L-enantiomer (200~1000 pmol each) were added to each 

12C-dabsylated sample and after the addition of each sample was treated as same way as 

described above. 

 

2-2-9 Sample cleanup 

 To remove salts, unlabeled materials, and MO (major byproduct) from the acetone-

removed samples, MonoSpin C18 columns (S type, GL Sciences, Tokyo, Japan) were used. 

Each column was first primed with 300 μL of methanol and then equilibrated with 300 µL of 

solvent A. Each acetone-removed sample was applied to the column. The column was washed 

with 300 μL of solvent A and then washed with 600 μL of 10% solvent B:90% solvent A (v/v) 

repeatedly until the eluate became nearly colorless. The dabsyl amino acids were eluted with 

50 μL of solvent B into a new 1.5-mL Eppendorf tube. The eluted sample was evaporated to 

dryness using the centrifugal evaporator under reduced pressure and the dried samples were 

stored at 4°C until use (cleanup samples). 

 

2-2-10 Liquid chromatography-electrospray ionization-mass spectrometry 

 Each cleanup sample was dissolved with 20 μL of 35% solvent B:65% solvent A (v/v) and 

the solution was filtered using a pre-column microfilter (0.4 μm, Upchurch) and a gas-tight 

syringe. A 2.5-μL aliquot of the filtrate was injected into an InertSustain C18 column (3 μm, 

0.2 mm × 150 mm) pre-equilibrated with 35% solvent B. The flow rate was 1.3 μL/min, and a 

micro-flow pump (MP711V, GL Science) was used. The column temperature was controlled at 

19°C with a column thermostat (IGLOO-CIL, OSTJ Co., Ltd., Osaka). Separation of dabsyl 

amino acids was performed according to the following time program: 0–5 min, 35% solvent B; 

5–10 min, from 35% to 40% solvent B; 10–50 min, from 40% to 80% solvent B; 50–51 min, 

from 80% to 90% solvent B; 51–61 min, 90% solvent B; 61–62 min, from 90% to 35% solvent 

B. The eluent was subjected to electrospray ionization (ESI) using a tapered fused silica 

capillary (outer diameter 150 μm, ID 20 μm), whose position was controlled with a XYZ stage 

(AMR Inc., Tokyo). The spray voltage was 3.5 kV. The positive ions were introduced into an 

ion-trap mass spectrometer (LCQ Fleet, Thermo Fisher Scientific) through a capillary heated 

to 200°C. The control of the mass spectrometer and data processing was performed using 

Xcalibur (ver. 4.2 SP1, Thermo Fisher Scientific). 
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 Chromatograms of respective dabsyl amino acids were extracted from the raw data using 

the following mass range: 12C-dabsyl-Pro, 402.74–403.54; 13C6-dabsyl-Pro, 408.74–409.54; 

12C-dabsyl-4-HP, 418.74–419.54;13C6-dabsyl-4-HP, 424.74–425.54. All the extracted data 

were transferred into Excel files and further analyzed using in-house programs written in Visual 

Basic for Applications (Microsoft). 

 

2-2-11 Preparative separation of dabsyl derivatives of Pro, t-4-HP, and c-4-HP 

 In the case of the determination of the ratio of D- and L-enantiomers (Fig. 2-6B), dabsyl 

derivatives of Pro, t-4-HP, and c-4-HP were first purified from the cleanup samples as follows. 

Each cleanup sample was dissolved in 40 μL of 30% solvent B:70% solvent A (v/v) and the 

solution was filtered using the pre-column microfilter. All the filtrates were injected into an 

Inertsil ODS-3 column (3 μm, 1.5 mm × 150 mm, GL Sciences Inc.). The column was 

developed at a flow rate of 100 μL/min under the following time program: 0–10 min, 30% 

solvent B; 10–40 min, from 30% to 60% solvent B; 40–41 min, from 60% to 90% solvent B; 

41–51 min, 90% solvent B; and 51–52 min, from 90% to 30% solvent B. The elution of dabsyl 

derivatives was monitored at the absorption at 430 nm using a photodiode array detector (1100 

series, Agilent) and the respective peak corresponding to dabsyl t-4-HP, dabsyl c-4-HP, and 

dabsyl Pro was manually collected into a 1.5-mL Eppendorf tube. The collected fractions were 

evaporated to dryness using the centrifugal evaporator under reduced pressure. The dried 

samples were stored at 4°C until chiral separation. 

 

2-2-12 Chiral separation of dabsyl secondary amino acids 

 In the present study, a chiral stationary phase of OJ-H (Daicel Corporation, Osaka, Japan) 

was found to have excellent separation ability for dabsyl Pro, t-4-HP, and c-4-HP. The dried 

dabsyl Pro fraction obtained by the preparative chromatography was dissolved in 20 µL of 50% 

methanol:50% ethanol (v/v) containing 0.1% acetic acid (solvent C). The solution was injected 

into a small OJ-H column (1.5 mm × 40 mm, in-house packed) pre-equilibrated with solvent 

C. The column was developed with solvent C at a flow rate of 150 μL/min and the absorbance 

at 430 nm of the eluate was monitored. The column temperature was at room temperature 

(about 20°C). Dabsyl L-Pro eluted much faster than dabsyl D-Pro, resulting in base-line 

separation. Each elution peak was manually collected into a 1.5-mL Eppendorf tube. The 

collected sample was evaporated to dryness using the centrifugal evaporator under reduced 

pressure. 
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 The dried dabsyl c-4-HP fraction was dissolved in 20 µL of solvent C. The solution was 

injected into the small OJ-H column (1.5 mm × 40 mm), and the column was developed in the 

same conditions as used for dabsyl Pro. Dabsyl c-4-HPL eluted faster than dabsyl c-4-HPD to 

give baseline separation. Each elution peak was manually collected into a 1.5-mL Eppendorf 

tube and dried. In the case of dabsyl t-4-HP, a long OJ-H column (1.5 mm × 150 mm) was 

needed to attain the baseline separation of dabsyl t-4-HPL and dabsyl t-4-HPD. Dabsyl t-4-HPL 

eluted faster than dabsyl t-4-HPD. 

 

2-3 Results 

2-3-1 Determination of total amounts of Pro, t-4-HP, and c-4-HP 

 In LC-MS analysis using an InertSustain C18 column (3 μm, 0.2 mm × 150 mm), dabsyl 

t-4-HP, dabsyl c-4-HP and dabsyl Pro eluted in this order as observed in the semi-preparative 

HPLC on an Inertsil ODS-3 column (3 μm, 1.5 mm × 150 mm) (Fig. S2-2).  

Figure 2-7 A typical total ion chromatogram (A) and mass spectra with doublet peak (B) 

obtained for mouse serum (S0 sample). m/z 419.27, [12C-dabsyl t-4-HP + H]+; m/z 425.13, 

[13C6-dabsyl t-4-HP + H]+. m/z 403.22, [12C-dabsyl Pro + H]+; m/z 409.15, [13C6-Pro + H]+. 
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 Although it was difficult to attain reproducible retention time using a non-high grade 

syringe pump for gradient elution at the flow rate of 1.3 μL/min, it was easy to assign each 

peak on the basis of the elution of the corresponding 13C6-dabsyl derivative. Figure 2-7A shows 

a typical total ion chromatogram obtained for mouse serum. There was a peak at 18.22 min and 

the left mass spectrum of Figure 2-7B was a typical mass spectrum observed at this peak. The 

ion with m/z 425.13 is protonated 13C6-dabsyl t-4-HPL, which was added to the sample as an 

internal standard, and the ion with m/z 419.27 is protonated 12C-dabsyl t-4-HP derived from t-

4-HP contained in the mouse serum because nothing added to S0 sample, indicating clearly 

that the mouse serum contains t-4-HP. The left mass spectrum of Figure 2-7B was obtained at 

32.63 min, corresponding to the large peak in Figure 2-7A. The ion with m/z 409.15 is 

protonated 13C6-dabsyl-L-Pro, internal standard, and the ion with m/z 403.22 is 12C-dabsyl Pro 

from the mouse serum. These results demonstrate that the presence of Pro, t-4-HP, and c-4-HP 

can be easily judged by the appearance of doublet ion peaks with difference in m/z by 6 in mass 

spectrum. All the total ion chromatograms obtained for S0 sample analyzed are listed in 

Supporting Figures S2-3–7.  

Figure 2-8 show extracted ion chromatograms for m/z 419.14 ([12C-dabsyl-t-4-HP + H]+ 

ion) and m/z 425.16 ([13C6-dabsyl-t-4-HP + H]+ ion) obtained for S0–S5 samples of 10-fold 

diluted mouse serum. Unexpectedly, 13C6-dabsyl-t-4-HP eluted faster by 1.4–2.6 seconds 

compared to 12C-dabsyl-t-4-HP (Δt and enlarged chromatograms in Figs. 2-8A–F). Therefore, 

the ratio between the intensity of m/z 419.14 ion (I0) and that of m/z 425.16 ion (I6) was 

calculated by adjusting appropriately this elution time lag, resulting in the horizontal 

distribution of the I0/I6 value across the peak (black dots in Figs. 2-8A–F). The mean value and 

standard deviation (SD) were obtained using these I0/I6 values, and they were plotted against 

the amounts of t-4-HPL added to the serum sample (Fig. 2-8G). The calibration curve showed 

excellent linearity (the correlation coefficient R2 was 0.998) and the total t-4-HP content was 

obtained to be 53.4 ± 2.6 pmol from the intersection between the calibration curve and the 

horizontal axis. Using the same chromatographic raw data, m/z 403.14 ion ([12C-dabsyl-Pro + 

H]+ ion) and that of m/z 409.16 ion ([13C6-dabsyl-Pro + H]+ ion) were extracted and the 

calibration curve of Pro obtained as the same method as described for t-4-HP (Fig. 2-8H). As 

for c-4-HP, no peak was detected for S0 sample as shown in the inset to Fig. 2-8A and thus c-

4-HP was not added to the mouse serum sample. 
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Figure 2-8. The extracted ion chromatograms for m/z 419.14 and m/z 425.16 from LC-MS 

analysis of S0–S5 samples of 10-fold diluted mouse serum (A) and the calibration curves for 

t-4-HP (B) and Pro (C). The t-4-HP peaks are enlarged in each figure. 13C6-Dabsyl t-4-HP eluted 

slightly faster than 12C-Dabsyl t-4-HP by 1.4–2.6 s (Δt in the figure). The peak intensity ratio 

between m/z 419.14 and m/z 425.16 was calculated for each retention-time adjusted ion pair 

and the obtained values are shown as black dots on the enlarged peaks. The mean value of these 

intensity ratio values and the SD are shown in black numbers, mean ± SD. The peak marked 

with **, the isotope peak of leucine. The peak marked with *, unknown peak. 

