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Dietary restriction (DR) has many beneficial effects, but the detailed metabolic 

mechanism remains largely unresolved. For this, systems biology approach 

involving metabolomics and genomics was applied to identify molecular 

interaction networks related to effects of DR on multiple tissues. First, the 

metabolic profiles of urines from control and DR animals were investigated using 

NMR and LC-MS metabolomics approaches. Multivariate analysis presented 

distinctive metabolic profiles and marker signals from glucuronide and glycine 

conjugation pathways in the DR group. Broad profiling of the urine phase II 

metabolites with neutral loss scanning showed that glucuronide and glycine 

conjugation metabolites were generally higher in the DR group. The up-regulation 
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of the phase II detoxifications in the DR group were confirmed by mRNA and 

protein expression levels of the UGT and GLYAT in actual liver tissue. In addition, 

the Nrf-2 signaling pathway was shown to be up-regulated, providing a 

mechanistic clue for the enhanced phase II detoxification in liver tissue. Next, 

metabolic and genomic profiles of multiple tissues from the control and DR rat 

were investigated using metabolomics and cDNA microarray. Multi-organ 

metabolomics markers indicated higher phase II detoxification and distinct energy 

metabolism in the DR group. Microarray analysis with gene, pathway enrichment, 

and gene ontology terms provided consistent results for the mechanism revealed by 

multi-organ metabolomics. In addition, pathway enrichment and gene ontology 

analysis gave evidence of enhanced phase I detoxification in the DR group as the 

beneficial effect of DR. Several other markers were also found related to age-

associated diseases, such as diabetes, cancers, cardiovascular, neurodegenerative, 

hepatic, and renal diseases. These were consistent with the histopathology and 

serum biochemistry results that showed actual beneficial effects of DR in current 

experimental system. Taken together, metabolomics, microarray, and biochemical 

studies provide a possible metabolic and genomic perspective in understanding the 

complex mechanism of the beneficial effects of DR. 
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Phase II detoxification, UGT, GLYAT, P450. 
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General introduction 

 

Dietary restriction (DR), also termed caloric restriction, refers to reduction in the 

consumption of food, without malnutrition [1]. The earliest study investigating the 

benefits of DR dates to the 1930s, when McCay and co-workers demonstrate that 

DR can extend lifespan and delay the onset of age-related diseases in rodents [2]. 

However, it was not recognized until the 1980s, the DR could be used as a good 

model to study the mechanism of aging or the inhibitory factors that promote 

longevity [3]. Since then, several studies have showed that the numerous species 

including yeasts [4], nematodes [5], fruit flies [6], and rodents [7] benefit from DR. 

Most notably, a recent 20-year-long study showed that monkeys, the species most 

closely related to human, similarly benefit from DR [8]. Although there has not 

been (or could not have been) a systematic study on the effects of DR on human 

lifespan, several longitudinal studies strongly suggest that DR can affect the 

lifespan and/or decrease the risk of age-related diseases, such as diabetes, cancers, 

and neurodegenerative diseases [9-13].   

The above reverse correlation between the dietary intake and long term health 

strongly indicates that the DR’s effects should involve energy metabolism, and that 

DR induces modification of metabolic pathways. Despite that the relationship 

between diet and metabolism is straightforward, the mechanisms underlying the 

beneficial effects of DR are anything but simple. Indeed, after decades of intensive 

research efforts to understand the mechanisms of DR, several genes have been 

explored as the key factors for the DR pathway, such as mTOR, IGF-1, AMPK and 
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SIRT1 (For review, see [14]). Until now, most of them involved in early nutrient 

sensing steps and cellular growth signaling pathway, and specific metabolic 

pathways, especially those at the final steps actually responsible for the effects of 

DR, are largely unknown. 

Systems biology seeks to integrate data from genomics, transcriptomics, 

proteomics, and metabolomics in order to ascertain functional linkages within a 

biomolecular framework (see Figure 1). By applying visualization tools for 

analysis, the systems biology approach allows for the construction of a “network of 

networks”, thereby providing a novel prospective by which biological functions 

can be evaluated and redefined, at the systems level. [15]. Metabolomics and 

genomics are the most routinely employed in systems biology due to their 

advanced high throughput screening technologies. Metabolomics utilize NMR and 

LC-MS, which are often useful for generating an integrated view of the 

biochemistry and physiology in complex organisms. Genomics utilize cDNA 

microarray to permit the simultaneous analysis and linkage of thousands of genes. 

With technological support, systems biology is an influential approach to 

understand the principal mechanisms in biology. 
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Figure 1 Systems biology overview. Systems biology approaches with related 

tools were presented. The approaches and tools highlighted with bold were 

employed in current study. 
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Part I 

Multi-platform urine metabolomics analysis revealed 

the contribution of phase-II detoxifications for 

beneficial effect of dietary restriction 

 

I. Introduction 

 

Previous studies have mostly focused on genomic or proteomic changes by DR, 

instead of directly looking at the alteration of metabolism or metabolites. 

Metabolomics, which has attained much interest in recent years [16-18], may be a 

good approach to investigate the effect of DR, with directly obtaining metabolic 

changes elicited by environmental factors. Compared with genomics or proteomics, 

which often used extracted DNA or proteins from particular tissues, metabolomics 

employs body fluids, i.e. urine or blood, which contained the end of products of 

cellular processes to more systemically reflect metabolic statuses of multiple 

organs. In particular, urine has been used extensively to investigate the mechanism 

of external stimuli, i.e, drugs or toxic responses, at most major target organs, such 

as lung, kidney, liver, or heart [19-25]. Still, metabolomics studies on the DR 

effects have been very limited. Some few previous ones reported the 

phenomenological urine metabolic markers changed by DR, without identification 

and/or validation of specific metabolic pathways reflected at the actual tissue or 

enzyme levels, leaving them insufficient for understanding the metabolic 

mechanism of DR [26,27]. In addition, those studies employed either NMR or LC-
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MS approach without validation across the two analytical platforms.  

Among the metabolic pathways that can directly affect the integrity of multiple 

organs, hence the long term health of an individual, are phase II detoxification 

pathways [28]. The phase II detoxification systems are conjugation reactions that 

attach hydrophilic moieties to reactive metabolites, thus facilitating the elimination 

of the harmful metabolites from body, ultimately reducing their toxicities (see 

Figure 2) [29]. The enzymes involved in these processes include sulfotransferase 

(SULT), glutathione-S-transferase (GST), glycine-N-acyltransferase (GLYAT), and 

uridine 5'-diphospho-glucuronosyltransferase (UGT) [30]. The beneficial effects of 

phase II reactions have been particularly studied in relation to the mechanism of 

healthful dietary ingredients. It is well-believed that many of such foods can 

prevent cancers, hence the term chemoprevention, by inducing phase II 

detoxification systems [31-33]. Although DR also substantially reduces the 

incidence of cancers, the exact mechanism remains elusive.  

Here, multi-platform metabolomics were employed to study underlying the 

mechanism of beneficial effects of DR on rats. Urine metabolomics markers 

suggest that DR enhances phase II detoxification pathway, which was confirmed by 

conjugation metabolite profiling and changes in mRNA/protein expression levels 

of phase II enzymes in actual liver tissue. A possible molecular mechanism was 

also characterized by showing Nrf-2 pathway activation upon DR. The current 

study provides new metabolic insights on the beneficial effects of DR as well as a 

workflow for studying DR’s effects in metabolic perspective. 
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 Figure 2 Mechanism of xenobiotic metabolism. 
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II. Materials and methods 

 

A. Materials 

 

1. Chemicals and reagents 

HPLC-grade acetonitrile and water were purchased from Burdick & Jackson 

(Morristown, NJ, U.S.A.). Chemicals for NMR and LC-MS analysis were obtained 

from Sigma-Aldrich (St. Louis, MO, U.S.A.). Vendors for biological reagents are 

indicated in the corresponding sections. 
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B. Methods 

 

1. Animal and diets 

Male Sprague-Dawley (SD) rats approximately 9-weeks-old were purchased 

from Orient Bio (Sungnam, Seoul, Korea). The animals were housed under 

standard laboratory conditions with regulated temperature of 22±2 °C, humidity of 

50±5% under a 12 h light/dark cycle. Animal care and all experimental procedures 

were conducted in accordance with the guide for animal experiments edited by the 

Korea Academy of Medical Science. Prior to the animal experiment, the rat were 

allowed to acclimatize for one week within the laboratory. After adaptation, the rats 

were randomly separated into two groups: control (n = 8) and DR (n = 13). The 

daily food consumption for the control group was calculated by counting out the 

remained food from the initially offered food. The DR practice was performed 

following the established protocols [34]. The DR group received 60% amount of 

food intake of the control group. The food was offered every Monday, Wednesday, 

and Friday. The amount of food offered on Friday was one and a half times of that 

offered on Monday. 

 

2. Urine, blood, and tissue collection 

For urine collection, the rats were housed into the metabolic cage once in every 

two weeks. The metabolic cage was specially designed to avoid fetal contamination.  

Ice-cold jar with sodium azide was used for urine collection to prevent urine 

samples from bacteria growth and spoiling of chemical components. The collected 
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urine samples were frozen and stored at –80 °C for analysis. Three months after 

dietary restriction practice, all rats were sacrificed under isoflurane anesthesia and 

liver, kidney, brain, and muscle tissues were collected. Blood was collected using 

heart puncture at the end of the experiment before sacrifice. One milliliter of 

collected blood was incubated at room temperature for 60 min, and then 

centrifuged at 3,000 rpm for 10 min at 4 °C. The supernatants of clear yellow fluid 

were moved to new centrifuge tube. The serum and the same small parts of the 

relative tissues of each sacrificed rat were snap-frozen with liquid nitrogen, stored 

at −80 °C and thawed just before analysis. The rest of the tissues were prepared 

into paraffin blocks with routine procedures, and were used for histopathological 

examination.  

 

3. Urine samples preparation for NMR 

Urine samples were thawed at room temperature and centrifuged at 13,000 rpm 

for 10 min to remove insoluble parts. Five hundred microliter of urine was mixed 

with 50 μL of potassium phosphate buffer (pH = 7.4). After centrifugation at 

13,000 rpm for 10 min, 450 μL of supernatants were mixed with 50 μL D2O 

containing sodium-3-trimethylsily-[2,2,3,3-2H4]-1-propionate (TSP, 0.025%, w/v) 

as internal standard, then placed into a 5 mm NMR tube.  

 

4. NMR Spectroscopic analysis of urine 

All one-dimensional spectra of the urine samples were measured on a 500 MHz 

Bruker Avance spectrometer equipped with a cryogenic triple resonance prove 
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(Ochang, Korea). 500 MHz machine (VNMRS500) at Varian Inc. Korea’s facility 

was used for metabolite identification. The acquisition parameters were essentially 

the same as those previously reported [35-37]. The metabolites were identified 

using Chenomx (Spectral database; Edmonton, Alberta, Canada) by fitting the 

experimental spectra to those in the database and comparison with standard 

compounds.  

 

5. LC-MS analysis of urine 

For LC-MS analysis, the thawed urine samples were centrifuged at 15,000 rpm 

for 10 min to remove the insoluble materials, and then the supernatants were 

injected with an injection volume of 5 μL. The LC-MS methods utilizes an HPLC 

system (Agilent 1100 Series) using a Kinetex C18 analytical column (100 × 4.6 

mm, 2.6 μm, Phenomenex, CA, U.S.A.) in conjugation with additional a binary 

pump, an auto-sampler, and a degasser (Agilent, CO, U.S.A.). During the 

separation, the temperature of column and auto-sampler sets at 35 °C and 4 °C, 

respectively. The mobile phase was a mixture of 0.1% (v/v) formic acid in distilled 

water (phase A) and 0.1% (v/v) formic acid in acetonitrile (phase B). With a binary 

mobile phase, the injected samples were delivered at a flow rate of 0.35 mL/min 

and the entire eluent was carried into a mass spectrometer. The gradient of phase B 

was as follows: 0% B at 0 min, 25% B at 14 min, 100% B at 23 min, 100% B at 

28.50 min, 0% B at 29 min, and 0% B at 35 min. 

For MS analysis part, an LTQ XL high performance linear ion trap mass 

spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) equipped with 
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an electrospray (ESI) source operated in positive ion mode was utilized. The 

operating conditions of the mass spectrometer were as follows: an ion spray 

voltage of 5 kV, a heated capillary temperature of 275 °C, and a high purity 

nitrogen (> 99%) dry gas was used for the sheath gas, auxiliary gas, and sweep gas, 

and the relative pressures set at 35, 10, and 2 (arbitrary units), respectively. Full 

scanning analyses were performed in the range of m/z 75-1000, and 35 V 

normalized collision energy was used for MS/MS (MS2). For neutral loss scanning, 

data-dependent scanning was started when the neutral loss of glucuronide and 

glycine were detected as a decrease in m/z ratio of 176 (glucuronide) and 57 

(glycine) Da. The chromatographic and mass spectral functions were controlled by 

the Xcalibur software (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.). 

Identification of metabolites were established using m/z values and MS2 

fragmentation patterns which were compared to those in the HMDB 

(www.hmdb.ca), METLIN (metlin.scripps.edu) and Massbank (www.massbank.jp) 

databases. These identifications were further confirmed using standard compounds 

for all but two metabolites (phenylalanylhydroxy-proline and hydroxymethoxy-

indole-glucuronide). For these two, ultra-high resolution MS spectra with 15T FT-

ICR (with the resolution of 3,000,000 and accuracy of 0.2 ppm) were obtained. The 

experiment gave molecular formula for each measured m/z value (340.10269, 

C15H18NO8 for hydroxymethoxy-indole-glucuronide and 279.13393, C14H19N2O4 

for phenylalanylhydroxy-proline), which matched nicely with the calculated 

monoisotopic masses of the metabolites, 340.102693 and 279.133933, respectively. 
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6. Multivariate data and statistical analysis 

All the obtained time domain NMR data were Fourier transformed, phase 

corrected, and baseline corrected manually. The region (0.4-10.0 ppm) was used 

with the exclusion of water (4.6-5.0 ppm) and urea (5.6-6.0 ppm). One dimensional 

NMR chemical shifts were normalized against total integration values and 0.025% 

TSP, and then binned at a 0.044 ppm interval to reduce the complexity of the NMR 

data for pattern recognition. The MS raw data were processed using the 2.2 version 

of the MZmine software [38]. The peak detection was achieved consecutively 

using the chromatogram builder and peak deconvolution functions. After 

performing peak detection, peak list of individual samples were aligned using the 

RANSAC aligner method. Retention time, m/z ratio, and peak height of the 

resulting peak list were then exported as a csv file. The signals were, and then 

converted to an ascii text file. The binning, normalization, and conversion were 

done using a Perl software written in-house. The resultant data sets were then 

imported into SIMCA-P version 11.0 (Umetrics, Umeå, Sweden) and mean-

centered with Pareto scaling for multivariate statistical analysis. All experiments 

were repeated at least three times. Data are presented as the means ± SD for the 

indicated number of independently performed experiments. Statistical significance 

(p < 0.05) was assessed by student’s t-test and Mann-Whitney U-test. 

 

7. Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was isolated from liver tissue by easy-spinTM Total RNA Extraction 

Kit (Intron, Seoul, Korea). The first-strand cDNA was synthesized by High 
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Capacity cDNA Reverse Transcription Kit (Applied Biosystem, U.S.A.) following 

the manufacturer’s instruction. The primer sequences of UGT1A, UGT2B, and 

GLYAT were as follows: UGT1A sense: 5’-ACACCGGAACTAGACCATCG-3’; 

antisense: 3’-TTGGAACCCCATTGCATATT-5’; UGT2B sense: 5’-ATGCGCCAC 

AAAGGGGC-3’; antisense: 3’-GCAGGAATCCAATCACATCCAGAGAGTG-5’; 

GLYAT sense: 5’-CCATGGAAACCCATTCAATC-3’; antisense: 3’-GTGGGACT 

GGGAACTTTGAA-5’. The predicted sizes were 153 bp, 91 bp, and 223 bp, 

respectively. Beta-actin was used as control, the sense and antisense primers of 

which were 5’-AGCCATGTACGTAGCCATCC-3’ and 3’-CTCTCAGCTGTGGT 

GGTGAA-5’, respectively. The predicted size was 228 bp. The PCR mixtures 

contained 1 μL of cDNA synthesized from 2 μg of total RNA, 3.2 μL of dNTP, 2 

μL of 10 × ExTaq buffer, 0.1 μL of ExTaq DNA polymerase (Takara, Japan), and 

each 20 pmol of sense and antisense primers from UGT1A, UGT2B, GLYAT, and 

beta-actin in total volume of 20 μL. The PCR was performed with the following 

steps: Initial denaturation at 95 °C for 5 min, followed by 33 cycles (denaturation 

at 95 °C for 1 min, annealing at 55 °C for 1 min, and extension at 72 °C for 1 min) 

and final extension at 72 °C for 10 min. The PCR products were separated on a 1% 

agarose gel by electrophoresis. 

 

8. Western blot 

For western blot, 60 mg of liver tissue was measured and ground into powder 

using mortar under liquid nitrogen. The powders of liver tissue were suspended in 

1 mL of RIPA buffer containing protease inhibitor (2 μg/mL of Aprotinin, 1 μg/mL 
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of Pepstatin and 1 mM of PMSF), and put on ice for 30 min. After centrifugation at 

13,000 rpm for 30 min, the supernatant containing the total protein released from 

liver tissue was quantified using BCATM Protein Assay Kit (Pierce, Appleton, WI, 

U.S.A.). Twenty five micrograms of total protein was subjected to 10% SDS/PAGE, 

and the resolved proteins were transferred to nitrocellulose membranes (Bio-Rad, 

CA, U.S.A.). The membranes were blocked with blocking buffer (5% non-fat dry 

milk in PBS containing 0.1% Tween-20 (PBST)) for 1 h at room temperature. After 

washing three times with PBST, the membrane was blotted with antibodies against 

UGT1A, UGT2B, multidrug resistance-associated protein 3 (MRP-3), and 

NAD(P)H dehydrogenase 1 (NQO-1) (1:1,000; Santa Cruz Biotechnology, CA, 

U.S.A.), Nrf-2 (1:100; Santa Cruz Biotechnology, CA, U.S.A.), heme oxygenase-1 

(HO-1) (1:1,000; Enzo Life Sciences, MI, U.S.A.), followed by treatment with 

anti-mouse, anti-goat, or anti-rabbit (1:10,000; Santa Cruz Biotechnology, CA, 

U.S.A.) secondary antibodies conjugated with HRP at RT for 1 h. Blots were 

analyzed by LAS 3000 (Fuji Film Corp., Tokyo, Japan). 

 

9. Liver tissue histopathology and serum biochemistry 

After fixation for 48 h, liver tissues were embedded in paraffin according to 

routine procedures. Four-micrometer thick sections were cut and stained with 

hematoxylin-eosin (H&E) and periodic acid-schiff (PAS) for histopathological 

evaluation. An expert pathologist at Inha University Hospital blindly analyzed the 

tissue slices. Serum ALT, AST, ALP, TG, LDL, and insulin levels were measured 

using commercial kits at Inha University hospital (Incheon, Korea). 
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III. Results 

 

A. General assessment of DR effects 

 

To confirm whether the dietary restriction (DR) procedure is in corrective 

progress, the general parameters, such as body weight, low density lipoprotein 

(LDL), and triglyceride (TG), were measured. As shown in Figure 3, the body 

weight was time dependently reduced in the DR group. In addition, levels of LDL 

and TG were also significantly decreased after three months’ of DR. As LDL and 

TG are two important risk factors for age-associated disease, ensuring that DR 

procedure induced an obvious difference between the control and DR groups, 

indicating that current conditions worked well as expected.  
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Figure 3 General assessment of DR effects. Weekly body weight changes were 

measured with a scale in the animal care facility (control: black filled square; DR: 

black filled circle). Low density lipoprotein (LDL) and triglyceride (TG) levels 

were measured at Inha University hospital (Incheon, Korea). 
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B. NMR and LC-MS analysis of urine samples 

 

Dietary restriction is one style of diet, and in addition, the diet directly 

influences metabolic pathways. So it can be supposed that DR may mediate the 

metabolism directly. Therefore, the metabolomics is just the right approach to 

characterize metabolic alteration and investigate the metabolism. Because the 

metabolomics is concerned with the comprehensive analysis of metabolites as a 

whole in a given sample [39]. In addition, NMR and LC-MS are used as two 

canonical detection tools for metabolomics profiling, and each one has its own 

merits. NMR has advantages of being non-destructive and applicable to 

determination of molecular structures, even in mixture samples [40], but has the 

disadvantage of low sensitivity [41]. In contrast, LC-MS is a highly sensitive 

detection technique that ionizes the sample components, with the function of 

separating the resulting ions in vacuum based on their mass-to-charge ratios and 

measuring the intensity of each ion [42]. Therefore, an approach combining NMR 

and LC-MS is a relatively complemented method. 

To characterize the effect of DR, urine metabolic profiling of the control and DR 

groups were measured using NMR and LC-MS-based metabolomics analysis.  

Urine samples can well represent the systemic effects and successfully applicable 

in several organism metabolomics studies [20,24,25,43,44]. Representative 1H 

NMR spectra with identified metabolites (Figure 4A and 4B) and an LC-MS 

chromatogram (Figure. 4C and 4D) are shown. A number of compounds were 

identified in the urine as a preliminary step in finding contribution signals. For 
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NMR, the assignments were established using the spectra of the standard 

compounds and Chenomx database (Edmonton, Alberta, Canada) (see Table 1). For 

LC-MS, identification of metabolites were established using m/z values and MS2 

fragmentation patterns which were compared to those in the HMDB 

(www.hmdb.ca), METLIN (metlin.scripps.edu), and Massbank (www.massbank.jp) 

databases (see both Table 1 and Table 2). As it is not possible to point out the 

differences in metabolic profile between the control and DR groups using simple 

visual inspection, a multivariate statistical analysis was performed to analyze in a 

more holistic way and to identify the contribution signals for group classification. 
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Figure 4 Representative 1H NMR and LC-MS spectra of urine collected from 

the control and DR groups. The NMR spectra were taken for urine samples 

containing 150 mM phosphate buffer (pH 7.4) and 0.025% TSP as an internal 

standard for the control (A) and DR (B) groups. The LC-MS experiments were 

performed with injection of 5 μL urine from the control (C) and DR (D) groups. 

The numbers on the spectra indicate assigned peaks corresponding to the 

metabolites listed in Table 1. For NMR, the assignments were established using the 

spectra of the standard compounds and Chenomx database (Edmonton, Alberta, 

Canada).  
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Table 1 Metabolites identified with NMR and LC-MS analysis*.  

Metabolites 

Structural identifiers 
p-value 

lower 

than 

Fold 

change 

(%) 

 
ppm (multiplicity) for 

NMR; m/z, Ret. time(min), 

daughter ions for LC-MS 

1 1-Methylhistidine†  3.20(m), 3.25(m), 7.06(s) 4.85E-4 83.46 ★ 

2 α-ketoglutarate 2.45(t), 3.02(t) 0.045 -22.60 ★ 

3 3-indoxylsulfate 7.20(t), 7.28(t), 7.37(s), 

7.51(d), 7.70(d) 

0.054 49.86  

4 3-Methylglutarate 0.93(d), 2.01(d), 2.26(m) 0.943 -0.52  

5 Acetate 1.93(s) 0.750 7.01  

6 Acetoacetate 2.30(s), 3.52(s) 0.012 31.23 ★ 

7 Adenine† 8.32(s), 8.38(s) 0.710 16.23  

8 Alanine† 1.49(d), 3.80(m) 0.063 -12.44  

9 Allantoin† 5.38(s), 6.07(s) 0.129 23.92  

10 Arginine† 1.68(m),1.93(m) 0.036 -9.42 ★ 

11 Citrate† 2.55(d), 2.69(d) 0.078 -47.57  

12 Dimethylamine 2.73(s) 0.273 -8.13  

13 Ethanol 1.17(t), 3.63(q) 0.140 14.60  

14 Formate 8.47(s) 0.292 -19.42  

15 Fucose 1.21(d), 1.24(d) 0.798 -1.68  

16 Glycine 3.60(s) 0.704 -22.13  
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17 Guanidoacetate† 3.80(s) 0.228 -10.42  

18 Hippurate† 3.97(d), 7.55(t), 7.64(t), 

7.84(d), 8.54(s) 

0.856 2.62  

19 Indole-3-acetate† 7.13 – 7.30(m), 7.51(d) 0.093 24.79  

20 Lactate† 1.35(d), 4.13(m) 0.037 -14.69 ★ 

21 N,N-Dimethylglycine† 2.93(s), 3.73(s) 0.018 -45.23 ★ 

22 N-Acetylaspartate 2.04(s), 2.53(m), 2.70(m), 

4.40(m) 

0.251 -9.28  

23 Pyridoxine† 2.41(s), 7.68(s) 0.243 -20.99  

24 Pyruvate 2.38(s) 0.714 5.99  

25 Succinate† 2.41(s) 0.243 -20.99  

26 Taurine† 3.28(t), 3.43(t) 0.064 49.03  

27 Trigonelline† 4.44(s), 8.84(t), 9.13(s) 0.869 6.79  

28 Tyrosine† 6.87(d), 7.19(d) 0.245 -10.08  

29 Uracil†,‡ 5.72(s)    

30 Urea‡ 5.81(s)     

31 p-Cresol 2.25(s), 6.87(d) 0.393 -5.89  

32 Trans-Aconitate 3.49(s), 6.53(s) 0.531 -6.79  

33 Methylhippurate  249.20 17.55 249, 119, 

105 

3.03E-5 138.81 ★ 

34 Phenylacetylglycine† 194.17 16.44 176, 76, 

148, 91 

1.32E-4 86.78 ★ 

3.66(s), 3.78(d), 7.36(t), 
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7.42(t) (ppm) 

35 Creatinine† 114.19 2.91 114, 86 1.44E-3 18.90 ★ 

3.05(s), 4.05(s) (ppm) 

36 Hydroxymethoxy-

indole-glucuronide  

340.22 16.0 164, 146, 

122, 118 

5.13E-4 103.78 ★ 

37 Methoxytyrosine  212.16 3.947 194, 166, 

153, 109 

8.03E-4 -11.15 ★ 

* The associated signal numbers (see Figure 4), structural identifiers (NMR: ppm 

and J values; MS: m/z, Ret. time and daughter ions), and Mann-Whitney U-test (a 

star with p < 0.05) are presented. The fold change values are from area-normalized 

peak intensities and represent percent changes of the DR group with respect to the 

control values, with negative values for the decrease and positive for the increase. 

All of the NMR-identified metabolites and LC-MS-identified metabolites with 

significant changes are included. Additional metabolites identified with LC-MS 

without significant changes are listed in the Table 2. All the metabolites were 

confirmed with standard compounds and MS/MS analysis except for those two that 

were confirmed with 15T FT-ICR (see the method section for details). 

† They were detected both in the NMR and LC-MS. 

‡ These were not used in the normalization process. 
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Table 2 Additional metabolites identified with LC-MS analysis*. 

Metabolites 
RT 

(min) 
m/z MW 

Chemical 

Formula 

1 1-Methyladenosine 6.17 282.19 281.11241 C11H15N5O4 

2 1-Methylnicotinamide 2.85 137.10 136.06366 C7H8N2O 

3 7-Methylguanine 6.23 166.15 165.0651 C6H7N5O 

4 Betaine 2.90 118.14 117.07898 C5H11NO2 

5 Choline 2.80 104.17 103.09971 C5H13NO 

6 Deoxycytidine 4.80 228.17 227.09060 C9H13N3O4 

7 Diethanolamine 2.90 106.17 105.07898 C4H11NO2 

8 Homoarginine 3.32 189.17 188.12733 C7H16N4O2 

9 Hypoxanthine 2.85 137.15 136.03851 C5H4N4O 

10 L-Carnitine 2.86 162.15 161.10519 C7H15NO3 

11 L-Citrulline 21.12 176.14 175.09569 C6H13N3O3 

12 L-Leucine 6.49 132.14 131.09463 C6H13NO2 

13 L-Methionine 5.37 150.08 149.05105 C5H11NO2S 

14 L-Phenylalanine 9.65 166. 16 165.07898 C9H11NO2 

15 L-Tryptophan 6.49 205.04 204.08988 C11H12N2O2 

16 L-Valine 2.90 118.11 117.07898 C5H11NO2 

17 N-Acetylglutamine 4.32 189.18 188.07971 C7H12N2O4 

18 N8-Acetylspermidine 2.73 188.26 187.16853 C9H21N3O 

19 Phenylalanylhydroxy- 16.14 279.27 278.12672 C14H18N2O4 
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proline 

20 Pyroglutamic acid 3.93 130.0479 129.04258 C5H7NO3 

21 Riboflavin 15.83 377.24 376.13827 C17H20N4O6 

22 Tyrosine 6.93 182.22 181.07389 C9H11NO3 

23 Tyramine 3.19 138.07 137.0841 C8H11NO 

24 Uric acid 5.50 169.09 168.02834 C5H4N4O3 

25 Xanthurenic acid 13.24 206.12 205.0375 C10H7NO4 

* The retention time (RT), m/z, molecular weight (MW), and chemical formula are 

indicated. 
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C. OPLS-DA multivariate analysis   

 

To perform group separation and identify the contribution signals, the orthogonal 

projections to latent structure-discrimination analysis (OPLSDA) multivariate 

analysis were carried out using entire NMR and LC-MS data. The OPLS-DA 

model with NMR and LC-MS data were constructed, respectively (see Figure 5A 

and 5B). Each profile of samples is represented by one symbol, filled circle for 

control and open triangle for DR samples. In constructing this plot, the entire NMR 

or LC-MS data are reduced into just two or three variables by matrix rotation, and 

each dot tells the characteristics of the metabolic profile of each sample. Therefore, 

these so-called score plots can show how well these groups can be separated. 