 

 The total amounts of Pro, t-4-HP, and c-4-HP in various samples were successfully 

determined and are summarized in Table 2-1. All the samples examined contained Pro and t-4-

HP. In the case of A. fulica hemolymph, t-4-HP was clearly detected but at levels below the 

limit of quantification. 
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Table 2-1. Total amounts of Pro, t-4-HP, and c-4-HP contained in various samples 

 

Values are mean ± standard deviation (SD). *n, the number of independent analyses. **ND, not 

determined. ***NQ, detected but less than quantifiable levels. CV (%), (SD/mean) × 100. 

 

 

 As for c-4-HP, it was detected only in the wood powder of S. album. The powder contained 

exceptionally high amounts of c-4-HP (11.3 mmol/kg). Except in bacteria and microorganisms, 

the presence of c-4-HP is uncommon in animals and plants. The reason why high levels of c-

4-HP exits in S. album remains unclear. Further studies are needed to elucidate the biochemical 

pathways responsible for the production of c-4-HP and to better understand the physiological 

in Table 2-1 are the mean values of samples harvested from 2017 to 2021 and the dependence 

of the contents on harvest year is summarized in Table S2-1. 
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2-3-2 Determination of the enantiomer ratio (rD/L) of Pro, t-4-HP, and c-4-HP 

 Usually, natural samples contain predominantly only one of the enantiomers of chiral 

substances, and another enantiomer is less than 1% of the total amount, making it difficult to 

accurately quantify small amounts of rare enantiomer under the background of large amounts 

of predominant one. As schematically explained in the method section (Fig. 2-6B), equal 

amounts of 13C6-dabsyl-D- and L-enantiomers (Q6,D and Q6,L, respectively) were added in 

sufficient amounts (200–5000 pmol) to 12C-dabsylated sample. The enantiomer ratio (rD/L) of 

Pro, t-4-HP, or c-4-HP in the sample is expressed as 

 

   rD/L = Q0,D/Q0,L            (Eq 1) 

 

where Q0,D and Q0,L are the amount of 12C-dabsylated D- and L-enantiomers, respectively. As 

Q6,D = Q6,L, the following equation is obtained. 

 

   rD/L = (Q0,D/Q6,D)/(Q0,L/Q6,L)         (Eq 2) 

 

Therefore, if we can determine the ratio of Q0,D/Q6,D and Q0,L/Q6,L, then the enantiomer ratio 

(rD/L) is obtained according to Equation 2. 

 Figure 2-9A shows a typical chromatogram on an Inertsil ODS-3 column (3 μm, 1.5 mm 

× 150 mm) to isolate dabsyl t-4-HP, dabsyl c-4-HP, and dabsyl Pro from a 12C-dabsylated S. 

album sample spiked with 13C6-dabsyl enantiomers. As 1 nmol of each enantiomer of 13C6-

dabsyl Pro and t-4-HP and 5 nmol of each enantiomer of 13C6-dabsyl c-4-HP were added to the 

12C-dabsylated sample, each dabsyl secondary amino acid eluted as a distinct peak, making it 

easy to collect it manually. Then, the isolated dabsyl t-4-HP, dabsyl c-4-HP, and dabsyl Pro 

were subjected to chiral chromatography on OJ-H columns. As shown in Figures 2-9B–D, L-

enantiomer migrated much faster than D-enantiomer through the chiral column, resulting in 

complete separation of L- and D-enantiomers. Importantly, as equal amounts of authentic 13C6-

dabsyl enantiomers in nmol levels were added, both L- and D-enantiomers eluted as a distinct 

peak, enabling the collection of each enantiomer without mutual contamination. 
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Figure 2-9. Partial purification of dabsyl t-4-HP, dabsyl c-4-HP, and dabsyl Pro by semi-

preparative HPLC on an Inertsil ODS-3 column (A) and complete separation of L- and D-

enantiomers of dabsyl t-4-HP (B), dabsyl c-4-HP (C), and dabsyl Pro (D) by chiral 

chromatography on an OJ-H column. Amino acid extracts from S. album powder were labelled 

with 12C-Dabs-Cl, and then to this reaction mixture equal amounts of 13C6-dabsyl-L-Pro and 

13C6-dabsyl-D-Pro (1 nmol each), 13C6-dabsyl-t-4-HPL and 13C6-dabsyl-t-4-HPD (1 nmol each), 

13C6-dabsyl-c-4-HPL and 13C6-dabsyl-c-4-HPD (5 nmol each) were added. The mixture was 

cleaned up and then applied to the ODS column. Each peak was manually collected, and then 

the resultant enantiopure fraction subjected to chiral chromatography. 

 

 Each isolated enantiomer fraction was analyzed by LC-MS as described for total amounts 

determination to obtain the ratio of Q0,D/Q6,D and Q0,L/Q6,L as the intensity ratio between 

doublet peaks in mass spectra, I0,D/I6,D and I0,L/I6,L, respectively. Figures 2-10A and B show 

typical extracted ion chromatograms obtained for dabsyl t-4-HPL and dabsyl t-4-HPD fractions 
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from S. album wood powder, respectively. 

 

 

Figure 2-10. The extracted ion chromatograms for m/z 419.14 and m/z 425.16 obtained for the 

L-enantiomer fraction of dabsyl-t-4-HPL (A) and the D-enantiomer fraction of dabsyl-t-4-HPD 

(B). The L-and D-enantiomer fractions of dabsyl-t-4-HP obtained by complete chiral separation 

of isolated dabsyl t-4-HP from S. album wood powder (Fig. 2-9B) were analyzed by LC-MS. 

I0,L/I6,L is the ratio between intensity of m/z 419.14 ion and that of m/z 425.16 ion. (A) The m/z 

419.14 peak is 1000-fold enlarged (blue dots).  

 

 12C-Dabsyl t-4-HPL showed a weak but significant peak, about 3-fold higher levels than 

noise levels (1000-fold enlarged figure in Fig. 2-10A), and the I0,L/I6,L ratio was obtained to be 

0.0017 ± 0.0009 by calculating the mean and standard deviation of the values shown in the 

inset to Figure 2-10A, which were obtained after correction of the base line noise and isotope 

effect on the elution time as described for the total amounts determination. As for t-4-HPD, the 

I0,D/I6,D ratio was obtained to be 0.336 ± 0.024 (Fig. 2-10B). According to Equation 2, the 

enantiomer ratio of t-4-HP of S. album wood powder, rD/L, was obtained to be 217 ± 64 because 

Q0,D/Q6,D = I0,D/I6,D and Q0,L/Q6,L = I0,L/I6,L. To the best of our knowledge, this is the first report 

on experimental determination of the enantiomer ratio of t-4-HP of S. album, indicating the 

dominance of t-4-HPD. 

 Table 2-2 summarizes the enantiomer ratio (rD/L) for Pro, t-4-HP, and c-4-HP obtained for 

various samples. In mouse serum, L-enantiomer was confirmed to be dominant both for Pro 

and t-4-HP, rD/L of 0.0068 ± 0.0004 and 0.0040 ± 0.0008, respectively. As for A. fulica 

hemolymph, we could not determine rD/L value for Pro with satisfactory levels of precision, but 

the presence of D-Pro was unambiguously confirmed. In the case of S. album wood powder, 
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all 6 enantiomers were detected. 

 

Table 2-2 The molar ratio of D-enantiomer to L-enantiomer (rD/L) for Pro, t-4-HP, and c-4-HP 

 

 

2-3-3 Contents of L-Pro, D-Pro, t-4-HPL, t-4-HPD, c-4-HPL, and c-4-HPD 

 Using the total amounts (Ct) and the rD/L ratio, the content of each enantiomer (CL and CD, 

respectively) was obtained based on the following equations. 

  CL = Ct/(1 + rD/L)              (Eq 3) 

  CD = Ct rD/L/(1 + rD/L)             (Eq 4) 

The standard deviation of CL and CD (σL and σD, respectively) was calculated according to the 

following equations. 

  σL = (σt
2/(1 + rD/L)2 + Ct

2σr
2/(1 + rD/L)4)1/2        (Eq 5) 

  σD = (rD/L
2σt

2/(1 + rD/L)2 + Ct
2σr

2/(1 + rD/L)2 + rD/L
2Ct

2σr
2/(1 + rD/L)4)1/2  (Eq 6) 

where σt and σr are the standard deviation of Ct and rD/L, respectively. The results are 

summarized in Table 2-3. 
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Table 2-3. Contents of D-Pro, L-Pro, t-4-HPD, t-4-HPL, c-4-HPD, and c-4-HPL in various 

samples. 

 

 

 Surprisingly, relatively high amounts of D-Pro were detected in plant samples, such as in 

aronia juice and S. album wood powder. In these samples, the D-Pro levels were higher 

compared to mouse serum and A. fulica hemolymph (Table 2-3). S. album wood powder 

contained D-enantiomer of Pro, t-4-HP and c-4-HP. Although there are no recent studies on this 

S. album species, Kuttan et al. reported the presence of t-4-HPL in the bound state and c-4-HPL 

in free form in the leaves and pericarp of S. album (34–37). Physiological roles of the D-

enantiomer of Pro and 4-HP in plants are not yet known, and it also remains unclear how the 

D-enantiomers are produced. One study reported that AtProT2 (Arabidopsis Proline 

Transporter 2) in Arabidopsis thaliana can transport both L- and D-Pro, and that excess external 

D-Pro inhibits the growth of Arabidopsis roots and can be detrimental to plant growth (38). 

 

2-4 Discussion 

 Biological samples contain large amounts of Dabs-Cl-reactive substances such as amines 

and phenols, and the secondary amino acids are only small portions of them. Therefore, the 

high reactivity of Dabs-Cl with secondary amino acids is important for quantification of Pro, 
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t-4-HP, and c-4-HP. To obtain reliable calibration curves, the standard addition method was 

applied to the present study. Although I used a conventional nano-HPLC system and low-

resolution ion-trap mass spectrometer to perform capillary LC-MS at the flow rate of 1.3 

μL/min, chromatographic peak of target dabsyl amino acid could be easily identified using  

13C6-dabsyl derivatives of Pro, t-4-HP, and c-4-HP as internal standards. As amino acids 

extracted from a sample were labeled with commercial Dabs-Cl (12C-Dabs-Cl), characteristic 

doublet ion peaks with difference in m/z by 6 were observed in mass spectra when sample 

contained the target secondary amino acids. Linear calibration curves were obtained by plotting 

the peak intensity ratio between the 12C-dabsyl amino acid and the corresponding 13C6-dabysl 

amino acids (I0/I6) against the known amounts of the amino acid added (the standard addition 

method), resulting in accurate and reproducible determination of the total amounts of Pro, t-4-

HP, and c-4-HP. 

 In the present study, complete separation of L- and D-enantiomers of Pro, t-4-HP, and c-4-

HP was successfully attained using small OJ-H columns. To determine the enantiomer ratio 

(rD/L), equal amounts of 13C6-dabsyl D- and L-enantiomers were added to the sample amino 

acids treated with 12C-dabsyl chloride before sample cleanup step. The rD/L ratio was 

determined by obtaining the I0/I6 peak intensity ratio using LC-MS analysis of each enantiopure 

fractions prepared by semipreparative reverse-phase chromatography and following chiral 

separation of enantiomers. In the case of S. album wood powder, very small rD/L ratio of 

0.00021 was determined. 

 Recently, Ishii et al. developed their two-dimensional LC-MS/MS system for the 

determination of Pro and 4-HP enantiomers in biological food samples using 4-fluoro-7-nitro-

2,1,3-benzoxadiazole as labeling reagent (5). Although they examined various samples 

including bivalves and beverages, they could not detect c-4-HPL and t-4-HPD in all the samples 

examined. In the present study, to validate the method, various samples were analyzed and S. 

album L wood powder was focused on because this medicinal plant is known to have a large 

amount of c-4-HP and a substantial amount of t-4-HP (34–37). In these studies, the evaluation 

of the enantiomer dominance of c-4-HP and t-4-HP in S. album was performed by paper 

chromatography of the copper salts. Therefore, it is worth reexamining the enantiomer ratio 

using the present method. In fact, all the 6 secondary amino acids (Figure 2-1) were detected 

and quantified in S. album L wood powders, and unexpectedly the D-enantiomer of t-4-HP was 

found to be dominant (Table 2-2). The present results indicate that this plant sample is very 

useful for validation of methods to analyze the enantiomers of secondary amino acids. 
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 The amounts of each enantiomer can be calculated using the total amounts and the rD/L 

ratio (Equations 3–6). In the present study, I determined independently the total amount of a 

target analyte (Ct) and the molar ratio of D- and L-enantiomers of the analyte (rD/L). This 

strategy allowed us to show the presence of 0.2 μmol/L levels of t-4-HPD in mouse serum 

(Table 2-3). It is of note that the present method can be performed in high-throughput and much 

higher sensitivity just only using modern sophisticated nano-HPLC system and high-resolution 

mass spectrometer. Furthermore, it is easy to synthesize 13C2-, 
13C8-, 

13C12-, and 13C14-Dabs-Cl 

using N,N-dimethylaniline-13C2 in combination with sulfanilic acid-13C6. Therefore, it is 

possible to analyze 6 samples by one LC-MS analysis. 
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Chapter III 

 

Application of the Sandell-Kolthoff method to  

the determination of the iodine content of foods with complex matrices 
 

3-1 Introduction 

 Iodine is a trace element required for the thyroid gland to synthesize thyroid hormones, 

triiodothyronine (T3) and thyroxine (T4) (1). The chemical structure of T3 and T4 are shown in 

Figure 3-1. 

 

Figure 3-1. Chemical structure of thyroxine (T4), triiodothyronine (T3), and reverse 

triiodothyronine (rT3). 

 

 Thyroid hormones are essential for normal growth and development, neuronal 

differentiation, metabolic regulation, and thermoregulation in mammals (2,3). They regulate 

many key biochemical reactions, especially protein synthesis and enzymatic activity. The major 

target organs are the developing brain, muscle, kidney, heart, and pituitary (4). A healthy adult 

body contains 15–20 mg of iodine, 70–80% of which is in the thyroid glands (5). Iodine content 

in food is highly variable and is low in the majority of foods (6,7). It is mostly found in oceans 

and coastal regions as iodide (I−), highly water-soluble ion (2). As a result, approximately one-

third of the world’s population lives in areas where natural sources of iodine are low (8). Iodine 

deficiency is responsible for irreversible brain damage, cretinism, delayed psychomotor 

development, goiter (enlargement of the thyroid gland), and hypothyroidism. Iodine deficiency 
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disorder (IDD) is the most common cause of preventable brain damage during fetal 

development (8,9). 

 The World Health Organization (WHO) recommends a daily iodine intake of 90 μg for 0–

59 months infants, 120 μg for school-age children, 150 μg for adolescents and adults, 250 μg 

for pregnant and lactating women (8,10), which is difficult to fulfill only by taking natural 

foods in iodine-deficient areas. Therefore, iodine fortification, such as universal salt iodization 

(USI) programs, has been implemented in iodine-deficient areas to prevent IDD. According to 

the UNICEF Global Database (2022), 89 % of the global population uses iodized salt (9). After 

the introduction of USI, the number of countries with insufficient iodine intake decreased from 

113 in 1993 to 21 in 2021 (11). This indicates remarkable success in reducing the global 

prevalence of iodine deficiency. However, recurrence of iodine deficiency has been observed 

in countries where USI is not mandatory (5,11). Pregnant and lactating women, who have 

higher iodine requirements, are at higher risk of insufficient iodine intakes. Adequate iodine 

(neither excessive nor deficient) is crucial for pregnant and postpartum women and their 

offspring, as they are the most sensitive to the effects of iodine deficiency or excess. A meta-

analysis reported a high prevalence (53%) of inadequate iodine intake among pregnant women 

globally (12). Iodine deficiency during pregnancy can cause miscarriage, stillbirth, and 

irreversible intellectual disability in the fetus (5). Therefore, the iodine status of pregnant 

women and women of reproductive age is crucial to monitor. 

 Importantly, after the introduction of USI, the number of countries with excessive iodine 

intake is increasing. According to the Iodine Global Network (2025), 11 countries have 

reported to be in excessive iodine intake (11). The WHO/UNICEF categorizes the median urine 

iodine concentration (mUIC) for school-age children as follows: < 100 μg/L, insufficient; 100–

299 μg/L, adequate; > 300 μg/L, excessive (10,13). Chronic exposure to excess iodine has been 

shown to cause autoimmune thyroiditis, such as Hashimoto thyroiditis, Graves’ disease, goiter, 

and thyroid nodules (14). 

 

3-1-1 Iodine status in Nepal 

 Geographically, Nepal lies in an iodine-deficient zone of the world. Its mountainous terrain 

and high annual rainfall lead to low environmental iodine content. Nepal has achieved 

substantial progress in improving iodine status through the successful implementation of the 

USI. As a result, the prevalence of visible goiter declined dramatically from 55% in 1965 to 

0.4% in 2007 (15). Household consumption of iodized salt increased from 10% in 1998 to 98% 
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in 2022 (15,16,17). 

 In Nepal, the recommended level of iodine content in iodized salt is at least 50 mg/kg salt 

at the production level, 30 mg/kg salt at the retail level, and 15 mg/kg salt at the household 

level (18). However, the mean iodine content of household salt samples was found much higher 

(> 40 mg/kg salt) than the recommended level. Similarly, the Nepal National Micronutrient 

Survey and various cross-sectional studies reported that the mUIC in school-age children 

exceeds 300 µg/L (17,19,20). In addition, the consumption of processed and packaged foods 

has increased in Nepal. Although data on the iodine content of such foods is lacking, it is 

suggested that salted packaged foods may contribute to additional iodine intake (18,21). 

Compared with populations in iodine-sufficient areas with normal thyroid function, previously 

iodine-deficient populations are more susceptible to thyroid dysfunction, even with a slight 

increase in iodine intake (22,23). That might be the reason for the increasing prevalence of 

thyroid disorders, particularly autoimmune thyroid disease (AITD) in Nepal (24,25). To 

address the problem of excessive iodine intake, proper monitoring of salt iodization is urgently 

needed in Nepal. Because of the diverse geography, ranging from lowland plains to high 

Himalayan regions, some communities still do not use iodized salt, the primary dietary iodine 

source in Nepal. Therefore, systematic assessment of iodine content in foods such as salted 

processed foods and packaged soups is essential in Nepal.  

 

3-1-2 Iodine status in Japan 

 Japan is an iodine-sufficient country without need of iodine fortification (11,26). The 

iodine intake of the Japanese population is among the highest in the world (approximately 1–3 

mg/day) (27). Seaweed is a major source of iodine in the Japanese diet, with an average daily 

consumption of 9.9 g (28). The Ministry of Health, Labor and Welfare of Japan recommends a 

daily iodine intake of 130 µg for adults, 240 µg for pregnant women, and 270 µg for lactating 

women. On the other hand, the tolerable upper limit (UL) of iodine intake for healthy Japanese 

adults is 3 mg/day, which is 3-fold higher than the WHO recommended UL of 1.1 mg/day 

(4,29). Healthy Japanese individuals have been shown to tolerate excess dietary iodine without 

exhibiting thyroid dysfunction (26). Although there is no recent nationwide study in Japan on 

the effects of long-term exposure to excessive iodine (>3 mg/day), only few studies have 

reported about iodine intake and thyroid dysfunction (30–32). 

 In recent years, deficiency in iodine intake has been observed in many industrialized and 

developed countries where sufficient iodine intake was previously established (5,33). In Japan, 
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the growing popularity of Westernized diets, especially among the younger generation (34,35), 

means that these foods may not provide sufficient iodine or may contain iodized salt, 

potentially leading to either inadequate or excessive iodine intake. Recent studies also reported 

lower dietary iodine intake among the younger age group compared to the older age group 

(26,34). In addition, low urinary iodine levels were detected in pregnant Japanese women (36). 