Commonly, the OPLS-DA model applied for classification according to group 

differences. Because the between group variation can be supervised through x axis. 

As OPLS-DA is supervised multivariate analysis, it can classify groups in the 

presence of large structured noise and intra-group variation. As shown in Figure 5A 

and 5B, the discrimination model for both NMR and LC-MS data can be separated 

clearly between the control and DR groups without any overlaps with the following 

statistical characteristics. For NMR, the model had one predictive and three 

orthogonal components with Q2(Y) = 0.637, R2(Y) = 0.936, and total R2(X) = 

0.659, with 0.112 being predictive and 0.547 being orthogonal. For LC-MS, there 

were one predictive and two orthogonal components with Q2(Y) = 0.809, R2(Y) = 

0.968, and total R2(X) = 0.508, with 0.205 being predictive and 0.303 orthogonal. 

These results indicate that OPLS-DA approach is a proper and efficient method for 
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differentiation of the control and DR groups, and current model is trustworthy 

according to high values of goodness-of-fit. 
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Figure 5 Differentiation of the control and DR groups using multivariate 

analysis. Orthogonal projections to latent structure-discriminant analysis (OPLS-

DA) score plot of the control and DR groups from NMR (A) and LC-MS (B). 

Filled circles: control group; Open triangles: DR group. The models were 

established using one predictive and three orthogonal components for NMR and 

one predictive and two orthogonal components for LC-MS, respectively. 
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D. Metabolites related to DR 

 

After clear separation between the control and DR groups, identification of the 

metabolites contributing to the differentiation was tried. The S-plot presenting the 

modeled correlation (p(corr)) and covariation (p) in a single figure was constructed, 

allowing us to select significant markers more easily among noisy signals (Figure 

6A and 6B). As the contributing signals had higher values for both correlation and 

covariation, 7.42, 7.36, 7.06, 2.45, and 2.93 ppm for NMR and m/z value of 194.17, 

114.19, and 340.22 for LC-MS were picked up. Based on identification results of 

NMR and LC-MS, these contributing signals belong to phenylacetylglycine (7.42, 

7.36 ppm and m/z = 194.17), 1-methylhistidine (7.06 ppm), α-ketoglutarate (2.45 

ppm), N,N-dimethylglycine (2.93 ppm), creatinine (m/z = 114.19), and 

hydroxymethoxy-indole-glucuronide (m/z = 340.22) (see Table 1).       

To validate the significance of these marker signals, a Mann-Whitney U-test on 

the levels of these metabolites were carried out (Figure 6C-J). All of these signals 

were significantly altered in the DR group compared to those of the control group. 

These results indicated that these metabolites are statistically meaningful and 

reliable contributors for group differentiation. 
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Figure 6 Marker signals contributing to the differentiation between the 

control and DR groups. S-plot analysis to identify the contributing signals for the 

control and DR groups from NMR (A) and LC-MS (B). The p represents modeled 

covariation, and p(corr) represents modeled correlation. Potential marker signals 

that are significantly biased across the two groups are enclosed in boxes. The levels 

of the signals identified by the analysis were compared by Mann-Whitney U-test, 

and the resulting p-values are indicated. 7.36 ppm (C), 7.42 ppm (D) and 7.06 ppm 

(E) from NMR, m/z = 114.19 (F), m/z = 194.17 (G), and m/z = 340.22 (H) from 
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LC-MS significantly increased in the DR group; 2.45 ppm (I) and 2.93 ppm (J) 

from NMR decreased in the DR group. The solid boxes represent the 25 and 75 

percentile values with the median value inside it. The whiskers represent outliers 

with coefficient value 1.5. 
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E. Profiling of general glucuronide and glycine conjugation 

via neutral loss scanning 

 

Among these contributors, phenylacetylglycine and hydroxymethoxy-indole-

glucuronide are significantly increased in the DR group. In addition, these two 

metabolites are common phase II detoxification products, assembled by the 

mechanism of glycine and glucuronide conjugation, respectively. Therefore, the 

phenomena that many other metabolites created by phase II detoxification reaction 

are universal distributed in the DR group could be speculated. To validate this 

speculation, the general metabolites created by glycine and glucuronide 

conjugation were measured. As a method termed neutral loss scanning of LC-MS is 

usable to detect these metabolites, LC-MS to scan the overall profiles of 

compounds with 176 (glucuronide) and 57 (glycine) were applied. As shown in 

Figure 7A-7D, the numbers and the intensities of the peaks are much larger in the 

DR group. To confirm the statistical validity, the integrations of peak area are 

compared between the control and DR groups using student’s t-test. As shown in 

Figure 7E and 7F, the peak areas for both glucuronide and glycine are significantly 

increased in the DR group with the p-values of 0.017 or 0.011, respectively, 

indicating that the general metabolites created by the mechanism of glycine and 

glucuronide conjugation were enhanced in the DR group. These results confirmed 

that the DR group performed higher activity in phase II detoxification pathways. 
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Figure 7 Neutral loss scanning for general assessment of glucuronide and 

glycine conjugation reactions. Glucuronide (A & B) and glycine (C & D) 

conjugation profiling based on neutral loss scanning of m/z 176 (glucuronide) and 

57 (glycine) in the control (A & C) and DR (B & D) groups. The MS2 step was 

carried out using 35 V normalized collision energy. The neutral fragment plots 

show the retention times and intensities of compounds which experience the loss of 

a specified common neutral (m/z 176 and 57) fragment. The numbers on the peaks 

indicate tentative assignments of conjugated metabolites (1: Tyramine glucuronide; 

2: Indole acetylglycine). The peak area obtained from the result of neutral loss 

scanning of glucuronide (E) and glycine (F) in the control and DR groups were 

calculated. The levels were compared with student’s t-test and the resulting p-

values are indicated. 
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F. Assessment of phase II detoxification pathways in liver 

tissue 

 

As the urine metabolite profile showed that the general metabolites created by 

glycine and glucuronide conjugation reactions were enhanced in the DR group, 

whether this phenomenon is observed the same in the actual tissues was another 

question. To confirm the levels of the two key markers, hydroxymethoxy-indole-

glucuronide and phenylacetylglycine were decided to be measured in liver tissue, 

as liver tissue is the main organ for the phase II detoxification pathways. The LC-

MS measurement of the levels of these metabolites showed that both of two 

markers were elevated in liver tissue from the DR group (Figure 8), consistent with 

the result from urine, indicating that the urine metabolomics results adequately 

reflected the metabolic changes in liver tissue. For more detailed characterization 

of the pathway, the enhanced conjugation reactions at the metabolic enzyme level 

were investigated. The mRNA levels of the phase II detoxification primary 

enzymes for glucuronide and glycine conjugation reaction were compared, such as 

Uridine 5'-diphospho-glucuronosyltransferase 1A (UGT1A), 2B (UGT2B), and 

Glycine-N-acyltransferase (GLYAT), respectively. As shown in Figure 9A and 9C, 

all the enzymes had significantly enhanced mRNA expression in the DR group. 

Subsequently, the protein levels of these enzymes were measured via western blot. 

Both UGT1A and UGT2B showed similarly enhanced protein levels in the DR 

group (Figure 9B and 9D), consistent with the mRNA level. Although the GLYAT 

enzyme level could not be directly measured because of the failure of all available 
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antibodies (data not shown), the increased mRNA level should reflect the protein 

level, because phase II enzymes are generally transcriptionally regulated [31], as 

shown for UGT1A and UGT2B. These data confirm that phase II detoxification 

pathways, particularly glucuronide and glycine conjugation, in the relevant organ 

(the liver) were up-regulated in the DR group.  
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Figure 8 Levels of the two marker products of phase II detoxification reactions 

in liver tissue. Phenylacetylglycine (PAG) and hydroxymethoxy-indole-

glucuronide (HMI-glucuronide) were measured in liver tissue using LC-MS. The 

levels of the signals identified by the analysis were compared with student’s t-test 

and the resulting p-values are indicated. Error bars represent standard deviation. All 

the animals for which metabolomics data were obtained were tested (control: n = 8 

and DR: n = 13). 
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Figure 9 Levels of the phase II detoxification enzymes for glucuronide and 

glycine conjugation in liver tissue. Reverse transcription-PCR (A) and western 

blot (B) represent the mRNA and the expressed protein levels of the phase II 

detoxification enzymes for glucuronide and glycine conjugation, such as Uridine 

5'-diphospho-glucuronosyltransferase 1A (UGT1A), 2B (UGT2B) and Glycine-N-

acyltransferase (GLYAT) in liver tissue. Beta-actin (Actb) was used as control. Bar 

charts represent the comparison of the mean band intensities for the levels of phase 

II enzymes in terms of mRNA (C) and protein (D) normalized to that of the Actb. 

Statistical analysis was performed using student’s t-test, and the resulting p-values 

are indicated. Error bars represent standard deviation. All the animals for which 

metabolomics data were obtained were tested (control: n = 8 and DR: n = 13). 

Western blot result for GLYAT could not be obtained, as none of the available 

antibodies reacted with rat GLYAT. 
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G. Biochemical and histopathological changes in liver tissue 

 

To characterize the effects of DR, phenomenon on the integrity of liver tissue 

was next investigated via blood biochemistry and direct tissue histopathological 

staining. Alkaline phosphatase (ALP), aspartate transaminase (AST), and alanine 

transaminase (ALT) levels were measured in blood, which are generally employed 

to estimate the functional integrity of liver cells (Figure 10A–10C). ALP and AST 

levels were not much different in both groups, but ALT level was significantly 

decreased in the DR group. As ALT is commonly measured clinically as a part of a 

diagnostic evaluation of hepatocellular injury to determine liver health, this finding 

suggested that liver cells in the DR group were somewhat healthier in a 

biochemical sense. The histopathological stainings were also carried out to perform 

the changes in the actual tissue. Hematoxylin-eosin (H&E) staining showed no 

gross pathophysiological differences between the control and DR groups (Figure 

10D and 10E), but the DR group exhibited noticeably denser cytoplasm, which 

might have been due to a decrease in glycogen granules. To confirm this, periodic 

acid-Schiff (PAS) staining was performed, and the DR group showed glycogen 

depletion relative to the control group (Figure 10F and 10G). This might well be 

due to reduced insulin level, which is one of the well-documented beneficial effects 

of DR [45-47]. To test this, insulin level was measured in blood samples. 

Consistent with the speculation, the insulin level is indeed significantly decreased 

in the DR group (Figure 11). Overall, DR induced glycogen depletion in liver 

tissue due to lower secretion of insulin, which promotes the absorption of glucose 
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from the blood to actual tissue. These results indicate that DR induces beneficial 

biochemical and metabolic changes in liver tissue. 
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Figure 10 Blood biochemistry and tissue histopathological staining. Serum 

alkaline phosphatase (ALP), aspartate transaminase (AST), and alanine 

transaminase (ALT) activities were measured using commercial kits employing 

spectrophotometric assays. Average values of ALP (A), AST (B), and ALT (C) 

levels of each group are plotted along with their standard deviations. Student’s t-

test was also performed and the resulting p-values are indicated. Error bars 

represent standard deviation. All the animals for which metabolomics data were 

obtained were tested (control: n = 8 and DR: n = 13). H&E staining and PAS 

staining of liver tissues were performed on paraffin block of the samples: H&E 

staining control (D) and DR (E) groups (200X); PAS staining control (F) and DR 

(G) groups (100X). 
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Figure 11 Absolute concentration of insulin in rat serum from the control and 

DR groups. Absolute concentration of insulin in rat serum was measured using 

commercially available kit following factory instruction. The concentration of the 

insulin was compared with student’s t-test and the resulting p-value is indicated. 

Error bars represent standard deviation. All the animals for which metabolomics 

data were obtained were tested (control: n = 8 and DR: n = 13). 
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H. Up-regulation of Nrf-2 signaling pathway 

 

As transcriptional control of the expression of phase II enzymes is mediated by 

transcriptional factor Nrf-2, Nrf-2 signaling pathways is important to activate phase 

II detoxification metabolism [48,49]. Nrf-2 is also important in protecting cells 

from oxidative stress [50]. When cell is activated by extracellular stimulation, Nrf-

2 translocates into the nucleus and regulates its downstream target enzymes, such 

as Heme oxygenase 1 (HO-1), Multidrug resistance-associated proteins 3 (MRP-3), 

and NAD(P)H quinone oxidoreductase 1 (NQO-1), also including phase II 

enzymes. As phase II enzymes are enhanced in the DR group, Nrf-2 pathway was 

decided to be investigated more in detail. To compare the activation status of the 

Nrf-2 pathway in the control and DR groups, the expression levels of Nrf-2 and its 

downstream targets were measured in liver tissue. As shown in Figure 12, Nrf-2 

and its downstream targets (except NQO-1), are elevated in the DR group, 

performing that the Nrf-2 signaling pathway was up-regulated in the DR group. 

These results suggest that enhanced phase II detoxification in liver tissue occur in 

the DR group, at least in part, through activation of the Nrf-2 signaling pathway. 
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Figure 12 Up-regulation of the Nrf-2 signaling pathway. Western blots of Nrf-2 

(A), HO-1 (B), MRP-3 (C), and NQO-1 (D) from the liver homogenates of the 

control and DR groups. Beta-actin (Actb) was used as loading control. Bar charts 

below the blots represent the comparison of the mean band intensities for the levels 

of the proteins normalized to that of the Actb. Statistical analysis was performed 

using student’s t-test, and the resulting p-values are indicated. Error bars represent 

standard deviation. All the animals for which metabolomics data were obtained 

were tested (control: n = 8 and DR: n = 13). 
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IV. Discussion 

 

To identify the marker metabolites for DR, NMR and LC-MS analysis were 

carried out, most often used independently in metabolomics studies. NMR has 

merits in quantitation and reproducibility, and LC-MS in terms of sensitivity [51], 

and use of both platforms should be complementing for each other at one time. In 

this study, the use of both approaches expanded the coverage of the markers, and 

gave more reliability to them. For instance, hydroxymethoxy-indole-glucuronide, 

an important marker metabolite involved in glucuronidation, was detected by LC-

MS, and phenylacetylglycine, that gave the idea of enhanced glycine conjugation, 

was detected with both techniques. Creatinine was also detected by both methods, 

and 1-methylhistidine was observed in NMR. Although new metabolites were not 

found out, use of both platforms for metabolomics will perform great potential for 

finding new markers and give reliable results. Hence, it is desirable to see more 

scientists utilize these complementary techniques for metabolomics studies. 

The creatinine level was also increased in the DR group, which is consistent with 

previous results [27,52]. Measurement of urine creatinine has been applied as a 

criterion for kidney functions, but the increase in this study seems to be according 

to increase in muscle protein degradation in the DR condition rather than kidney 

impairment. This is due to the fact that the amounts of collected urine, which often 

decreases in conditions with decreased urinary creatinine, are similar in both 

groups. Moreover, the level of 1-methylhistidine, which is a degradation product of 

muscular actin and myosin and known to be increasing with muscle break-down, 
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was higher in the DR group. Therefore, these two metabolic markers seem to show 

the phenomenon of DR, and may not contradict with the beneficial effects of DR.   

In the current study, the enhancement of phase II metabolism and Nrf-2 pathway 

in liver tissue of the DR group were performed, initiated by metabolomics 

identification of the increased two marker metabolites, such as hydroxymethoxy-

indole-glucuronide and phenylacetylglycine, in urines of the DR group. Prior to the 

non-targeted metabolomics study, non-speculation was generated on the DR’s 

effects, in contrast, a hypothesis of increased phase II reactions was inferred 

according to the identified two markers with larger number of animals (n = 8 for 

control and n = 13 for DR). In addition, the hypothesis of general enhancement in 

glucuronide and glycine conjugation reaction was proven by global profiling of the 

conjugated metabolites with LC-MS-based neutral loss scanning. Still, the 

increased levels of the above two maker metabolites and the essential phase II 

detoxification enzymes, such as UGT and GLYAT, were performed in liver tissue. 

Equally importantly, the mechanism of DR’s effects was observed by finding that 

the Nrf-2 pathway is up-regulated in the DR group, leading to the phase II 

enhancement. Integration of these results makes good sense that enhanced urinary 

elimination of toxic metabolites contributes to the beneficial effects of DR. In this 

experimental frame, the decreased serum ALT obtained from serum biochemistry 

may well reflect the role of protection on liver cells by the enhanced phase II 

detoxification. 

The beneficial roles of phase II detoxification pathway can be also involved in 

cancer prevention [31-33]. For instance, limonene and sobrerol, monocyclic 
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monoterpenoid compounds, have chemoprevention activity at the initiation stage of 

carcinogenesis in a rat breast cancer model by inducing the phase II enzyme 

activities [53], and garden cress ingredients prevented the preneoplastic lesion in a 

rat xenograft model through enhanced UGT activities [54]. Therefore, the 

enhanced phase II detoxification pathway seems to be involved in reduction of 

cancer occurrence rate in another years-long experiment, although it was not 

directly measured in the current months-long experiment. 

Very interesting genetic variability and disorders support the importance of 

phase II metabolism, especially glucuronidation, in maintaining healthy life for 

living organisms that experience constant exposure to xenobiotics through lifetime. 

Cats are very susceptible to drugs at the low levels, while it shows non-toxic 

response to other species at the same level [55,56], because of the uncommon low 

activity of UGT in cats [57,58]. Additionally, acetaminophen is quite toxic to a 

minor population of humans though generally safe to humans, indicating that the 

variability in glucuronidation of the drug among individuals induced above result 

[59,60]. Considering the above, enhanced phase II detoxification could have a role 

in the mean lifespan of a population. 

For C. elegans, enhanced phase II detoxification, to which UGT is a major 

contributor [30], was actually recommended to be conscientious for anti-aging and 

lifespan extension [61]. It has been also suggested that a causation of aging is 

molecular damage caused by toxicants, and that enzymes involved in detoxification 

systems contribute to longevity assurance [62]. The detoxification enzymes 

responsible for longevity assurance has been also proposed by cDNA microarray 
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analysis on daf-2(-) worms [63]. In addition, Nrf-2 ortholog SKN-1 modulate the 

expression of candidate phase II genes in C. elegans [64], and is required for 

lifespan extension by DR [65].  

For higher organisms, the roles of phase II detoxification in the DR’s beneficial 

effects are much less studied. In addition, the relationships are more complex 

between Nrf-2 pathway, its downstream target genes and DR’s effect. For example, 

Pearson and co-workers suggested that Nrf-2 pathway prevents carcinogen-induced 

tumor formation in the DR condition but not requires for the life extension [66]. 

Moreover, the study shows that Nrf-2 downstream target genes, such as NQO-1, 

HO-1, GCLC, and GST are not uniformly increased in the DR condition. Therefore, 

specific downstream target genes of Nrf-2 signaling involved in DR’s effect should 

be evaluated. In current observation, NQO-1 presented insignificant alteration, in 

contrast, Nrf-2 and its targets HO-1 and MRP-3 were significantly increased, 

indicating that the latter are the specific signature of the DR-related Nrf-2 pathway 

activation in rat. 

Based on serum biochemistry, several effects of DR related with liver functions 

were performed (lower serum LDL and TG level, lower glycogen, reduced serum 

insulin and ALT level) that can ultimately contribute to long term health. The 

metabolomics and biochemical results show that the enhanced phase II 

detoxification in liver tissue of the DR group correlates well with the up-regulation 

of the Nrf-2 signaling pathway by DR. The activation of Nrf-2 pathway was 

performed by measuring the protein level of Nrf-2 itself and its downstream target 

gene HO-1 and MRP-3. Specific correlation was also established by directly 
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measuring the UGT and GLYAT levels from liver tissue. Overall, DR increases the 

Nrf-2 level and its downstream target gene that turns up phase II detoxification 

genes in liver tissue, which contributes to the beneficial effects of DR (Figure 13). 

As the complexity of the mechanism of DR, the phase II detoxification pathway 

does not interpret all of the DR’s beneficial effects, and other important metabolic 

pathways should be exist, which could not be performed by just observing urine 

metabolic profiles. As a further work, metabolic profiling of blood, multi-organ 

extracts, or intact tissues, could be next tier to investigate more systems level for 

understanding the mechanism of DR. 
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Figure 13 Overall pathways for the DR’s beneficial inferred from the 

metabolomics study. The DR procedure up-regulates phase II detoxification 

enzymes through Nrf-2 pathway, and the products of these phase II metabolism 

were detected using multi-platform metabolomics approach. The enhanced phase II 

metabolism could be responsible for various beneficial effects of DR such as lower 

ALT level, reduced glycogen granule, reduced cancer incidence [67], and lower 

xenobiotic toxicity [49], reported here and previously. 
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Part II 

Characterization of global metabolic and genomic 

alteration induced by dietary restriction using multi-

organ metabolomics and cDNA microarray in rat 

 

I. Introduction 

 

Metabolomics quantifies the global metabolic profiling in biological tissue 

samples in order to investigate the variation induced by exogenous stimuli or 

genetic modulation. Therefore, this approach is often applied when one seeks to 

identify the metabolic changes and/or biomarkers that are associated with diseases, 

drug administration, or toxicities [16,51,68,69]. Metabolomics profiling in multiple 

tissues has also been successfully applied in understanding the metabolic aspects of 

pathology caused by inducible factors. For example, a comparison of NMR-based 

metabolic profiles from brain, liver, and sera of uninfected and cerebral malaria 

infected mice proposed that these tissues exhibit unique metabolic fingerprints [70]. 

Mice with cerebral malaria infections showed increased levels of triglycerides and 

VLDL-cholesterol only in sera and decreased levels of glutamine in both sera and 

brain, indicating the perturbation in ammonia detoxification and lipid and choline 

metabolism in cerebral malaria infected mice. As another example, an LC-MS-

based metabolomics study of samples from multiple tissues, including plasma, hair, 

liver, and kidney, from mouse model of diabetic mellitus revealed that an 

endogenous compound, N-acetyl-L-leucine, is found in all of the analyzed 
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biological specimens, and that this metabolite appears to be a potential biomarker 

for diabetes [71]. Therefore, these works showed the examples that application of 

metabolomics in multiple tissues is feasible for systemic biological investigation. 

High-density cDNA microarray facilitates the simultaneous analysis of the 

expression levels of thousands of genes. This profiling approach can be extended to 

monitor the gene expression status in tissues on a global basis and provide 

information on genes’ function and functional mechanism involved in 

environmental stimuli, diseases, and cancer [72,73]. A study used tissue microarray 

as a screening tool to successfully diagnose neuroendocrine carcinoma of the breast 

with higher specificity and sensitivity, as compared to whole-mount sections 

analysis [74]. In addition, a comprehensive microarray analysis has been 

established to identify a molecular signature for the early regenerative response 

genes activated in regeneration-competent tissues [75]. Therefore, tissue 

microarray analysis provides a reliable approach to probe the underlying 

mechanism of biological function. Recently, a combination technology of 

genomics and metabolomics is being developed, paving the way for an improved 

understanding of the molecular pathways [76]. 

Among alterations correlated with aging is a decline in glucose tolerance. 

Disturbances in glucose/insulin metabolism lead to a host of chronic disorders 

associated with aging [77]. With insulin and glucose response strongly correlated 

with diet ingredients [78,79], several studies have reported that insulin and glucose 

metabolisms are modulated by DR [10,80,81]. Despite the well-established 

insulin’s mechanism and effects on serum glucose tolerance, the particular 
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metabolic pathways activated in response to DR remain unknown. 

Among the metabolic pathways that are thought to sustain healthy lifespan, 

hence longevity, are phase I and phase II detoxification systems (see Figure 2). 

Phase I detoxification is involved in rendering lipophilic xenobiotics more polar 

and providing sites for a conjugation reaction. As many products of the phase I 

reaction are non-polar in nature, phase II enzymes conjugate charged moieties to 

metabolites produced by phase I enzymes, promoting enhanced excretion. Through 

both phase I and phase II detoxification, harmful xenobiotics are eliminated to 

reduce the accumulation of toxicants [29]. The most well-known phase I and phase 

II detoxification enzymes include cytochrome P450, glycine-N-acyltransferase 

(GLYAT), glutathione-S-transferase (GST), uridine 5'-diphospho-

glucuronosyltransferase (UGT), and sulfotransferase (SULT) [82]. These 

detoxification systems are known to be involved in cancer prevention [83-85], 

however, the connection to DR, another preventive measure for cancer, remains 

unresolved.  

In this work, a combined multi-organ metabolomics and cDNA microarray 

approach was carried out to extend the understanding of the beneficial effects of 

DR. Multi-organ metabolomics demonstrated that DR enhances phase II 

detoxification and alters energy metabolism, which were supported by serum 

biochemistry and cDNA microarray data combined with gene, pathway enrichment, 

and gene ontology (GO) terms analysis. In addition, the pathway enrichment and 

GO terms analysis revealed that the beneficial effects of DR are attributed to 

increased phase I detoxification. An evaluation of metabolic and genomic markers 
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suggested that DR can reduce the incidence of age-related diseases. Overall, the 

use of multi-organ metabolomics and cDNA microarray approaches identified 

several metabolic and genomic markers to extend the understanding of the 

beneficial effects of DR and presented more reliable evidence with validations 

across these two approaches.  
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II. Methods 

 

1. Tissues sample preparation for NMR and LC-MS  

One hundred milligram tissues were sliced into several pieces and grinded using 

mortar under liquid nitrogen. The metabolites were extracted using double phase 

methanol-chloroform extraction methods as previously described [86]. Briefly, the 

powdered tissues were re-suspended with the mixture of 400 µL methanol and 200 

µL chloroform. Three cycles of the following steps were then repeated: dipping 

into liquid nitrogen for 60 sec, thawing at room temperature for 2 min, and 

sonication for 5 min. After additionally adding a mixture of 200 µL chloroform and 

200 µL distilled water, the samples were centrifuged at 15,000 g for 20 min at 4℃. 

The upper water phase was collected and dried with a centrifugal vacuum 

evaporator (Vision, Seoul, Korea). The pellets were dissolved with 500 µL buffer 

composed of 2 mM Na2HPO4 and 5 mM NaH2PO4 in D2O with sodium-3-

trimethylsily-[2,2,3,3-2H4]-1-propionate (TSP, 0.025%, w/v) as an internal standard 

for NMR or with 30 μL mixture of HPLC-grade acetonitrile and water (1:1, v/v) 

for LC-MS. 

 

2. NMR spectroscopic analysis of tissues 

All one-dimensional spectra of the tissue extraction samples were measured on a 

500 MHz Bruker Avance spectrometer equipped with a cryogenic triple resonance 

prove (Ochang, Korea). The acquisition parameters were essentially the same as 

those previously reported [25,35,36]. The metabolites were identified using 
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Chenomx (Spectral database; Edmonton, Alberta, Canada) by fitting the 

experimental spectra to those in the database and comparison with standard 

compounds.  

 

3. LC-MS spectroscopy 

For LC-MS analysis, the extracted metabolites were injected with an injection 

volume of 5 μL. HPLC was performed on an Agilent 1100 Series liquid 

chromatography system equipped with a degasser, an auto-sampler, and a binary 

pump (Agilent, Santa Clara, CA, U.S.A.). The chromatographic separation was 

performed on a ZIC-pHILIC Polymeric Beads Peek Column (150 × 2.1 mm, 5 μm, 

Merck kGaA, Darmstadt, Germany) at 35 °C, and the temperature of auto-sampler 

was set at 4 °C. For the solvent system, mobile phase A and B were distilled water 

with 10 mM ammonium carbonate (pH = 9.1) and acetonitrile, respectively. The 

mobile phase was delivered at a flow-rate of 0.15 mL/min and the entire eluent was 

carried into a mass spectrometer. The linear gradient was as follows: 80 % B at 0 

min, 35% B at 10 min, 5% B at 12 min, 5% B at 25 min, 80% B at 25.1 min, and 

80% B at 35 min. API 2000 Mass Spectrometer controlled by the Analyst 1.6 

Software (AB/SCIEX, Framingham, MA, U.S.A.) and equipped with an 

electrospray ionization (ESI) source was used in negative ion mode for multiple 

reaction monitoring (MRM). The operating conditions of the mass spectrometer 

were as follows: -4.5 kV of ion spray voltage, the temperature of the heater (turbo) 

gas at 300°C, and curtain gas (nitrogen), ion source gas 1 (nitrogen), and ion source 

gas 2 (nitrogen) pressures at 30, 40, and 80 psi, respectively. For the detection, 
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MRM was performed with the m/z value of the precursor and fragment ions as 

indicated on the Table 5 which were established with the standard compounds. 