This might be due to changes in dietary habits among the younger generation. Therefore, 

population-based iodine monitoring is crucial, especially for vulnerable groups and those who 

tend to consume less seaweed and more Westernized foods, to control excessive and inadequate 

iodine intake. 

 

3-1-3 Purpose of this study 

 Seafoods such as seaweed, fish, and crustaceans are the richest sources of dietary iodine. 

However, in countries where seafood is either unavailable or not regularly consumed, dairy 

products are the primary sources of iodine (37). In iodine-deficient countries like Nepal, salt 

iodization or iodine fortification is the only practical way to ensure adequate iodine intake. 

 Due to worldwide availability, milk and milk products are the major contributors of iodine 

globally (38). Naturally, cow’s milk has a low iodine concentration, but various farming 

practices, such as providing cattle with iodine-enriched feed, mineral supplements, and using 

iodine-based disinfectants (iodophors), and sterilizing milking equipment, contribute to iodine 

content in milk as a result of carry-over (22,39). 

 As iodine content in foods varies widely, depending on soil iodine concentrations, 

agricultural practices, processing, and storage conditions. Even foods of the same species may 

show considerable differences in iodine content, and individual dietary iodine intake may 

fluctuate daily. To obtain a reliable iodine intake from dietary records or food diaries, the iodine 

content of the respective foods is necessary. It is important to know the iodine content of each 

food. For iodine determination, especially in food samples, a simple and inexpensive method 

is needed. Therefore, in the present study, I attempted to measure the iodine content of two 

mostly consumed foods (milk and seaweed) in Japan, which are considered good natural 

sources of iodine. 

Additionally, although Nepal is an iodine-deficient country, there are no studies or national 

data about the iodine content of Nepalese foods partly because instruments to measure iodine 

such as ICP-MS are expensive and rarely available. Therefore, in the present method, I 

attempted to modify the Sandell and Kolthoff method (the S-K method) to measure iodine in 
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foods using inexpensive instruments and simple procedures. This approach can be performed 

in Nepal to help my future research in Nepal. 

 

3-1-4 Sandell-Kolthoff method 

 Several analytical methods are used for iodine determination, including inductively 

coupled plasma-mass spectrometry (ICP-MS) (40), HPLC (41), and ion chromatography (42). 

All these methods use a chromatographic system and a special detector, and to obtain reliable 

data, sophisticated procedures are necessary (43).  

The Sandell and Kolthoff (S-K) method, pioneered by Sandell and Kolthoff (44), is an 

inexpensive and simple colorimetric method for iodine determination. This method is based on 

the catalytic effect of iodide (I−) on the reduction reaction of Ce4+ by As3+. The S-K method is 

well-established for the determination of urine iodine, and it is used worldwide to monitor 

iodine status in population levels (45). However, this reaction is very sensitive to various kinds 

of compounds present in the sample matrix. In addition, non-negligible levels of iodine-

independent reduction of Ce4+ occur. To prevent matrix effects on the S-K reaction, degradation 

of compounds that disturb the iodine-catalytic reaction is essential for obtaining reliable results. 

 To measure the iodine content in foods using the S-K method, it is crucial to find suitable 

procedures for each sample type not only to remove or destroy interfering substances but also 

to estimate the background level of iodine-independent reactions. Ammonium peroxodisulfate 

(APS) is non-explosive, low cost, and easy-to-use compound, and APS treatment has been 

shown to give similar results obtained by hazardous chloric acid treatment (45). Therefore, 

chloric acid digestion has been replaced by APS digestion (46). APS treatment is considered 

suitable for food samples with complex matrices. However, APS treatment produces a non-

negligible amount of toxic waste (47). To minimize this problem and speed up the procedure, 

Ohashi et al. performed APS treatment using a microplate as a reaction vessel and a special 

sealing cassette (47). In the present study, commercial 0.5-mL safe-lock polypropylene tubes 

were used as the reaction vessel for APS treatment, and a sealing cassette was hand-made using 

cheap parts, which are on sale at local DIY shops. 

 

3-1-5 Principle of the Sandell-Kolthoff method 

 In acidic aqueous solution of H2SO4, Ce4+ ion is very slowly reduced to Ce3+ ion by As3+ 

ion. 
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When I− ion is present in this reaction mixture, the following catalytic cycle proceeds. 

 

In this cycle, the reduction of I2 molecules by As3+ ions to I− ions (lower reaction in the above 

scheme) is very rapid. Therefore, if a large amounts of As3+ ions compared to iodine exist, 

almost all iodine is in I− state. The reduction of Ce4+ ion to Ce3+ ion by I− ion (upper reaction 

in the above scheme) is one-electron reduction process and proceeds much rapidly compared 

to the direct reduction of Ce4+ ion by As3+ ions. 

Under the reaction conditions of [As3+] >> [Ce4+] >> total iodine concentration, the 

reduction reaction of Ce4+ follows pseudo-first order reaction and the time-dependent change 

in Ce4+ concentration ([Ce4+]) can be approximately expressed as the following equation. 

 

           (1) 

 

where k is rate constant and [I]0 is the total iodine concentration. By solving equation 1, the 

concentration of Ce4+ ions at time t is given by 

 

            (2) 

 

where C0 is the initial concentration of Ce4+ ion. Figure 3-2 show the UV-vis absorption 

spectrum of Ce4+ ion in sulfuric acid solution (blue line in Fog. 3-2). Ce4+ ion exhibits broad 

absorption with peak at 317 nm, and the absorption band extends to longer wavelength over 

450 nm, resulting in yellow color (inset in Fig. 3-2). On the other hand, Ce4+ ion exhibits no 

absorption at wavelength from 300 nm to 600 nm. In addition, both As3+ and As5+ ions also 

show no absorption in the same wavelength region. Therefore, Reduction reaction of Ce4+ ion 

can be continuously monitored by measuring absorbance in visible wavelength region. 
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Figure 3-2. Absorption spectra of tetravalent and trivalent cerium ions in sulfuric acid solution. 

The inset shows the color change occurring upon the reduction of Ce4+ ion to Ce3+ ion. 

 

In the present study, absorbance at 405 nm (A405) was used to monitor the S-K reaction. Because 

A405 is proportional to [Ce4+], the following relation is obtained using Equation 2. 

 

           (3) 

 

By taking the logarithm of both sides of Equation 3, the following equation is obtained. 

 

         (4) 

 

Using Equation 4, the pseudo-first order rate constant, k[I]0 was determined from the law data 

of A405(t) and used for obtaining calibration curves. 

 

3-2 Materials and Methods 

 

3-2-1 Reagents 

 Potassium iodate, ammonium cerium(IV) sulfate dihydrate, arsenic trioxide, sodium 

chloride, sodium hydroxide, sulfuric acid, and ammonium peroxodisulfate were purchased 

from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Distilled water made from 

milli-Q-grade pure water was purchased from Hayashi Pure Chemical Industries (Osaka, 

Japan) and used as iodine-free water. 
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3-2-2 Materials 

 A total of 21 raw milk products from various regions in Japan were purchased from local 

supermarkets in Hyogo, Osaka, and Kyoto prefectures. Seaweeds (fresh, dried, and processed) 

were purchased from local supermarkets.  

 

3-2-3 Stock solutions 

(1) Arsenic acid solution (AS solution, 50 mmol/L As3+, 428 mmol/L NaCl, 0.58 mol/L H2SO4) 

 Arsenic trioxide (2.5 g) was dissolved in 50 mL of 0.4375 mol/L sodium hydroxide 

solution using a magnetic stirrer. Then, in an ice bath, 8 mL of concentrated sulfuric acid was 

added slowly to this solution under continuous stirring. After addition of 6.25 g of sodium 

chloride, the mixture was diluted to 250 mL with distilled water. The diluted mixture was 

incubated at 60ºC under continuous stirring until the solution became clear. The clear solution 

was filtered using a Millex-GV filter (0.22 μm), and the filtrate was stored in a brown bottle in 

a dark place at room temperature. 

(2) Ceric ammonium sulfate solution (CE solution, 19 mmol/L Ce4+, 1.75 mol/L H2SO4) 

 Ammonium cerium(IV) sulfate dihydrate (3 g) was dissolved in 250 mL of 1.75 mol/L 

sulfuric acid. The solution was stored in a brown bottle in a dark place at room temperature. 

(3) Sulfuric acid solution (1.75 mol/L) 

 Concentrated sulfuric acid (24.25mL) was added very slowly to about 200 mL of water in 

the ice bath under continuous stirring. After cooling, the solution was diluted to the final 

volume of 250 mL by adding distilled water. 

(4) Iodine stock solution (100 mg/L iodine, 0.788 mmol/L IO3
−) 

 In a 100-mL volumetric flask, 16.86 mg of potassium iodate was dissolved with about 80 

mL of distilled water, and then the solution was diluted to100 mL with distilled water. The 

resultant solution was stored at −4°C in a brown bottle. Working iodine standard solutions were 

prepared by serial dilution of this stock solution just before use. 

(5) Ammonium peroxodisulfate solution (APS solution, 300 mg/mL) 

 Ammonium peroxodisulfate (300 mg) was dissolved in 1.0 mL of distilled water. This 

solution was freshly prepared just before use. 
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3-2-4 Iodine extraction from samples 

(1) Raw milk 

 In 1.5-mL Eppendorf tube, four volumes of methanol (800 μL) were added to 200 μL raw 

milk and the mixture was vigorously vortexed for 5 min, kept on ice for 20 min, and then 

centrifuged at 4ºC and 13,200 × g for 20 min. The clear, colorless supernatant was weighed, 

and aliquoted into 1.5-mL tubes, 100 μL each, and each was evaporated to dryness using a 

centrifugal evaporator (CVE-1000, EYELA, Tokyo, Japan) equipped with a liquid-nitrogen 

trap under reduced pressure. The dried samples were stored at −80ºC until analysis. Just before 

analysis, each tube was dissolved with 100 μL of distilled water. 