 

4. Multivariate data analysis 

All the obtained time domain NMR data were Fourier transformed, phase 

corrected, and baseline corrected manually using MestReNova (Mestrelab 

Research, Santiago de Compostela, Spain). The region (0.4-10.0 ppm) was used 

with the exclusion of water (4.6-5.2 ppm) for liver, kidney, and muscle tissues and 

that of water (4.6-5.8 ppm) for brain tissue, respectively. One dimensional NMR 

chemical shifts were normalized against total integration values and 0.025% TSP, 

and then binned at a 0.02 ppm interval to reduce the complexity of the NMR data 

for pattern recognition. The binning, normalization, and conversion were done 

using a Perl software written in-house. The resultant data sets were then imported 

into SIMCA-P version 11.0 (Umetrics, Umeå, Sweden) and mean-centered with 

Pareto scaling for multivariate statistical analysis. Orthogonal projections to latent 

structure-discrimination analysis (OPLS-DA) multivariate analysis was carried out, 

which is a supervised method and gives segregation between two classes along the 

predictive components. OPLS-DA was performed with one predictive and one 

orthogonal component for kidney tissue, one predictive and two orthogonal 

components for liver and brain tissues, and one predictive and three orthogonal 

components for muscle tissue, respectively. Statistical significance (p < 0.05) was 

assessed by student’s t-test. 
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5. Kidney tissue histopathology and serum biochemistry 

After fixation for 48 h, kidney tissue was embedded in paraffin according to 

routine procedures. Four-micrometer thick sections were cut and stained with 

periodic acid-schiff (PAS) for histopathological evaluation. An expert pathologist at 

Inha University Hospital blindly analyzed the tissue slices. Additionally, Serum 

GLU, CK, TP, ALB, GLO, CRE, BUN, Fe, HDL, AMYL, and LDH levels were 

measured using commercial kits at Inha University hospital (Incheon, Korea). 

 

6. Microarray data processing 

1) RNA quality check 

For the quality control, RNA purity and integrity were evaluated by OD 260/280 

ratio, and analyzed by Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, 

U.S.A.).  

 

2) Sample labeling and purification 

RNA labeling and hybridization were performed by using the Agilent One-Color 

Microarray-Based Gene Expression Analysis protocol (Agilent Technology, V 6.5, 

2010). Briefly, 200 ng of total RNA extracted from 32 samples of kidney, liver, 

muscle, and brain tissues (control: n = 4 and DR: n = 4 for each tissue) was linearly 

amplified and labeled with Cy3-dCTP. The labeled cRNAs were purified by 

RNAeasy Mini Kit (Qiagen). The concentration and specific activity of the labeled 

cRNAs (pmol Cy3/μg cRNA) were measured by NanoDrop ND-1000 (NanoDrop, 

Wilmington, U.S.A.). 
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3) Hybridization and scan 

Six hundred nanogram of each labeled cRNA was fragmented by adding 5 µL 10 

x blocking agent and 1 µL of 25 x fragmentation buffers, and then heated at 60 °C 

for 30 min. Finally 25 µL 2 x GE hybridization buffer was added to dilute the 

labeled cRNA. 50 µL of hybridization solution was dispensed into the gasket slide 

and assembled to the SurePrint G3 Rat Microarray, 8×60K (Agilent®). The slides 

were incubated for 17 h at 65 °C in an Agilent hybridization oven, and then washed 

at room temperature by using the Agilent One-Color Microarray-Based Gene 

Expression Analysis protocol (Agilent Technology, V 6.5, 2010). The hybridized 

array was immediately scanned with an Agilent Microarray Scanner (Agilent, 

Santa Clara, CA, U.S.A.). 

 

4) Raw data preparation and statistical analysis  

Raw data were extracted using the software provided by Agilent Feature 

Extraction Software (v11.0.1.1). The raw data for same gene was then summarized 

automatically in Agilent feature extraction protocol to generate raw data text file, 

providing expression data for each gene probed on the array. Array probes that 

have Flag A in samples were filtered out. Selected gProcessed Signal value was 

transformed by logarithm and normalized by quantile method. Statistical 

significance of the expression data was determined using fold change and 

independent t-test in which the null hypothesis had no difference among the two 

groups by each factor (Group, Time). Hierarchical cluster analysis was performed 

using complete linkage and Euclidean distance as a measure of similarity. Gene 
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Enrichment and Functional Annotation analysis for significant probe list was 

performed using DAVID (http://david.abcc.ncifcrf.gov/home.jsp). All data analysis 

and visualization of differentially expressed genes was conducted using R 3.0.2 

(www.r-project.org). 

 

7. Microarray data analysis 

1) Pathway enrichment analysis 

Pathway enrichment analysis was conducted using PathVisio 3.1 

(www.pathvisio.org) [87,88]. Custom plug-ins for calculating Z-scores were added 

to PathVisio. The rat gene database of July 2013 was used. Pathways were 

considered to be down or up-regulated when meeting the following criteria: p-

value < 0.05 and fold change (FC) ≤ −1.5 or ≥ 1.5, respectively. In the statistical 

pathway ranking test, significantly changed pathways were identified by Z-score, 

which is obtained by counting the number of genes on each pathway suitable for 

the defined criteria and subtracting this number from the total number of genes that 

meet the criteria. Based on ranking of the regulated pathway, the false discovery 

rate (FDR) was also calculated. Among the down or up-regulated pathways, those 

meet the criterion (Z-score ≥ 1.77 and FDR < 0.05) were selected as pathway 

enrichment signals. 

2) Functional enrichment analysis 

ClueGO 1.4, a cytoscape (www.cytoscape.org) plug-in, was used for gene 

function enrichment analysis. ClueGO facilitates the visualization of functionally 
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related genes by displaying them as a clustered one. The cluster analysis type was 

performed with comparison of increased and decreased genes. Genes were 

interpreted to be decreased or increased when meeting the following criteria: log2 

scaled fold change (FC) ≤ −2 or ≥ 2 and p-value < 0.05 for kidney, liver, and brain 

tissues; and a p-value < 0.05 and fold change (FC) ≤ −1.5 or ≥ 1.5 for muscle tissue, 

respectively.  

The combination of the gene ontology (GO), which is composed of four types of 

Biological process, Cellular Component, Immune System, and Molecular Function 

(update on May, 2014) and the KEGG pathway (update on October, 2008), were 

used in ClueGO analysis. The statistical test used for both the enrichment and 

depletion was based on two-sided hypergeometric option with a Bonferroni 

correction and kappa score of 0.3. 
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III. Results 

 

A. Serum clinical biochemistry 

 

Based on the results of the decreased body weight and insulin levels, and the 

reduced levels of low density lipoprotein (LDL) and serum triglyceride (TG), two 

important risk factors for age-associated diseases, dietary restriction (DR) seems to 

induce an obvious difference between the control and DR groups (see Figure 3 and 

Figure 11). To assess the effects of DR treatment, additional basic serum 

parameters were monitored. DR caused significant elevations in serum creatinine 

(CRE) and blood urea nitrogen (BUN) levels, and these changes were accompanied 

by decreases in serum total protein (TP), globulin (GLO), and Fe. No significant 

changes were observed in the levels of glucose (GLU), creatine kinase (CK), 

albumin (ALB), high density lipoprotein (HDL), amylase (AMYL), and lactate 

dehydrogenase (LDH) in the DR group (Table 3). CK, an established biomarker for 

muscle function and status, confirmed that the muscle tissue was healthy during 

DR. In addition, the reduction in TP and GLO in the DR group has historically 

been associated with liver dysfunction. However, insignificant changes in other 

serum proteins levels, such as ALB and LDH, suggested that the liver abnormality 

and destruction are unlikely. Moreover, ALT, which is an established diagnostic 

evaluation of hepatocellular injury and liver health, was actually decreased 

significantly in the DR group (see Figure 10C). These results indicated that liver 

tissue in the DR group was healthy. While BUN and CRE levels were meaningfully 
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increased in the DR group, their levels were within a normal range (BUN: 15-25 

mg/dL; CRE: 0.2-0.8 mg/dL, reference from Exotic Companion Medicine 

Handbook). Results also showed that glycogen granules decreased in kidney tissue 

in the DR group (see Figure 14), indicating that kidney health was maintained 

during DR. Despite the DR procedure, the serum glucose levels were maintained at 

a normal level, suggesting a proper glucose-homeostasis. 

Overall, all of the four tissues, kidney, liver, brain, and muscle, were determined 

to be healthy, in a biochemical sense, in the DR group. Therefore, multi-organ 

investigation suitably reflected the beneficial effects of DR and can be utilized for 

discovery of potential biomarkers and altered metabolic pathways mediated by DR. 
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Table 3 Summary of the items expressed in rat serum from the control and DR 

groups*.  

Serum 

parameter 
Composition 

Group 

name 
Mean 

Standard 

deviation 

p-

value 

Significant 

change 

GLU blood sugar 
C 158.33 24.94 

0.26 - 
DR 146.92 13.09 

CK 
muscle 

brain 

C 271.67 70.12 
0.80 - 

DR 285.13 166.68 

TP blood protein 
C 6.29 0.33 

0.003 ↓ 
DR 5.79 0.29 

ALB 
blood 

albumin 

C 2.29 0.12 
0.90 - 

DR 2.28 0.18 

GLO blood protein 
C 4.0 0.25 

5.0E-4 ↓ 
DR 3.51 0.22 

CRE kidney 
C 0.43 0.06 

0.011 ↑ 
DR 0.51 0.08 

BUN kidney 
C 16.00 1.91 

2.0E-7 ↑ 
DR 24.31 2.89 

Fe blood iron 
C 199.58 24.46 

2.0E-4 ↓ 
DR 144.87 27.14 

HDL 
lipid 

metabolism 

C 30.00 4.71 
0.35 - 

DR 27.95 4.62 
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AMYL pancreas 
C 1750.83 219.15 

0.58 - 
DR 1848.72 559.91 

LDH liver, heart 
C 528.33 255.43 

0.85 - 
DR 552.31 302.14 

*The serum parameter, composition, group name, mean and standard deviation 

value, and student’s t-test (p < 0.05) are presented. The symbols “↑” and “↓” indicate 

the significant increase and decrease, respectively. Serum biochemistry for total 21 

serum samples (control: n = 8 and DR: n = 13) were carried out. The values of the 

mean, standard deviation, and p-value were calculated using standard statistical 

analysis, student’s t-test. The abbreviations are as follows: C, control; DR, dietary 

restriction; GLU, Glucose; CK, Creatine kinase; TP, Total protein; ALB, Albumin; 

GLO, Globulin; CRE, Creatinine; BUN, Blood urea nitrogen; HDL, High density 

lipoprotein; AMYL, Amylase; LDH, Lactate dehydrogenase. 
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Figure 14 Kidney tissue histopathological staining. Periodic acid-Schiff (PAS) 

staining of kidney tissue was performed on paraffin block of the samples. PAS 

staining control (A) and DR (B) groups (200X).  
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B. NMR spectral acquisition and analysis 

 

To investigate the effects of DR, multi-organ NMR-based metabolomics was 

applied. Representative 1H NMR spectra of kidney, liver, brain, and muscle tissues 

extractions from the control and DR groups are shown in Figure 15. According to 

the Chenomx database (Edmonton, Alberta, Canada) and comparison with standard 

compounds, several metabolites were identified from the extractions in kidney, 

liver, brain, and muscle tissues (Table 4), involved in several cellular metabolisms. 

Among those affected were as pyrimidine metabolism (5,6-dihydrouracil, cytidine, 

and uridine), beta-alanine metabolism (anserine and aspartate), arginine and proline 

metabolism (arginine and creatine), glutathione metabolism (glycine and 

glutathione) and glycolysis (alanine and lactate). Of these metabolites, some were 

found in more than one tissues, such as alanine, aspartate, glutamine, and glutamate. 

On the other hand, the expression of others was limited to specific tissues, as 

observed for 3-aminoisobutyrate, carnitine, adenine, and cystathionine in kidney, 

liver, brain, and muscle tissues, respectively. For a more detailed investigation of 

the changes caused by DR, multivariate statistical analysis was carried out to 

characterize the contribution signals for group differentiation. 
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Figure 15 Representative 1H NMR spectra of tissue extractions from the 

control and DR groups. The NMR spectra were taken for tissue samples extracted 

from kidney (A), liver (B), brain (C), and muscle (D) in 500 μL of D2O containing 

2 mM Na2HPO4 and 5 mM NaH2PO4 (pH = 7.4) and 0.025% TSP as an internal 

standard. For NMR, the assignments were established using the spectra of the 

standard compounds and Chenomx database (Edmonton, Alberta, Canada).  
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Table 4 Metabolites identified with NMR analysis*.  