(2) Seaweed samples 

 Seaweeds were frozen in liquid nitrogen, and the frozen sample was immediately crushed 

into fine powders using a blender. Then the powder (1−10 g) was weighed and dissolved in 

appropriate amount of distilled water: raw seaweed, 10 volumes; processed seaweed, from 5 to 

10 volumes; dried seaweed, from 10 to 3000 volumes. Dilution ratios were adjusted based on 

the solution viscosity and the iodine levels in the samples. The mixtures were continuously 

stirred at 4ºC for 2 h and then centrifuged at 6610 ×g for 20 min. The supernatant was collected, 

measured, filtered through gauze bandage, and stored at −80ºC until analysis. 

 Liquid samples, such as ponzu, tsuyu, and different varieties of soy sauce (shoyu) were 

directly diluted with water. 

 

3-2-5 Preparation of iodine working solution 

 An aliquot of iodine stock solution (100 mg/L iodine) was first 100-fold diluted with 

distilled water to obtain 1.00 mg/L iodine solution. as follows. First, pipette 1.00 mL of distilled 

water into a 1.5-mL Eppendorf tube and discard 10.0 μL from the tube. Then, 10.0 μL of 100 

mg/L iodine solution was added to the tube, and mixed thoroughly by vortexing, resulting in 

1.00 mg/L iodine solution. Then, this iodine solution was stepwise diluted to obtain 500, 250, 

125, 62.5, 31.3, and 15.6 μg/L iodine solutions. All the working solutions were freshly prepared 

before each analysis. 

 

3-2-5 Standard addition 

 In the present study, to obtain calibration curve under the background of sample matrices 

(sample calibration curve), the standard addition method was applied. Sample was 25 μL 

aliquoted into six 0.5-mL safe-lock tubes labeled S0 to S5. To S0 tube, 25 μL of distilled water 
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(0 ng iodine) was added. To S1 tube, 25 μL of 15.6 μg/L iodine solution (0.39 ng iodine) was 

added. To S2 tube, 25 μL of 31.3 μg/L iodine solution (0.783 ng iodine) was added. To S3 tube, 

25 μL of 62.5 μg/L iodine solution (1.56 ng iodine) was added. To S4 tube, 25 μL of 125 μg/L 

iodine solution (3.13 ng iodine) was added. To S5 tube, 25 μL of 250 μg/L iodine solution (6.25 

ng iodine) was added. All the mixtures were subjected to APS treatment. 

 To judge the presence and absence of the matrix effect on the S-K reaction, the same series 

of S0–S5 samples were prepared using 25 μL distilled water instead of sample solution, and 

were treated simultaneously with the standard-added sample series to obtain calibration curve 

without disturbance by sample matrix (water-control calibration curve). 

 

3-2-6 APS treatment 

 To degrade organic substance containing iodine to release free iodine, and to degrade those 

disturbing the S-K reaction such as ascorbic acid, strong reducing agent, oxalate and citric acid, 

potent metal chelator, it is inevitable to perform APS treatment. The iodine standard added 

samples were treated with APS as follows. 

 APS solution (about 300 mg/mL) was prepared just before use by dissolving solid APS in 

distilled water. A 100-μL aliquot of APS solution was added to each tube containing 50 μL 

sample solution, a final volume of 150 μL. The tubes were securely capped, vortexed, and 

centrifuged using a tabletop centrifuge for a few seconds. The tubes were then placed in a 

home-made tube holder (Fig. 3-3) to press the tube during incubation to keep the tube tightly 

closed, and the cassette was set in a high-temperature chamber (ST-110, ESPEC) at 110°C for 

1 h. After incubation, the cassette was removed from the heating chamber, and the samples 

were allowed to cool to room temperature. The cooled samples were vortex, briefly centrifuged, 

and placed in a refrigerated circulating bath (NESLAB, RTE-9) maintained at 25ºC. 

Figure 3-3. Home-made tube holder to prevent the tube lid from opening during incubation at 

110ºC. 
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3-2-7 Measurement of the S-K reaction 

 The S-K reaction was performed in a semi-micro quartz cell as follows. An aliquot of each 

APS-treated sample (50 μL) was transferred into a 1.5-mL Eppendorf tube and mixed with 100 

μL of AS solution. To this mixture, 50 μL of CE solution was added. After mixing using pipet, 

the mixture was immediately transferred into the cell, and the absorbance at 405 nm (A405) was 

continuously recorded using a Shimadzu UV-Vis spectrophotometer (UV2550). The 

temperature of the cell was controlled at 25ºC using a cell holder in which 25ºC water was 

circulated by a refrigerated circulating bath (NESLAB, RTE-9) (Fig. 3-4). 

 After each analysis, the cell was washed at least three times with tap water, followed by 

distilled water to minimize cross-contamination, and dried completely by spraying nitrogen 

gas. S0 samples were measured twice for each analysis to evaluate reproducibility. Each raw 

data was transferred to Excel and further analyzed using in-house programs written in Visual 

Basic for Applications (Microsoft). 

 

Figure 3-4. Refrigerated circulating bath (A), thermostatic cell holder (B), semi-micro quartz 

cell (C). 
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3-3 Results 

 

3-3-1 Calibration curves 

 Figure 3-5 shows typical calibration curves obtained for raw milk samples. 

 

 

Figure 3-5. Typical calibration curve obtained for a milk sample (Meg milk, snow brand). ln 

A405(t) versus t plot was linear after the temperature equilibrium established, and from the slope 

of the plot k[I]0 was obtained (Equation 4). The k[I]0 value was plotted against the added 

amounts of iodine. The difference in the x-axis intercept between sample calibration curve 

(orange) and water calibration curve (blue) is equal to the amount of iodine present in 25 μL of 

milk sample, in this case 1.8 ng.  

 

 Both sample calibration curve and water calibration curve showed excellent linearity, and 

the slope of the calibration curves are nearly identical, indicating that there are no substantial 

levels of matrix effects. Therefore, in this case, the amount of iodine extracted from raw milk 

was obtained as the difference in the x-axis intercept between the two calibration curves. 

 Figure 3-6 shows typical calibration curves obtained for dry seaweed sample. In this case, 

iodine was extracted from the seaweed into distilled water. Both ample calibration curve and 

water calibration curve are linear, and the slope is nearly identical, indicating that S-K reaction 

disturbing substances were not extracted into water from the dried arame. From the difference 

in x-axis intercepts, the iodine content was determined to be 2.19 ng. in the sample. 
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Figure 3-6. Typical calibration curve of 100-fold diluted water extract from kizami Arame 

sample. 

 

3-3-2 Reproducibility of the present method 

 To examine inter-day variability, iodine content of the same sample was analyzed at least 

10 times on different days. Figure 3-7 shows a typical result obtained for the methanol extracts 

from Meg milk. In this case, the coefficient of variation (CV) was calculated to be 8.7%. 

 

 

Figure 3-7. Inter-day variability in iodine concentration determined for the same milk sample. 
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Inter-day CV values for raw milk samples were in the range from 4.5 to 10%, indicating that 

the present method to measure iodine content of raw milk has satisfactory precision. 

 

3-3-3 Some processed foods contain the S-K reaction disturbing substances difficult to 

remove 

 In the S-K method, it is essential that sample calibration curve has the slope identical with 

that of water calibration curve. If the slope of these two calibration curves differs, it is 

impossible to estimate the iodine-independent reaction rate for the sample solution. When the 

slope is same between the calibration curves, then the iodine-independent reaction rate for the 

sample solution can be estimated to be identical to that observed for distilled water.  

 Various compounds such as ascorbic acid, potassium thiocyanate, ferrous ammonium 

sulfate, and zinc are known to interfere with the S-K reaction (47). Figure 3-8 shows the 

calibration curve obtained for processed milk drinks. Although the sample calibration curve 

had good linearity, the slope of the curve was one third of that of water calibration curve, 

indicating the presence of substances that interfere with the S-K reaction. 

 

 

Figure 3-8. Calibration curve obtained for a processed milk drink. 

 

 As various kinds of ingredients including emulsifiers are added into processed milk drinks, 

iodine extracts from the milk drinks were further subjected to MonoSpin C18 (hydrophobic 
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extraction), MonoSpin SAX (strong cation exchanger), and MonoSpin NH2 (hydrophilic 

extraction). However, after these treatments, the slow of the sample calibration curve was much 

smaller compared to the water calibration curve, indicating that some substances still remained 

to disturb the S-K reaction. 

 In the case of processed or seaweed-extract products such as nori tsukudani, aosa nori 

tsukudani, kombu-dashi (Japanese soup stock made from kelp), and soy sauce (soy sauce that 

contains kelp extract), iodine extracts from these food products by distilled water contained 

substances that strongly interfere with the S-K reaction. Figure 3-9 shows the calibration curve 

obtained for nori tsukudani.  

 

 

Figure 3-9. Calibration curve obtained for a nori tsukudani. 

 

 As in the case of processed milk drinks, the sample calibration curve was linear, but the 

slope was about half of that of the water calibration curve. I tried various methods to prevent 

interference: further dilution with distilled water; cleanup using solid-phase extraction using 

MonoSpin; extraction with ethanol, methanol, and acetonitrile. However, at present, it was not 

succeeded to obtain sample calibration curve parallel with the water calibration curve. 

 

3-3-4 Iodine content in raw milk products 

 In the present study, iodine contents in 21 milk products from different varieties were 

successfully determined. The results are summarized in Table 3-1. 
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Table 3-1. Iodine content in milk products produced in various regions of Japan. 

 

 The iodine content in milk samples varied from 130 μg/L to 349 μg/L. The mean iodine 

content was 220 ± 60 μg/L. According to the Japanese Food Composition Table (2024), regular 

raw milk contains 160 μg/kg milk, which is comparable to the value obtained in the present 

results. The present mean value of milk iodine content is also similar to that observed for whole 

pasteurized milk in the UK (230 μg/kg milk) (48), where milk is one of the major dietary source 
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of iodine. In the USA, milk has been reported to show large variation in iodine content, with 

an average iodine concentration of 340 μg/kg milk (49), which is slightly higher compared to 

those of Japan and UK. A meta-analysis reported that milk iodine concentrations around the 

world ranged from 55 to 499 μg/kg milk, high variability in iodine content of milk globally 

(50). 

 Although milk is widely consumed across all age groups, its iodine content is not routinely 

declared on food product labels, unlike other micronutrients. This lack of information creates 

uncertainty regarding the actual dietary intake of iodine from milk and dairy products. 

Therefore, it is recommended that the iodine content of milk and milk products be mandatorily 

included on the food product label.  

 

Figure 3-10. Iodine content in the milk samples. QC denotes quality control milk samples, and 

other alphabet A−T in the x-axis denotes the milk samples from various brands as shown in 

Table 3-1.. JA Kyoto milk (G) from Natan Kyoto contained the highest amounts of iodine (349 

μg/L) among all the 21 milk samples and Meiji whole milk (H) from Asahikawa, Hokkaido, 

contained the lowest (130 μg/L) levels of iodine. The mean iodine content was 220 ± 60 μg/L.  

 

  



51 

 

3-3-4 Iodine content in seaweed 

 In the present study, iodine content of various seaweed products was determined. The 

results are summarized in Table 3-2. 

 

Table 3-2. Iodine content in seaweed from various regions in Japan. 
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Figure 3-11. Iodine content in fresh seaweed. 

 

 Iodine contents of four most popular fresh seaweeds, hijiki, aosa, wakame, and mozuku, 

were determined (Fig. 3-11). Hijiki (Hiziki) contained 316 ± 26 µg/100 g wet weight, aosa 

(Ulva spp.) 135 ± 5 µg/100 g wet weight, wakame (Undaria pinnatifida) 42.6 ± 3.3 µg/100 g 

wet weight, and mozuku (Okinawan mozuku) 22.5 ± 1.0 µg/100 g wet weight. 

 

 

     Figure 3-12. Iodine content in dried seaweed. 
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 Figure 3-12 shows the iodine content in dried seaweed. Among the kombu (Saccharina 

spp.) varieties, dried kizami kombu contained the highest iodine content of 210 ± 10 mg/100 g 

dry weight, whereas kizami nori (Pyropia spp.) contained the lowest amount of iodine, 0.33 ± 

0.02 mg/100 g dry weight. 

 

 

Figure 3-13. Iodine content in seaweed products. 

 

 Kelp-extracted products such as kombu dashi, dashi shoyu, ponzu, and tsuyu also contain 

significant amounts of iodine (Fig. 3-13). 

 

3-4 Discussion 

 The present study has revealed that very large variation in iodine contents exists in the 

seaweed products consumed by Japanese individuals. A study conducted by Tsubota-Utsugi et 

al. reported that iodine intake among the participants exceeded the tolerable upper intake level 

intermittently (approximately once a week) rather than continuously (51). Low bioavailability 

of iodine from seaweed compared to iodine supplements (> 90%) (52), iodine losses that occur 

during cooking and preparation processes, as most iodine values for seaweed are calculated 

from raw weight (53). Furthermore, many Japanese dishes commonly combine seaweed with 

soy-based foods such as soy sauce, natto (fermented soybeans), tofu, miso (fermented soybean 

paste), which may interfere with iodine absorption, as soy products are considered goitrogenic 



54 

 

foods (54). These factors may contribute to the relatively lower incidence of health effects 

caused by high iodine intake in Japan compared to other developed countries.  

Furthermore, seaweeds are not only rich in iodine but are also low in calories and packed 

with various nutrients such as dietary fibers, minerals, vitamins, bioactive compounds, peptides, 

and carotenoids (72). Because of these health benefits, the popularity of seaweed has expanded 

to many Western countries as well (53,55–57).  

 Although protein precipitation of milk samples by adding four volumes of MeOH, able to 

successfully reduce the sample matrix in regular milk. While milk drinks were unable to be 

analyzed by a similar procedure. The presence of emulsifiers and other ingredients in milk 

drinks might play an interfering role. Only precipitating with MeOH was not sufficient to 

reduce these interfering compounds.  

Similarly, the iodine content of processed seaweed or kelp extract (dashi) such as nori 

tsukudani, aosa nori tsukudani, kombu-dashi (Japanese soup stock made from kelp), and soy 

sauce (soy sauce that contains kelp extract) could not be measured by the present method. 

Different separation columns, such as MonoSpin reversed phase column C18, ion exchange 

column SAX, HILIC NH2 column, were used to interfere with substances, but did not work. 

Likewise, the added ingredients present in the samples were checked for potential interfering 

compounds. Among the added ingredients tested, no matrix effects were observed for glucose, 

sucrose, oligosaccharides, and bonito flakes; however, a nonlinear curve was observed for 

mirin, which was present in the dashi samples. From the obtained result, it is conformed that 

additional ingredients present in the processed samples interfered with the sample matrix. 

Therefore, the present method is not suitable for samples that contain various added ingredients, 

such as an emulsifier or thickening agents.  

 In conclusion, milk and seaweed samples with minimal added chemical compounds are 

suitable by the present method and obtained results are reliable to the Japanese Food 

Composition Table. For the samples which contain additional substances, other cleanup and 

sample processing methods needed to remove the interfering compounds. 
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Chapter IV 

 

Effects of long-term intake of moderate excess iodine  

on major metabolism and cognitive function of mice 

 

4-1 Introduction 

 In nature, iodine is found in several forms, generally classified as organic and inorganic. 

Iodide (I−) is the most common inorganic form of iodine, followed by iodate (IO3
−) (1). Iodized 

salt or iodine-fortified foods contain iodine in the form of potassium iodide (KI−) or potassium 

iodate (KIO3
−) (2). Iodide is rapidly and almost completely absorbed in the stomach or 

duodenum, whereas IO3
− is first reduced in the gut and then absorbed as I−. Thyroid gland takes 

up iodide from the plasma to synthesize thyroid hormones and most of the remaining iodine is 

excreted into urine. Iodine is also accumulated in the mammary gland of lactating woman and 

excreted into breast milk for the baby. Small amounts of iodine are also taken up by salivary 

glands, gastric mucosa, and choroidal plexuses (3). 

 When iodine intake is sufficient, uptake by the thyroid gland may be less than 10%, 

whereas in chronic deficiencies it can exceed 80% (4). Generally, people living in iodine-

sufficient areas with normal thyroid function have been shown to tolerate excess iodine up to 

1–3 mg/day without clinical symptoms (5). High concentrations of iodine exert an acute 

inhibitory effect on thyroid hormone production by temporarily inhibiting iodine organification 

and thyroid hormone synthesis, a phenomenon known as the Wolff-Chaikoff effect (6). This 

protective mechanism reduces thyroid hormone production after the consumption of excessive 

iodine. Failure to escape from the Wolff-Chaikoff effects may result in iodine-induced 

autoimmunity, which can be transient or permanent in susceptible individuals with pre-existing 

thyroid disease (7).  

 Thyroid hormones regulate the body’s metabolism and play an important role in regulating 

carbohydrate, lipid, and protein metabolism. Consequently, thyroid dysfunction not only causes 

autoimmune thyroiditis, goiter, and thyroid nodules, but is also associated with elevated blood 

glucose, increased blood pressure, and altered blood lipid levels, leading to increased 

cardiometabolic risk (8). While long-term health effects of iodine deficiency are widely 

recognized, the consequences of excess iodine intake, particularly from iodine-fortified 

supplements such as iodized salt are less studied. As discussed in Chapters I and III, populations 

from previously iodine-deficient regions, including the Nepalese population, are more 

susceptible to excess iodine than populations with good access to dietary iodine, such as the 
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Japanese. Unfortunately, there are no long-term human studies performed in such regions 

where iodine supplementation exceeds recommended levels. 

 Excess iodine intake has been shown to negatively impact immune health and alter gut 

microbiota via non-thyroidal mechanism. Because gut microbiota influence intestinal iodine 

absorption, various animal studies reported different responses in gut microbiota composition 

and thyroid hormone secretion with the same dose of iodine intake among obese versus healthy, 

male versus female, and mice with thyroid disease (9–11). These findings indicate that iodine 

exerts diverse metabolic effects even when administered at equivalent doses. Therefore, further 

research is warranted to elucidate the effects of excess iodine intake on major organs, including 

the liver, heart, kidneys, salivary glands, and gastrointestinal tract. 

 

4-1-1 Purpose of the mouse study 

 The minimum iodine requirement of mouse feed is reported to be 0.15 μg/g feed (12). 

However, in most of the excess iodine intake animal model studies, much higher doses of iodine 

are given through drinking water (13–17). In addition, there are limited studies on the long-

term effects of moderate levels of excess iodine administration through feed. Therefore, to 

address this gap, in the present pilot study, I gave mice special feed containing 17 μg iodine/g 

feed as KIO3 to mirror the excess iodine intake in Nepal. 

 

4-1-2 Mouse study plan 

 Figure shows my mouse experiment design to examine effects of long-term intake of 

moderately excess iodine. 

 

 

Figure 4-1. Schematic illustration of experimental design. 

 

In this experiment, after one week of acclimatization, mice are divided into excess iodine (EI) 
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group and control group. The control group mice eat CE-2 feed (1.7 µg iodine/g feed), and the 

EI group mice eat iodine-fortified CE-2 feed (17 µg iodine/g feed). Both feeds are available 

from CLEA Inc. (Japan), and they contain iodine as KIO3, as the same iodine species as used 

for iodized salt in Nepal. Feed and water intake will be measured twice a week, body weight 

will be measured once a week, and blood, 24-h urine, and feces samples will be collected once 

a month until euthanasia. Immediately after euthanasia, blood and major organs, including the 

thyroid gland, salivary gland, liver, and kidneys, will be collected. 

 In the present study, to test various devices to be use and to master necessary skills, I 

performed a pilot study using 6 mice. 

 

4-2 Materials and Methods 

 

4-2-1 Reagents 

 Formalin neutral buffer solution (10%, pH 7.4) was purchased from FUJIFILM Wako Pure 

Chemical Corporation (Osaka, Japan). All the reagents used were the same as those described 

in Chapters II and III. 

 

4-2-2 Equipment 

(1) Feed box 

 To measure individual iodine intake accurately from the feed amounts taken, it is necessary 

to know the exact amounts of feed taken by individual mouse. Therefore, I tried powder form 

of feed and a specially designed feed box for powdered feed (Fig. 4-2). 