Metabolites ppm (multiplicity) for NMR K L B M 

1 3-Aminoisobutyrate 1.17(d) -    

2 3-Hydroxybutyrate 1.20(d), 2.31(q) ↑ ↑   

3 3-Hydroxyisovalerate 1.26(s), 2.47(s) - - - - 

4 3-Methylxanthine 7.68(s) - -   

5 4-Aminobutyrate 1.93(m), 2.30(t)   -  

6 4-Hydroxyphenylacetate 3.39(s), 6.90(d), 7.19(d)    -  

7 4-Pyridoxate 2.54(s), 7.96(s) ↑ ↑   

8 5,6-Dihydrouracil 2.65(t)  ↓   

9 Acetate  1.92(s) ↓ - -  

10 Adenine 8.27(s), 8.35(s)   -  

11 Alanine 1.48(d) - - - - 

12 Allantoin 5.41(s), 5.99(s)  ↓   

13 Anserine 2.69m), 3.79(s), 7.11s), 8.19(s)    ↑ 

14 Aspartate 2.66(q), 2.81(m) - - ↑ ↑ 

15 Arginine 1.78(m), 1.90(m),  ↓   ↑ 

16 Betaine 3.22(s), 3.89(s) - -   

17 Carnitine 2.51(m), 3.25(s),   -   

18 Creatine 3.04(s), 3.93(s) ↑  - - 

19 Cystathionine 2.71(m), 3.14(q), 3.84(t)    - 

20 Cytidine 5.94(d), 6.10(d), 7.96(d)  - ↑  
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21 Ethylene glycol 3.72(s)  -   

22 Formate 8.42(s) - -   

23 Glucose 3.49(m),3.72(m),4.64(d),5.23(d) ↓ ↓  ↓ 

24 Glutamate 2.07(t), 2.36(m), 3.76(m) - - - - 

25 Glutamine 2.15(m), 2.46(m) ↑ ↑ - ↑ 

26 Glutarate 1.73(m), 2.16(t)  -   

27 Glutathione 2.57(m), 2.95(m),   - ↑ ↑ 

28 Glycine 3.56(s) ↑ ↑  - 

29 Glycolate 3.93(s) -  - - 

30 Guanidoacetate 3.76(s) - -   

31 Histidine 7.11(s), 7.91(s)  -  - 

32 Homoserine 2.06(m), 2.15(m), 3.85(m) - -   

33 Inosine 8.24(s), 8.35(s) ↑ ↑   

34 Isobutyrate 1.04(d) - -  - 

35 Lactate 1.32(d), 4.11(q) ↑ ↑ ↓ - 

36 Leucine 0.97(t), 1.72(m) - -   

37 Malonate 3.20(s) - -  - 

38 Methylamine 2.58(s) -    

39 Methylguanidine 2.81(s) -    

40 myo-Inositol 3.28(t), 3.54(m), 3.63(t), 4.06(t) ↑ ↑ -  

41 Niacinamide 7.60(q), 8.71(d), 8.94(s)  -   

42 Ornithine 3.04(t)  -   
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43 Oxaloacetate 3.56(s)  - - - 

44 Oxypurinol 8.17(s) - - - - 

45 Phenylacetate 7.33(d), 7.43(t),   -   

46 Propylene glycol 1.10(d) -    

47 Pridoxine 2.52(s), 7.68(s)   -  

48 Succinate 2.41(s) - - -  

49 Taurine 3.27(t), 3.43(t) - ↓ ↑ - 

50 Trimethylamin N-oxide 3.23(s) - - -  

51 Tyrosine 6.89(d), 7.19(d)  -   

52 Uridine 5.91(t), 7.87(d) ↑ ↑   

53 Valine 0.99(d), 1.04(d) - -   

54 Xanthosine 4.44(s), 5.93(d), 7.98(s) -    

55 NAD+ 6.05(d), 8.21(t), 8.44(s), 8.84(d), 

9.16(d), 9.35(s) 

 - - - 

56 ANP 6.14(d), 8.28(s), 8.58(s)  - - - 

*The ppm, structural identifiers, and significant change of metabolites for the DR 

group comparing with the control group are indicated. The metabolites non-

detected in respective tissue are remained as blank, and the significant increase or 

decrease confirmed with student’s t-test (p < 0.05) is indicated as the symbol of up 

or down, respectively. “K”, “L”, “B”, and “M” indicate kidney, liver, brain, and 

muscle tissues, respectively. “s”, “d”, “t”, “q” , and “m” indicate singlet, doublet, 

triplet, quadruple, and multiplet, respectively. 
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C. OPLS-DA multivariate analysis 

 

To further investigate the DR-induced metabolic changes reflected in multiple 

tissues, the NMR data was analyzed using OPLS-DA multivariate analysis. An 

OPLS-DA model with entire NMR data was constructed for each tissue sample 

(Figure 16, left panel). Dots represent specific characteristics of the metabolic 

profile of each sample. Differentiation models for distinguishing the control and 

DR groups extraction samples from kidney tissue were obtained with one 

predictive and one orthogonal component, that from liver and brain tissues with 

one predictive and two orthogonal components, that from muscle tissue with one 

predictive and three orthogonal components, respectively. In addition, the models 

had an overall goodness-of-fit, R2(Y), of 90%, 91%, 83%, and 95% and an overall 

cross-validation coefficient, Q2(Y), of 83%, 69%, 52%, and 30% for discrimination 

of the groups of kidney, liver, brain, and muscle tissues, respectively. All of the 

OPLS-DA models present clear differentiation without any overlap. The 

outstanding results of these discriminations likely arise due to the DR effects. 

In order to identify the metabolites that contribute to the observed differentiation, 

an S-plot was established based on OPLS-DA model. Modeled covariation, P, and 

modeled correlation, P(corr), offer the specific contributing signals for group 

separation (Figure 16, right panel). Among the signals, all of the markers with the 

p-values of less than 0.05 using student’s t-test were selected. Based on the tissue 

constituents that were identified above, the marker signals contributing to the 

classification are listed in Table 4.  
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Figure 16 1H NMR-based OPLS-DA score plot and corresponding S-plot. 

Differentiation and contributing signals for the differentiation of the control and 

DR groups for kidney (A), liver (B), brain (C), and muscle (D) tissues were 

presented using multivariate analysis. Orthogonal projections to latent structure-

discriminant analysis (OPLS-DA) score plot (left panel) of the control and DR 
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groups. Filled box: control group; Open circle: DR group. The models were 

established using one predictive and one orthogonal component for kidney tissue, 

one predictive and two orthogonal components for liver and brain tissues, and one 

predictive and three orthogonal components for muscle tissue, respectively. S-plot 

(right panel) analysis to identify the contributing signals for group separation 

between the control and DR groups. 
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D. Altered metabolic pathways in the DR group 

 

In order to perform a more holistic metabolic profiling, targeted LC-MS analysis 

was carried out for related metabolites that are not easy to discern with NMR. 

Mass-to-charge ratios were established for precursor and fragment ions using 

standard compounds, and subsequently used for multiple reaction monitoring 

(MRM) parameters (Table 5). By combining NMR and LC-MS data, the altered 

metabolite levels were globally mapped onto intra-tissue metabolic pathways 

(Figure 17). Several quite different metabolites were identified in the DR group. 

These include 3-hydroxybutyrate (an essential ketone body) and 4-pyridoxate (a 

byproduct of vitamin B metabolism) in both kidney and liver tissues. Additionally, 

5,6-dihydrouracil (a component of pyrimidine metabolism) was found in liver 

tissue, acetate (a substrate to form acetyl-CoA) was found in kidney tissue, 

allantoin (a product of purine metabolism) was identified in liver tissue, aspartate 

and arginine (regulators of urea cycle) were found in muscle tissue, the nucleoside 

cytidine was found in brain tissue, glucose (a primary source of energy for the 

body's cells) was found in kidney, liver, and muscle tissues, glutamine (a key 

anaplerotic metabolite for TCA cycle) was found in kidney, liver, and muscle 

tissues, glutathione (an anti-oxidant) was identified in brain and muscle tissues, 

glycine and myo-inositol (an important substrate and intermediate of phase II 

reaction, respectively) were found in kidney and liver tissues, uridine and inosine 

(a basic component of RNA and an essential proper translation of the genetic code, 

respectively) were found in kidney and liver tissues, lactate (a key indicator of 
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cytosolic anaerobic metabolism) was found in liver and kidney tissues, citrate, 

malate, fumarate, and α-ketoglutarate (important intermediates of TCA cycle) were 

found in muscle tissue. For more understanding of systems biological pathways 

induced by DR, the genomic analysis was carried out using cDNA microarray. 
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Table 5 Metabolites identified with targeted LC-MS analysis*. 

Metabolites 

compound 

Precursor   

Ion (m/z) 

Fragment   

Ion (m/z) 

Retention  

Time (min) 
K L B M 

R5Pa 229 97 7.6 - ↑ - ↑ 

G6Pb 259 79 8.6 - ↓ ↓ - 

F6Pc 259 79 7.9 - ↓ ↓ - 

Citrate 190.8 111.1 9.4 - - ↓ ↑ 

α-ketoglutarate 144.8 101 6.7 - - - ↑ 

Fumarate 114.8 71 7.4 - - ↓ ↑ 

Malate 132.8 71 7.5 - - ↓ ↑ 

*The m/z value of precursor ion and fragment ion, the retention time, and the 

change trends of the DR group compared to the control group with the p-value less 

than 0.05 are indicated. “K”, “L”, “B”, and “M” indicate kidney, liver, brain, and 

muscle tissues, respectively. 

aR5P, ribulose-5-phosphate. 

bG6P, glucose-6-phosphate.  

cF6P, fructose- 6-phosphate. 
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Figure 17 Overall metabolic alterations in kidney, liver, brain, and muscle 

tissues of the DR group. The metabolic changes in the DR group compared to the 

control group are indicated on global intra-tissue metabolic pathways. The 

increased metabolites in the DR group are colored in red, those decreased in blue, 

those without significant changes in green, and those not detected in black. The 

abbreviations are as follows: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; 

R5P, ribulose-5-phosphate; NADP+/NADPH, oxidized/reduced nicotinamide 
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adenine dinucleotide phosphate; GSH/GSSG, reduced/oxidized glutathione; PRPP, 

phosphoribosyl pyrophosphate; GAA, guanidoacetic acid; CIT, citrate; AKG, α-

ketoglutarate; OAA, oxaloacetate; SUC, succinate; MAL, malate; FUM, fumarate. 
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E. General effects on gene expression 

 

For more holistic investigation of systems biological pathways induced by DR, a 

genomic analysis was applied using cDNA microarray. To evaluate the overall 

genomic response in the four tissues under DR condition, the differentially 

expressed genes were calculated using a value of p < 0.05, and absolute fold 

change (FC) greater than 1.5-fold. The number of differentially expressed genes in 

kidney, liver, and brain tissues were relatively comparable (No. 590, 697, and 713). 

By contrast, a less differential gene expression was detected in muscle tissue (No. 

93).  

Venn diagrams were constructed to identify the co-regulation of genes across 

tissues. As shown in Figure 18, the number of the differently expressed genes were 

identified. Specifically, 82, 46, 12, 30, 11, and 13 genes were commonly detected 

in kidney and liver, kidney and brain, kidney and muscle, liver and brain, liver and 

muscle, brain and muscle, respectively.  

Surprisingly, however, in spite of the shared expression of several of the genes, 

no core genes were differentially expressed in all four tissues, indicating that there 

is no one common gene induced by DR. As consistent with previous reports, the 

aspects of gene responses induced by environmental stimuli are not the same in 

various tissues [89,90]. Therefore, the genes differentially regulated by DR in three 

out of four tissues were explored (Table 6) for expanded analysis. Among those, 

Ccng1 and Eml1 were found in kidney, brain, and muscle tissues; Ddah1, Cdkn1a, 
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Tpd52l1, Nr4a1, Sod3, Ddc, and Pygl were simultaneity altered in kidney, liver, 

and brain tissues; and Hspa1b and Rt1.aa in kidney, liver, and muscle tissues. 

The extent of overlap among differentially expressed genes was compared for 

the four tissues (Table 7). The highest overlaps of differentially expressed genes 

were observed as 14% between liver and kidney tissues (with respect to kidney), as 

well as between brain and muscle tissues (with respect to muscle). This result was 

highly consistent with those of the earlier results of calculation of differently 

expressed genes number (see Figure 18) and common changed metabolites number 

(Table 4). 
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Figure 18 Comparative analysis of differentially expressed genes using Venn 

diagrams. Differentially expressed genes (defined as genes with an absolute fold 

change (FC) ≥ 1.5-fold and p < 0.05) were calculated among the four tissues. The 

number of differentially expressed genes for each comparison is indicated, 

including the number of overlapping genes for any pairwise or higher-order 

comparisons. “K”, “L”, “B”, and “M” indicate kidney, liver, brain, and muscle 

tissues, respectively.  
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Table 6 Genes differentially regulated by DR in three out of four tissues*. 

Gene Gene name K L B M 

Hspa1b heat shock 70kD protein 1B ↓ ↑ - ↑ 

Rt1.aa MHC class I RT1.Aa alpha-chain ↑ ↑ - ↑ 

Nr4a1 nuclear receptor subfamily 4 ↓ ↓ ↑ - 

Sod3 superoxide dismutase 3, extracellular ↑ ↓ ↓ - 

Ddah1 dimethylarginine dimethylaminohydrolase 1 ↑ ↑ ↓ - 

Pygl phosphorylase, glycogen ↑ ↓ ↓ - 

Cdkn1a cyclin-dependent kinase inhibitor 1A ↓ ↓ ↓ - 

Ddc dopa decarboxylase ↑ ↓ ↓ - 

Tpd52l1 tumor protein D52-like 1 ↓ ↓ ↓ - 

RGD1311874 hypothetical LOC300751 ↓ ↓ ↓ - 

Ccng1 cyclin G1 ↑ - ↑ ↑ 

Eml1 echinoderm microtubule associated protein like 1 ↓ - ↓ ↓ 

*Identification and name of genes differentially regulated by DR in three out of 

four tissues are indicated. With a cutoff of absolute fold change (FC) ≥ 1.5-fold, p-

value < 0.05, the significantly increased and decreased genes in respective tissues 

are indicated. “K”, “L”, “B”, and “M” indicate kidney, liver, brain, and muscle 

tissue, respectively.  
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Table 7 Proportion of overlapping differently expressed genes between 

pairwise comparisons of tissues.  

 Kidney Liver Brain Muscle 

Kidney 1.00 0.14 0.08 0.02 

Liver 0.12 1.00 0.04 0.02 

Brain 0.06 0.04 1.00 0.02 

Muscle 0.13 0.12 0.14 1.00 
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F. Pathway enrichment analysis 

 

To identify the common and unique signaling pathways activated by DR, 

pathway enrichment analysis were performed using the program PathVisio. The 

results of agglomerative hierarchical clustering (Figure 19) are consistent with 

earlier observation of Venn diagram analysis (Figure 18) and overlapping genes 

(Table 7). 

The pathway of fatty acid omega-oxidation was significantly up-regulated in all 

four tissues (Z-score > 2), and the methylation pathway was enhanced in kidney, 

liver, and brain tissues. In addition, kidney tissue showed up-regulation, especially, 

of pathways related to fatty acid metabolism, including beta-oxidation of 

unsaturated fatty acids, fatty acid beta-oxidation, mitochondrial LC-fatty acid beta-

oxidation, synthesis and degradation of ketone bodies, glycolysis and 

gluconeogenesis, triacylglyceride synthesis, fatty acid biosynthesis, among others. 

Kidney tissue also showed up-regulated detoxification pathways, including both 

phase I and phase II factors (meta-pathway biotransformation, amino acid 

conjugation of benzoic acid, nuclear receptors in lipid metabolism and toxicity), as 

well as a down-regulation in pathways related to inflammatory signaling 

(inflammatory response pathway, prostaglandin synthesis and regulation, etc.). 

Liver tissue displayed a similar enrichment in up-regulated metabolic pathways for 

fatty acid metabolism (beta-oxidation of unsaturated fatty acids, fatty acid beta-

oxidation, mitochondrial LC-fatty acid beta-oxidation, beta-oxidation meta-

pathway) and detoxification reaction involving both phase I and phase II factors 
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(meta-pathway biotransformation, amino acid conjugation of benzoic acid, nuclear 

receptors in lipid metabolism and toxicity, and glucuronidation).  