 

 

Figure 4-2. Feed box used in the present study. 
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(2) Water bottle 

 For easy access to tap water, an automatic sipper-tube water bottle (CLEA) was used (Fig. 

4--3). 

 

Figure 4-3. Water bottle equipped with a stainless-steel sipper tube (no ball valve type). 

 

(3) Metabolic cage 

 Metabolic cages are necessary to collect 24-h urine and feces. Two types of metabolic 

cages (SN-783-0 and 3600M021) were tested to collect 24-h urine and feces collection. Figures 

4-4A and 4-4B show SN-783-0 and 3600M021, respectively. 

 

Figure 4-4. Metabolic cages tested for 24-h urine and feces collection. (A) Shinano, SN-783-

0, all stainless steel. (B) Tecniplast, 3600M021, mostly plastic. 
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(4) Restrainer device for blood collection from mouse tail vein 

 In the present study, I tried to obtain about 10 μL of blood from the tail vein of mouse at 

least once per two weeks to follow time-dependent changes in metabolites in plasma such as 

blood glucose. The following restrainer (Fig. 4-5) was tested to restrain mouse movement 

during blood collection. 

 

 

Figure 4-5. A mouse restrainer (CL-4903) tested for the blood collection from tail vein. 

 

 

4-2-3 Confirmation of iodine content in control and iodine-fortified feed, and tap water 

 Both CE-2 and iodine-fortified CE-2 feeds were obtained from CLEA. According to data 

provided by CLEA, CE-2 feed contains approximately 1.7 µg iodine/g feed in the form of KIO3. 

The major nutrient composition of the feed is in the supporting Table S4-1. For t iodine-fortified 

CE-2 feed (EI feed), we ordered the manufacturer to add 10 times more KIO3 to CE-2 feed. 

 Using the method described in Chapter III, the iodine content of CE-2 feed, EI feed, and 

the tap water used as drinking water were measured. Feeds were dissolved in 10 volumes of 

distilled water, vortexed, and centrifuged as described for seaweed iodine measurement. The 

supernatant of CE-2 feed was analyzed without further dilution, whereas the supernatant from 

the EI feed was further diluted 20-fold with distilled water. 

 Calibration curves obtained are shown in Figures 4-6A and 4-6B, respectively. CE-2 feed 

contained 0.8 µg iodine/g feed, lower than the content the manufacturer determined for CE-2 

feed different from the present lot. EI feed contained 16 µg/g feed, which is almost identical 

with the ordered amounts of 17 µg/g feed. Therefore, in the present study, EI group mice were 

given feed containing 20-fold higher amounts of iodine compared to the control group mice. 
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 Figure 4-6C shows the calibration curve obtained for the tap water. 

 

Figure 4-6. Calibration curves for CE-2 (A), EI feed (B), and tap water (C). 

 

The iodine content of the tap water was 4 μg/L, which is considerably low. As individual mouse 

drinks about 5 mL/day, iodine intake through the tap water is only 0.02 μg, negligible compared 

to iodine intake through the feed. 
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4-2-4 Animals 

 Because C57BL/6J mice have been used as aging model and rich data relating to aging are 

accumulated, C57BL/6J mice were selected. Six adult, pathogen-free, eight-week-old female 

mice (C57BL/6J, weight 18–19.5 g) were purchased from Kiwa Laboratory Animals Research 

Institute Ltd. (Osaka, Japan). The mice were housed individually and acclimatized for three 

weeks before being introduced to EI feed, under standard room temperature (22 ± 2ºC) with a 

12/12 h light/dark cycle (dark 20:00−8:00), and mice were allowed ad libitum access to feeds 

and water. 

 

4-2-5 Experiment design 

 Figure 4-7 shows the present experiment design. 

 

 

Figure 4-7. Design of the present pilot mouse study. The control group (n = 3) eat CE-2 feed 

and the EI group mice (n = 3) take iodine fortified CE-2 feed. The blood, 24-h urine, and feces 

samples were collected once a month until euthanasia. Immediately after euthanasia, blood and 

major organs, including the thyroid gland, salivary gland, liver, and kidneys, are collected. 

 

 During the acclimatization period, all mice were fed CE-2 feed. Feed and water were 

replaced twice a week. The weight of feed box and water box were measured before and after 

intake, and the amount of feed and water intake were calculated as difference in the respective 

weight. Body weight was measured once a week. Before the start of EI feed, 24-h urine and 

feces were collected. After that, mice were assigned to two groups: the control group (n = 3, 

CE-2 feed) and the EI group (n = 3, EI feed). Every month, approximately 10 μL of blood, as 

well as 24-h urine and feces, were tried to collect. To minimize stress, blood and 24-h urine 

collections were performed on different days. 
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4-2-6 Collection of 24-h urine and feces 

 All the mice (n = 6) were housed individually in metabolic cages (SN-783-0 or 3600M021) 

(Fig. 4-4) for 24-h, during which mice were allowed access to feed and water ad libitum. After 

24-h, the collected urine was centrifuged at 13,200 × g for 20 min, the total volume was 

measured, and the samples were transferred into Eppendorf tubes. Urine samples were stored 

at −80ºC until analysis. Collected feces were stored at −80ºC. 

 

4-2-7 Blood collection 

 Blood was collected from the tail vein without anticoagulant by using a mouse-specific 

restrainer or home-made restrainer, and serum was separated from the blood after coagulation 

by centrifuging at 4670 × g for 2 min and −80ºC until analysis. 

 

4-2-7 Organ collection 

 After 56 days of EI feeding, mice were anesthetized using isoflurane inhalation and then 

euthanized by cervical dislocation. Blood was immediately collected from abdominal aorta, 

followed by collection of thyroid gland and other organs, including salivary gland, brain, 

adrenal glands, kidney, pancreas, spleen, heart, liver, lungs, and ovaries. The organs were 

weighed, and half portion of each organ was immediately frozen in liquid nitrogen and stored 

at −80ºC. The remaining halves were fixed with 1.5 mL of 10% neutral buffered formalin. 

Blood sample was left at room temperature to coagulate, and then serum was collected by 

centrifugation at 4670 × g for 1 min and stored at −80ºC until analysis. 

 

4-3 Results 

 

4-3-1 Body weight 

 Figure 4-8 shows the change in body weight during the experiment. There was no apparent 

difference in the body weight between the CE-2 feed group: the mean body weight at the end 

of the experiment was same between the two groups, 22.4 g. During the entire experiment, 

average weight gain was 3.6 g for the control mice and 3.5 g for the EI mice. The weight gain 

and body weight results are consistent with data from CLEA, which shows body weight of 19-

weeks C57BL/6J female mice was 21.6 g (at the end of the experiment, the mice were 19 weeks 

old). 
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Figure 4-8. Change in body weight during experiments. Blue circle, EI group. Black circle, 

control group. 

 

4-3-2 Feed and water intake 

 Figures 4-9 shows feed intake.  

 

Figure 4-9. Feed intake in control group (black) and EI group (blue). y-axis, the average daily 

feed intake in grams. x-axis, day after the start of EI feed.  

 

 Feed intake abruptly decreased by about 3 g on day 30. This is due to the following reason. 

Because the female mice were small, they entered the empty space of the plastic tunnel of the 

feed box (Fig. 4-2) easily and contaminated the feed in the container with urine and feces, 

resulting in apparently high feed intake. To restrict free moving in the tube, we attached a 

plastic cap to the end of the tube as shown in Figure 4-10. 
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Figure 4-10. Attachment of a plastic cap to the end of the tube of the feed box. (A), before. 

(B), after. The cap effectively restricted the mouse from free moving in the tube. 

 

 After this improvement of the feed box to reduce the empty space (day 30), feed 

contamination with urine and feces were prevented significantly. The average daily feed intake 

of control group was slightly higher than that of EI group. 

 

 Figures 4-11 shows water intake. On day 58, mice were in the metabolic cages to collect 

 

 

Figure 4-11. Water intake in the control and EI groups. y-axis, the average daily water intake. 

x-axis, day after the start of EI feed. I 

 

24-urine and feces. The large value on this day seems to be due to some technical problems. 

The high value for I2 mouse on day 28 was also due to technical mistakes. The water intake 

was same between the two groups. Importantly, the water intake showed gradual decrease from 

5 mL/day to 3 mL/day. It is unclear why this decrease occurred. 
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4-3-3 Iodine content of 24-h urine 

 When iodine is sufficient, more than 90% of dietary iodine is excreted in the urine, making 

urine iodine content one of the best biomarkers of recent iodine intake. Urine samples from 

CE-2 fed mice were diluted 40-fold with distilled water, whereas those from EI fed mice were 

400–500 folds diluted. Then, 25 μL of the diluted samples were aliquoted and subjected to 

iodine determination (see Chapter III). The results are summarized in Table 4-1. 

 

Table 4-1. Mouse urine output and iodine intake per 24 hours. Urine output, 24-h urine 

amount in g. Total urinary I, total amount of iodine in 24-h urine in μg. 

 

Due to the contamination with feed powders and feces, two urine samples were excluded 

from the analysis. To reduce the accidental entering of feed powders and feces into urine-

collection tube, the tube position and the amount of feed in the feed box of the metabolic cage 

were adjusted. CE-2 (0.8 µg/g feed) was given to control group mice and EI feed (16 µg/g feed) 

was given to EI group mice. The mean urinary iodine output on Day 0 of control group was 

5.28 ± 0.82 μg/day, 3.19 ± 0.36 μg/day on Day 28, 2.90 ± 1.04 μg/d on Day 56. On the other 

hand, the mean urinary iodine output of EI group was 46.2 ± 11.7 μg/day on Day 28 and 46.7 

± 8.6 μg/day on Day 56. The volume of 24-h urine was same between the two groups. Figure 

4-12 showed these results using bar graph. 
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    Figure 4-12. Iodine output into 24-h urine.  

 

 Table 4-2 summarizes the amount of iodine taken by feed and that excreted into urine, 

iodine balance, for control and EI groups. 

 

Table 4-2. Summary of iodine balance in control and EI group mice. 

 

Control group mice took 8.8 μg iodine per day, and EI group mice 77 μg iodine per day through 

feed. In the case of control group, 46% of iodine taken from CE-2 feed was excreted into urine. 