In addition, both liver and kidney tissues shared up-regulated retinol metabolism, 

steroid biosynthesis, and tryptophan metabolism, along with a down-regulation of 

cholesterol metabolism. Kidney and brain, and also liver and muscle tissues shared 

a down-regulation of endochondral ossification, and also alanine and aspartate 

metabolism. Pathways involving estrogen metabolism, interactions between CFTR 

and other ion channels, urea cycle and metabolism of amino groups, aflatoxin B1 

metabolism, polyol pathway, adipogenesis, statin pathway, spinal cord injury, and 

hypertrophy model were only significantly changed in kidney tissue. A distinct set 

of pathways related to G-protein coupled receptor organization, were down-

regulated in liver tissue (class A Rhodopsin-like GPCRs, peptide GPCRs, 

nucleotide GPCRs, etc.), despite their up-regulation, with additional down-

regulation of class C GPCRs, in brain tissue. Brain tissue displayed a down-

regulation in the biological amine synthesis (biogenic amine synthesis and 

catecholamine synthesis), whereas these pathways were up-regulated in kidney 

tissue. A distinct set of pathways, related to tissue protection pathway, were found 

to be uniquely up-regulated in muscle tissue (hedgehog signaling pathway and 

NFE2L2), as well as a pathway associated with blood coagulation (blood clotting 

cascade and complement activation classical pathway). By contrast, these blood 

coagulation pathways with additional one (complement and coagulation cascades) 

were down-regulated in kidney tissue. Several pathways related to biosynthesis of 

aldosterone and cortisol, cytokines and inflammatory response, as well as the p53 
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signaling pathway were significantly up-regulated uniquely in liver tissue, whereas 

pathways related to osteoblast, PKA-HCG-Glycogen synthase, selenium 

micronutrient network, cholesterol biosynthesis, glutathione metabolism, type II 

interferon signaling, folic acid network, and especially fatty acid biosynthesis 

pathway were down-regulated. Brain tissue also showed down-regulation of matrix 

metalloproteinases, phase I biotransformations (non-P450), relationship between 

glutathione and NADPH, and ACE inhibitor pathway. A summary of the unique 

and common pathway enrichments observed in multiple tissues (FDR < 0.05) is 

shown via heat map in Figure 19. 
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Figure 19 Agglomerative hierarchical clustering analysis. Pathway enrichment 

analysis was determined by PathVisio. Pathways were considered to be down or 

up-regulated when meeting the following criterion: fold change (FC) ≤ −1.5 or ≥ 

1.5 and p-value < 0.05, respectively. Among the down or up-regulated pathways, 

those meeting the criterion (Z-score ≥ 1.77 and FDR < 0.05) were selected as 

pathway enrichment signals and subjected to agglomerative hierarchical clustering. 

The increased pathway enrichment signals in the DR group are colored in red, 

decreased in blue, those without significant changed in white according to Z-score. 

“K”, “L”, “B”, and “M” indicate kidney, liver, brain, and muscle tissues, 

respectively. 
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G. Functional enrichment analysis 

 

To investigate the biological pathway activated by DR and their interplay in the 

biological network, functional enrichment analysis was carried out using gene 

ontology (GO). This methodology is commonly applied when searching for the 

relationships between the genetic terms based on the similarity of their associated 

genes. The significantly up and down-regulated functional activities were analyzed 

according to the biological processes, cellular components, immune system, and 

molecular function ontologies with clustering compare mode. Functionally grouped 

network of enriched categories were built in ClueGo (Figure 20). The degree of 

connectivity between terms (edges) was presented based on kappa statistics, with 

the size of each node reflected the statistical significance of the indicated terms.  

For kidney tissue, two separate modules consisting of entirely up-regulated 

genes, as well as three terms without any connection, were identified. The GO 

terms for the two of significantly increased modules were metabolism of 

xenobiotics by cytochrome P450 and solute:cation symporter activity For liver 

tissue, two modules consisting of increased genes or decreased genes were found 

with one GO term of negative regulation of intrinsic apoptotic signaling pathway in 

response to oxidative stress or with two GO terms of stearoyl-CoA 9-desaturase 

activity and fatty acid biosynthetic process, respectively. For brain tissue, one 

module connected with three GO terms, as well as one term without any 

connection, were identified. The GO term containing up-regulated genes was 

cellular response to alkaloid, and the two GO terms including only down-regulated 
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genes were odontogenesis of dentin-containing tooth and dicarboxylic acid 

transport. For muscle tissue, one module consisting of entirely up-regulated genes 

with two GO terms of elastin biosynthetic process and hindbrain morphogenesis 

was identified.  
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Figure 20 Grouping of network based on functionally enriched GO terms. 

Functionally grouped network of enriched terms was generated using ClueGO. GO 

terms were represented as nodes based on their kappa score (≥ 0.3). Functionally 

grouped networks of kidney (A), liver (B), brain (C), and muscle (D) tissues are 

linked to their biological function, where only the most significant GO term in the 

group is labeled. Up-regulated GO terms are in red while down-regulated in green. 
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IV. Discussion 

 
For a holistic investigation of systems biological effects induced by DR, multi-

organ metabolomics and cDNA microarray were carried out. Metabolomics was 

used to quantify a global metabolic profile and cDNA microarray was performed to 

create a composite genomic profile, providing a holistic report of the biological 

tissue systems induced by exogenous stimuli. In this study, the combination 

approach of multi-organ metabolomics and cDNA microarray identified several 

metabolic and genomic markers to extend the understanding of the beneficial 

effects of DR. Moreover, the combined application may be generally applicable for 

the evaluation of biological variations, at the systems level, to facilitate an 

improved understanding of molecular pathways as a whole. 

With the conserved glucose or insulin/IGF-1-like pathways, such as down-

regulation of antioxidant enzymes, reduced accumulation of glycogen or fat, and 

increase of growth and mortality, modulation of the activity of these pathways 

extends longevity by DR [91]. In this work, the glucose level were similar in both 

the DR and control groups (Table 3). This observation was made despite the fact 

that food intake was naturally reduced in the DR group compared to the control 

group. As glucose intake is limited in DR, it should be transported from the 

reservoir, such as liver or kidney. As expected, multi-organ metabolomics revealed 

that the glucose levels were significantly decreased in kidney, liver, and muscle 

tissues of the DR group (see Figure 17), consistent with the results of serum 

biochemistry, since glucose is transported from these tissues to the bloodstream. It 
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can be assumed that the production of glucose in kidney and liver tissues stimulates 

glycogenolysis, in which glycogen is converted to glucose. To confirm the 

glycogen state in the actual tissues, a periodic acid-Schiff (PAS) staining was also 

carried out for liver and kidney tissues. As shown in Figure 10 for liver tissue and 

Figure 14 for kidney tissue, the DR group showed glycogen depletion relative to 

the control group. Moreover, the glycogen synthase pathway was significantly 

reduced in liver tissue based on pathway enrichment analysis (Figure 19). All these 

results suggested that glycogen degradation is increased in kidney and liver tissues.  

In addition, gluconeogenesis, another pathway for the synthesis glucose from 

different carbon source, should also be activated in liver tissue, and to a certain 

extent in kidney tissue. In gluconeogenesis, the resulting glucose produced in liver 

and/or kidney tissues is transported to muscle tissue. In muscle, metabolized 

glucose is converted to lactate by anaerobic glycolysis, which then returns to liver 

and/or kidney tissues, where it is used to produce glucose in the glucose-lactate 

cycle [92]. Similar to the glucose-lactate cycle, another pathway known as the 

glucose-alanine cycle exists, which permits the production of glucose [93]. Multi-

organ metabolomics revealed that the main gluconeogenic precursors (lactate, 

alanine, and glutamine, which account for over 90% of the overall gluconeogenesis 

[94]) were enhanced in kidney and liver tissues in the DR group (Figure 17). 

Although multi-organ metabolomics revealed that alanine levels were not 

significantly altered in kidney, liver, and muscle tissues, it is likely that the elevated 

use of alanine in kidney and liver tissues are maintained by the supply from muscle 

tissue. A steady supplement of alanine would be likely offered from synthesis of α-
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ketoglutarate from glutamate (Figure 21), and α-ketoglutarate was recovered to 

glutamate through conversion of arginosuccinate from aspartate. Synthesized 

arginosuccinate activates urea cycle, producing arginine, which can be used for 

glutamate synthesis as an amino acid source, and also involved in fumarate 

production. In addition, aspartate can be offered from oxaloacetate, an intermediate 

metabolite of TCA cycle. With multi-organ metabolomics showing the increse of 

intermediate metabolites involved in TCA cycle, such as citrate, malate, and 

fumarate, TCA cycle produced greater oxaloacetate for aspartate synthesis in 

muscle tissue (Figure 17). These results indicated that the gluconeogenic precursors, 

such as lactate, glutamine, and alanine, were offered sustentation by a combination 

process of urea and TCA cycle in muscle tissue and that gluconeogenesis was 

enhanced in kidney and liver tissues with application of the cycles of glucose-

lactate, glucose-glutamine, and glucose-alanine (see Figure 21). In addition, 

pathway of glycolysis and gluconeogenesis was also elevated in kidney tissue of 

the DR group (see Figure 19). Taken together, multi-organ metabolomics, pathway 

enrichment analysis, and tissue histopathology provided evidence in supporting the 

activation of glycogenolysis and gluconeogenesis to satisfy the whole body’s 

glucose requirements in response to DR.  

Multi-organ metabolomics also uncovered a significant increase in an essential 

ketone body, 3-hydroxybutyrate, in kidney and liver tissues of the DR group (see 

Figure 17). This indicated that ketone bodies were offered and used as energy 

sources for other tissues without the ability of glucose self-production, such as 

brain tissue. Interestingly, pathways related to fatty acid beta-oxidation, including 
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fatty acid beta-oxidation, beta-oxidation of unsaturated fatty acids, and 

mitochondrial LC-fatty acid beta-oxidation were significantly increased both in 

kidney and liver tissues. A beta-oxidation meta-pathway was similarly elevated in 

liver tissue under DR, and an enhanced pathway of synthesis and degradation of 

ketone bodies was detected in kidney tissue (Figure 19), indicating the use of 

alternative fuel for energy production from fatty acid beta-oxidation and ketone 

body synthesis during DR. Additionally, fatty acid omega-oxidation pathway was 

significantly enhanced in all four tissues with Z-score over two (Figure 19). Fatty 

acid omega-oxidation pathway, being a minor oxidation pathway, accounted for a 

small fraction of total fatty acid including very-long-chain fatty acids (VLCFAs, > 

22 carbons), which are mainly beta-oxidized exclusively in peroxisome [95]. In 

peroxisomal disorder, a progressive neurodegenerative disease, elevated fatty acid 

omega-oxidation pathway is a rescue for reducing the accumulation of VLCFAs, 

followed by releasing beta-oxidized shorter-chain dicarboxylic acid into urine [96]. 

Here, enhanced fatty acid omega-oxidation pathway was responsible for reducing 

the accumulation of VLCFAs, and thereby, the incidence of neurodegenerative 

disease, and assisting fatty acid beta-oxidation to produce the essential energy.  

Observations from pathway enrichment and GO analysis support the reduced 

fatty acid biosynthesis (Figures 19 and 20, respectively) in liver tissue. In contrast, 

biosynthesis of fatty acid and triacylglyceride were enhanced in kidney tissue (see 

Figure 19). These results indicated that fatty acid used for ketone synthesis is 

transferred from adipocytes to liver tissue and is produced by self- assembly in 

kidney tissue. In addition, enhanced steroid biosynthesis and reduced cholesterol 
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metabolism were identified both in kidney and liver tissues, whereas cholesterol 

biosynthesis was reduced in kidney tissue (Figure 19). Insulin, a key factor that 

regulates the absorption of glucose from the blood to liver tissue and glycogen 

synthesis, is known to decrease gluconeogenesis, and to activate lipid synthesis 

from fatty acid. As shown in Figure 11, insulin levels was significantly decreased 

in the DR group causing reverse effects, resulting in reduction of absorbed glucose 

level and fatty acid synthesis, along with an enhancement of glycogenolysis, 

gluconeogenesis, and fatty acid beta/omega-oxidation in actual tissues. 

Additionally, biosynthesis of aldosterone and cortisol pathway was significantly 

up-regulated in liver tissue of the DR group (Figure 19). As an antagonizer of 

insulin, elevated cortisol stimulates gluconeogenesis to form glucose from lactate 

and certain amino acid like alanine, and inhibits the peripheral utilization of 

glucose by decreasing the translocation of glucose transporters (especially GLUT4) 

to the cell membrane [97,98].  

Overall, reduced insulin resulted in enhancement of cortisol, which triggers 

glycogenolysis, gluconeogenesis, fatty acid beta/omega-oxidation, and ketogenesis 

in kidney and liver tissues to offer glucose and ketone bodies for other tissues’ use 

as fuel (see Figure 21). These individual results were interlinked with each other, 

leading to a distinctive energy metabolism as the beneficial effects of DR.  
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Figure 21 Overall distinctive energy metabolisms in the DR group. Altered 

metabolites and pathways (squared) were presented in global intra-tissue pathway. 

The increased metabolites and pathways in the DR group are colored in red, those 

decreased in blue, those without significant changes in green, and those not 

detected in black. The filled or dotted arrows indicate synthesis or delivery paths, 

respectively. “K”, “L”, “B”, and “M” indicate kidney, liver, brain, and muscle 

tissues, respectively. 
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The beneficial effects of phase I and II detoxification systems, which are 

activated by DR, are thought to support the prevention of cancer. In this study, 

multi-organ metabolomics revealed that the levels of glycine and myo-inositol (an 

intermediate metabolite and precursor to glucuronic acid) were significantly 

increased in kidney and liver tissues of the DR group (Figure 17). As such, glycine 

and glucuronide conjugation phase II reaction should be greater in liver tissue of 

the DR group, as well as in kidney tissue [99]. In urine metabolomics study, the 

increased activity of phase II detoxification pathways in liver tissue of the DR 

group was confirmed by direct measurement of glycine and glucuronide conjugated 

metabolites, as well as by quantification of mRNA and protein levels of the 

essential phase II detoxification enzymes. Unfortunately, direct measurement of the 

glycine and glucuronide conjugated metabolites is not possible in kidney tissue by 

multi-organ metabolomics because of relatively lower molecular concentrations. As 

an alternative means, the mRNA levels of phase II detoxification enzymes, such as 

UGT1A, UGT2B, and GLYAT, were determined based on cDNA microarray data 

in kidney tissue. Indeed, the expression levels of phase II enzymes were 

significantly increased in kidney tissue of the DR group, as well as in liver tissue 

(Figure 22), consistent with the result from urine and multi-organ metabolomics 

studies, in which phase II detoxification reaction were elevated. 