On the other hand, 60% of iodine taken from EI feed was excreted into urine. As for the amount 

of feed intake and urine volume, there was no apparent difference between the two groups. 
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4-3-4 Content of proline and 4-hydroxyproline in CE-2 and EI feed 

 To evaluate the intake of free proline and 4-hydroxyproline through feed, the total amounts 

of these two secondary amino acids were measured using the method described in Chapter II. 

Fifty milligrams of CE-2 and EI feed was mixed with 1 mL distilled water, vortexed, and 

centrifuged. The resultant supernatant was analyzed without further dilution or after further 10-

fold dilution with distilled water. Figure 4-13 shows total ion chromatograms obtained for CE-

2 and EI feed. 

 

 

  Figure 4-13. Total ion chromatograms of S0 sample from CE-2 and EI feed. 

 

 

 Figure 4-14. Extracted chromatograms of m/z 419.15 and 425.18 ions obtained for S0 

sample from CE-2 feed. The inset is enlargement of the region around the 13C6-dabsyl t-4-HP 

and c-4-HP peaks. Water extract from CE-2 feed was 10-fold diluted and analyzed. 
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 Figure 4-14 shows the extracted chromatograms of m/z 419.15 (blue in the figure) and 

425.18 ions (orange in the figure) obtained for S0 sample from CE-2 feed. There is a blue peak 

overlapping with 13C6-dabsyl t-4-HP peak. However, this blue peak eluted slightly faster 

compared to 13C6-dabsyl t-4-HP, indicating that the blue peak is not 12C-dabsyl t-4-HP because 

the latter should migrate slightly more slowly compared to 13C6-dabsyl t-4-HP due to isotope 

effects. Figure 4-15 shows the corresponding extracted chromatograms obtained for EI feed. 

 

 Figure 4-15. Extracted chromatograms of m/z 419.15 and 425.18 ions obtained for S0 

sample from EI feed. The inset is enlargement of the region around the 13C6-dabsyl t-4-HP and 

c-4-HP peaks. Water extracts from EI feed were used without dilution. 

 

No 12C-dabsyl t-4-HP and c-4-HP peaks were detected for EI feed. From these results, it is 

found that both CE-2 and EI feed do not contain detectable levels of 4-hydroxyproline. 

 

 Figure 4-16. Extracted chromatograms of m/z 403.25 and 409.23 ions obtained for S0 

sample from CE-2 feed. The region around the 13C6-dabsyl Pro is enlarged. 
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 Figure 4-17. Extracted chromatograms of m/z 403.25 and 409.23 ions obtained for S0 

sample from EI feed. The region around the 13C6-dabsyl Pro is enlarged. 

 

 Figures 4-16 and 4-17 show the extracted chromatograms of m/z 403.25 (blue in the figure) 

and 409.23 ions (orange in the figure) obtained for S0 sample from CE-2 and EI feed, 

respectively. In both chromatograms, protonated 12C-dabsyl proline (m/z 403.25 ion) was 

detected clearly as a large peak. 

 

 

 Figure 4-18. Calibration curve obtained for Pro from CE-2 feed. I0/I6, intensity ratio 

between m/z 403.25 ion and m/z 409.23 ion. x-axis, the amounts of Pro added to the water 

extracts from CE-2 feed. The content of Pro was obtained as 128.4 ± 2.5 pmol from the x-axis 

intercept. 

 

 Figure 4-18 shows calibration curve obtained for the water extract from CE-2 feed. The 
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total content of Pro in CE-2 was found to be 2.17 ± 0.04 μmol/g feed from the x-axis intercept 

of this calibration curve. In the case of EI feed, the total content of Pro was 2.69 ± 0.52 μmol/g 

feed. 

 

4-3-5 Total content of proline and trans-4-hydroxyproline in urine 

 Total amounts of Pro and 4-HP in 24-h urine samples were determined using the method 

described in Chapter II. Urine samples were diluted 10-fold with distilled water, and the diluted 

sample was subjected to analysis. The results are summarized in Table 4-3. 

 

Table 4-3. Total amounts of proline and trans-4-hydroxyproline in 24-h urine. C1, C2, C3, 

control group mice. I1, I2, I3, EI group mice.  

 

All the 24-h urine examined contained substantial amounts of Pro and t-4-HP. Interestingly, 

in all the 24-urine collected on Day 0 from control mice, the total amounts of t-4-HP was higher 

than those of Pro by 1.1–1.8 fold. The determination of respective amount of D- and L-

enantiomers is underway. 
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4-3-6 Thyroid gland 

 Figure 4-19 shows the thyroid gland. 

 

 Figure 4-19. Mouse thyroid gland. Arrows indicate left and right lobe of the thyroid gland 

(reddish thin leaf-like appearance). 

 

As the thyroid gland was very thin and attached with trachea, it was difficult to separate the 

gland from the trachea. There was no apparent difference in the size and shape of the thyroid 

gland between control and EI groups. Histological examination of thyroid glands is underway. 

 

4-3-7 Comparison of performance between two types of metabolic cage 

 It is essential to quantitatively determine the amount of analyte of interest such as iodine 

excreted into 24-h urine. Figure 4-20 shows the outlet portion of the metabolic cages. 

 

Figure 4-20. Urine and feces collection using plastic (A) and stainless-steel cage (B). 
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 In the case of stainless-steel cages, substantial amounts of feed powder entered into urine 

collection tube (Fig. 4-20B). To prevent this contamination, normal feed boxes were changed 

to those for powder feed. However, it was still difficult to reduce feed contamination to 

allowable levels. On the other hand, in the case of plastic metabolic cages, accidental entering 

of food powder into urine was successfully reduced to minimum levels by reducing the feed 

amount in the feed box. In addition, the plastic metabolic cages were much easy to handle 

compared to the stainless-steel metabolic cages. 

 

4-4 Discussions 

 From the present pilot study, many important problems to address before starting of full 

animal studies have been revealed. First, taking 10-μL of blood from mouse tail vein with 

giving mouse as small stress as possible was found to be quite difficult. Further improvement 

of devices and the technique to handle them. Second, removement of thyroid gland to measure 

correctly its weight seemed to be impossible because the gland was too thin and invisible 

without blood in the gland, although other organs could be easily removed. Third, as a large 

water bottle attached with outlet tube having no stop ball, it was difficult to obtain reliable 

water intake for each mouse. It is recommended to use 50–100-mL bottle attached with tube 

with two balls. 

 In this pilot study, excess iodine was given to mice through powder form feed fortified 

with iodate. By improving the feed box (Fig. 4-10), the dispersal of feed from the feed box was 

minimized and the urination and defecation in the box was perfectly inhibited, enabling the 

estimation of exact amount of iodine intake. In the case of EI group mice, 60% of iodine 

ingested was excreted into urine. It is important to measure iodine content of 24-h feces to 

further evaluate the iodine balance per day. I am now trying to develop a method to measure 

iodine in mouse feces. 

 In this pilot study, it was confirmed that not only Pro but also t-4-HP exists in substantial 

amounts in urine. As CE-2 and EI feed contained no detectable levels of t-4-HP, the observed 

t-4-HP in the urine was derived from metabolic activities of mouse and/or gut microbes. It is 

essential to determine the D- and L-enantiomer ratio of Pro and t-4-HP to estimate the 

contribution of gut microbes to urine t-4-HP. The determination of the enantiomer ratio is now 

underway using the method developed in Chapter II. 
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Supporting Information 

 

(1) Chapter II 

 

Figure S2-1. Photographs of samples used for evaluation of the method developed to analyze 

the stereoisomers of proline and 4-hydroxyproline. 

 

Figure S2-2. Chromatograms of dabsyl t-4-HPL (purple), c-4-HPL (green), c-4-HPD (red), and 

DL-Pro (blue). An Inertsil ODS-3 column (3 μm, 1.5 mm × 150 mm) was used. A430, absorbance 

at 430 nm. 
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Figure S2-3. Total ion chromatograms obtained for S0 sample of mouse serum and A. fulica 

hemolymph. Peak labeled with *, dabsyl t-4-HP. Peak labeled with **, dabsyl Pro. 

 

 

Figure S2-4. Total ion chromatograms obtained for S0 sample of aronia juice harvested in 

indicated year. Peak labeled with *, dabsyl t-4-HP. Peak labeled with **, dabsyl Pro. 
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Figure S2-5. Total ion chromatograms obtained for S0 sample of aronia seeds harvested in 

indicated year. Peak labeled with *, dabsyl t-4-HP. Peak labeled with **, dabsyl Pro. 

 

 

Figure S2-6. Total ion chromatograms obtained for S0 sample of pear, apple, and persimmon 

juice. Peak labeled with *, dabsyl t-4-HP. Peak labeled with **, dabsyl Pro. 
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Figure S2-7. Total ion chromatograms obtained for S0 sample of S. album wood powder. 
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Table S2-1. Total amounts of Pro, t-4-HP, and the enantiomer ratio (rD/L) in aronia juice and 

seeds harvested in 2017–2021. Values are the mean ± standard deviation. 

 

 

 

  



85 

 

(2) Chapter III 

1. Calibration curves obtained for 20 different raw milk products. 
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2. Calibration curves obtained for 18 different seaweed products. 

 

Fresh seaweed 

 

 

 

Dried seaweed 
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Products containing kombu and/or extracts from kombu 

 

Figure S3-1. Labels on the products subjected to iodine analysis.  

 

Calibration curves 
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3. Intra-assay precision of milk samples (10 times replicates) 

 

Raw milk products 

 

 

 

 

 

 

  



93 

 

 

 

  



94 

 

Seaweed samples 

 

Fresh seaweed 

 

 

 

Dried seaweed 
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(3) Chapter IV 

1. Iodine calibration curves obtained for 24-u urine samples 

 

Day 0 urine 
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Day 28 urine 
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Day 56 urine 
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2. Determination of total amounts of proline, t-4-HP and c-4-HP in urine samples 

Total ion chromatograms 

Day 0 urine 

 

Day 28 urine 
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Day 56 urine 
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Extracted chromatograms 

 

Day 56 urine 

 C1 mouse 

 

 I2 mouse 

 

Calibration curves for t-4-HP and Pro (I2 mouse) 

 

 

 

 