Using pathway enrichment analysis, the amino acid conjugation of benzoic acid 

pathway, as an initiation step of glycine conjugation phase II reaction [100], was 

also significantly up-regulated in both kidney and liver tissues (Figure 19). 

Furthermore, glucuronidation pathway, involved in a glucuronide conjugation 
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phase II reaction, was significantly up-regulated in liver tissue (Figure 19). These 

results provided the evidence supporting enhanced phase II reaction in liver and 

kidney tissues. Using a combination of multi-organ metabolomics and microarray, 

the higher activity of phase II detoxification reaction, by which attaching 

hydrophilic moieties to reactive metabolites and facilitating the elimination of the 

harmful metabolites for reducing toxicities, seems to contribute to the beneficial 

effects of DR.  

In addition, two pathways were significantly increased in both kidney and liver 

tissues, involving nuclear receptors in lipid metabolism and toxicity and meta-

pathway biotransformation (Figure 19), belonging to phase I detoxification, which 

is mediated by P450 [101]. These results indicated that DR induces higher activity 

of phase I detoxification pathways. As very consistent with the result of pathway 

enrichment analysis, a GO term named metabolism of xenobiotics by cytochrome 

P450 was significantly increased in kidney tissue of the DR group. The kidney 

tissue is involved in important physiological functions, including maintenance of 

water and electrolyte balance, metabolism and secretion of hormones, and 

excretion of the waste products. Although liver is generally considered the major 

organ responsible for drug metabolism, kidney is also now recognized to play an 

important role in metabolism of drugs, hormones, and xenobiotics [102]. Recently, 

cytochrome P450 protein isoforms, which play a dominant role in xenobiotic 

metabolism [103], have been found in kidney tissue [104]. As an example, 

aristolochic acid, a commonly-used traditional Chinese herbal medicine, performs 

slower clearance and higher accumulation in kidney and liver tissues of 
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cytochrome P450 reductase-null mice [105]. Moreover, nephrotoxicity in response 

to a calcineurin inhibitor, a therapy of transplantation, is reduced in a time-

dependent manner by enhancing the levels of cytochrome P450 [106]. Studies 

show that dietary restriction recovers P450 gene expression levels in old age mice 

as much as the level of younger age group [107]. Thus, evaluated pathways and 

GO term related to phase I detoxification and its responsibility for higher 

elimination of toxic metabolites contributed to the beneficial effects of DR.  

With the combination of pathway enrichment and GO analysis, enhanced phase I 

detoxification in the DR group was revealed as a novel pathway compared with 

urine metabolomics only discovering phase II detoxification. As phase I reaction 

are solely based on chemical modification such as oxidation and reduction, the 

most products of phase I detoxification remain rather non-polar. Given that non-

polar metabolites are difficult to eliminate, they are usually phase II enzyme 

substrates. Phase II enzymes then promote the conjugation of charged derivatives, 

facilitating excretion in urine (see Figure 2) [108]. Therefore, it is not surprising 

that urine metabolomics was failed to discover phase I detoxification reaction up-

regulated by DR, because of its role for modification and its lower production in 

urine.  

In addition, renal organic cation/anion transport systems regulate the 

homeostasis of various positively/negatively charged organic solutes, including 

xenobiotics and endogenous substances, by mediating proximal tubular secretion 

and reabsorption [109]. To keep the clearance of the internal environment from 

potentially dangerous of xenobiotics and endogenous substances, renal transport 
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systems are effective in facilitating the flux of drug molecules for excretion [110]. 

Therefore, evaluated GO term of solute:cation symporter activity performed the 

effectiveness of excretion and provided evidence in support of enhanced phase I 

and II detoxification in the DR group. 

Taken together, the beneficial effects of DR are thought to derive from the 

enhancement of phase I and II detoxification, as is summarized in Figure 23. 

Considering that use of multi-organ metabolomics and cDNA microarray uncovers 

particular pathways for DR’s beneficial effects through phase I and phase II 

detoxification, the combination approach is powerful for system biological analysis. 
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Figure 22 Levels of the phase II detoxification enzymes for glucuronide and 

glycine conjugation in liver and kidney tissues. Based on cDNA microarray data, 

the expression levels of the phase II detoxification enzymes for glucuronide and 

glycine conjugation, such as Uridine 5'-diphospho-glucuronosyltransferase 1A 

(UGT1A), 2B (UGT2B) and Glycine-N-acyltransferase (GLYAT) in liver (A) and 

kidney (B) tissues were examined. Statistical analysis was measured using Mann-

Whitney U-test, and the resulting p-values are indicated. The solid boxes represent 

the 25 and 75 percentile values with the median value inside it. 
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Figure 23 Overall particular pathways for DR’s beneficial effects through 

phase I and phase II detoxification. The particular functional pathways involved 

in phase I and phase II detoxification providing the beneficial effects of DR in liver 

or kidney tissues are presented, respectively. The approaches for the identification 

of the particular pathways are shown in bold.  
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DR also can decrease the risk of age-related diseases and slow their progression 

[10,51,111]. Based on multi-organ metabolomics and cDNA microarray, several 

markers involved in age-related diseases and disorders were discovered. The 

elevation of uridine, inosine, and cytidine were identified in the DR group (see 

Table 4). Recently, a study showed that dietary uridine supplementation, but neither 

thymidine nor deoxyuridine, reduces the number of intestinal tumors and tumor 

burden by 40% (p < 0.05) relative to the control diet in Apc (Min/+) mouse model, 

a powerful tool for studying the genetic and dietary mechanisms which contribute 

to intestinal cancer phenotypes [112]. In addition, a clinical trial assessing the 

potential of the nutritional supplement inosine to treat Parkinson’s disease 

demonstrated that the elevated urate, an antioxidant, reduces the risk of Parkinson’s 

disease or slows its progression [113]. Furthermore, increased neuronal cytidine 

and uridine levels augment cytidine triphosphate (CTP) levels both in vitro [114] 

and in vivo [115]. Moreover, elevated CTP levels are important for the synthesis of 

major brain phospholipids, particularly phosphatidylcholine, that are associated 

with membrane-dependent process, such as potassium-induced striatal dopamine 

release [116]. Accordingly, these researches provide evidence that DR can decrease 

the incidence of neurodegenerative diseases and tumorigenesis.  

Considering that the ammonia production is increased by elevated glucose-

alanine cycling that results from high levels of gluconeogenesis in kidney and liver 

tissues and glycolysis in muscle tissue, ammonia toxicity could pose a problem 

during DR [117]. To lower the level of ammonia in these tissues, ammonia 

consumption pathway should be activated. Enhancements in glutamine synthesis 
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[70] and urea cycle [118] were identified, both of which can mitigate ammonia 

accumulation. As a result of these activities, glutamine levels in kidney, liver, and 

muscle tissues were increased. Urea cycle was additionally activated by increased 

aspartate and arginine in muscle tissue, accounting for further reduction in excess 

ammonia levels (see Figure 21). In addition, elevated pathways of biogenic amine 

synthesis and urea cycle and metabolism of amino groups in kidney tissue were 

evaluated (see Figure 19). These results confirmed that DR induces ammonia 

detoxification as its beneficial effects. 

Several genes involved in preventing age-related disease were activated in the 

DR group. Among these was Ccng1, a transcriptional target of tumor suppressor 

p53, which was differently expressed in kidney, brain, and muscle tissues, as well 

as significantly increased in the DR group (Table 6). This gene is induced by DNA 

damage in a p53 dependent manner, and its expression recovers p53 accumulation 

in cyclin G1–/– mouse embryonic fibroblasts cells lines [119]. Elevated p53 

pathway was observed in liver tissue of the DR group, supporting the observation 

that enhanced cyclin G1 caused the recruitment of p53. Accordingly, these results 

suggested that these tissues may be on a cancer prevention mode under DR 

condition.  

Expression level of the gene Ddah1 was increased in kidney and liver tissues of 

the DR group as well (Table 6). Dimethylarginine dimethylaminohydrolases 

(DDAHs) generally play a role in metabolizing the serum asymmetric 

dimethylarginine (ADMA), which has been regarded as a risk factor for a number 

of disorders [120] and cardiovascular diseases [121]. Clinically, higher levels of 
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ADMA are routinely measured in patients with chronic kidney disease [122] and 

cirrhosis [123]. In rat model with cholestatic liver disease, DDAH activity is 

significantly decreased compared to the control group [124]. Accordingly, these 

results indicated that DR may reduce ADMA-associated diseases.  

In kidney, liver, and brain tissues, the expression levels of the both the Cdkn1a 

and Tpd5211 genes were significantly reduced in the DR group (Table 6). The 

reduced cyclin-dependent kinase inhibitor 1A, also known as p21, which is a 

senescence marker [125,126], indicated that DR prevent the process of aging. 

Although the function remains elusive, the tumor protein D52-like 1 is very 

frequently overexpressed in multiple human cancers, including breast, lung, 

endometrial, hepatocellular, colon, pancreatic, ovarian, high-grade prostate 

carcinomas, and leukemia. Accordingly, its suppression by DR could have 

chemoprevention effects.  

Given the role that the histocompatibility complex (MHC) class I antigen 

presentation pathway plays in the detection of virally infected cells by cytotoxic T 

lymphocytes [127], DR induces higher possibility to alert the immune system to 

virally infected cells according to the result of enhancement of gene level in kidney, 

liver, and muscle tissues of the DR group (Table 6).  

Methylation pathway was significantly increased in kidney, liver, and brain 

tissues (Figure 19). DNA methylation is a well-defined epigenetic mechanism 

involved in regulation of gene expression. Additionally, proper methylation is 

important for development, and contributes to chromosomal stability. Loss of 

genomic DNA methylation has been noted as part of the aging process [128]. In 
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addition, previous studies have reported that damaged DNA fragmentation 

increases with age in rats, and that this phenomenon is reduced by DR [129]. Some 

effects of Sirt, which may play a pivotal role in the beneficial effects of DR, are 

also mediated through DNA methylation [130,131]. These results suggested that 

higher methylation induced by DR might play a protective role in age-related DNA 

damage. 

The polyol pathway, also called sorbitol-aldose reductase pathway, generates 

sorbitol from unused glucose, which freely crosses kidney cell membrane. In 

diabetes, excessive activation of the polyol pathway results in elevated sorbitol 

levels and reactive oxygen species (ROS), while decreasing nitric oxide and 

glutathione [132]. Thus, reduction of the polyol pathway observed in kidney tissue 

of the DR group (see Figure 19) indicated that kidney tissue was releasing glucose 

into the bloodstream rather that producing sorbitol and that prevention of diabetes 

may be a beneficial effect of DR. 

In muscle tissue, hedgehog signaling pathway and NFE2L2 were enhanced in 

the DR group (Figure 19). The hedgehog signaling pathway plays an important role 

in tissue homeostasis, modulating tissue regeneration. Its misregulation has been 

associated with several types of cancers [133,134]. In addition, NFE2L2, also 

known as Nrf-2, plays an important role in modulating the expression of several 

antioxidant enzymes. The significant increase of these pathways under DR 

condition can improve the ability of self-protection from tissue injury. 

The biosynthesis of aldosterone pathway was significantly up-regulated in liver 

tissue of the DR group (Figure 19). An exogenous aldosterone, in remnant kidney 
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rat model, performed greater proteinuria, glomerulosclerosis, and hypertension, 

indicating its contribution to hypertension and renal injury in the remnant kidney 

model [135]. Thus, the enhanced biosynthesis of aldosterone in the DR group could 

help prevent renal deterioration. 

Hypertrophy model pathway was significantly decreased in kidney tissue (Figure 

19). Kidney hypertrophy due to cell arrest in the G1-phase and its enlargement 

result in loss of renal function. These results indicated that kidney tissue keeps 

healthy during DR [136]. 

The pathways related to inflammation, including prostaglandin synthesis and 

regulation and inflammatory response involving fibronectin, collagen, and laminin 

expression, were reduced in kidney tissue (Figure 19). Prostaglandins play a key 

role in the generation of the inflammatory response and their production is 

generally very low in uninflamed tissue, but increases immediately in acute 

inflammation prior to the recruitment of leukocytes and the infiltration of immune 

cells [137]. With interstitial inflammatory rat model induced by injection of bovine 

serum albumin, the expressions of fibronectin, collagen, and laminin were 

increased in renal tissue [138]. Accordingly, these results indicated that lower 

inflammatory response contributed to the beneficial effects of DR. 

GPCRs are a "superfamily" that comprises a group of proteins divided into three 

main classes: A, B, and C. With no detectable shared sequence homology between 

classes, these proteins are involved in a wide variety of physiological processes 

that include nervous system transmission and inflammatory mediation. In brain 

tissue, the metabotropic glutamate/pheromone GPCRs class C was decreased and 
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the additional pathways related to several others’ GPCR was significantly increased 

(Figure 19). As metabotropic glutamate receptors included in GPCRs class C still 

can be divided in to several groups, the subgroups have a different role in 

biological function. For example, agonists for group II (mGlu2/3) receptors and 

antagonists for group I (in particular mGlu5) receptors have shown activity in 

animal and/or human conditions of fear, anxiety or stress, having an influence 

opposite to that shown by group I or group II mGlu-receptor agonists on 

excitotoxic neuronal death [139,140]. The opposite regulation of GPCRs in brain 

tissue of the DR group is not easy to reconcile, however, the role of GPCRs should 

be speculated as the beneficial effects of DR in nervous system and inflammatory 

regulation based on the non-changed level of glutamate and increased level of 

MHC class I gene, and warrants further confirmation. 

Oxidative stress is biological state and has been defined as an imbalance in the 

antioxidant organization, ultimately resulting in potential for cell damage. Several 

biological and pathological processes have been linked to oxidative stress, 

including aging [141], inflammation [142], carcinogenesis [143], and in diseases 

such as Parkinson’s [144] and Huntington’s [145]. Apoptosis, an essential process 

for the health of most multi-cellular organisms, has also been linked to these 

disorders and diseases [146-149], suggesting that both processes might be involved 

in the development of pathologies. Dietary restriction has also been shown to affect 

age-related phenotypes, such as enhancement of ROS level, and to increase the rate 

of apoptosis [150]. Thus, higher regulation of intrinsic apoptotic signaling pathway 
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in response to oxidative stress may well reflect the role of protection from 

oxidative stress on liver cells by DR (see Figure 20). 

Stearoyl-CoA desaturase is a key enzyme in fatty acid synthesis, and its 

increased expression levels are associated with tumor malignancy [151]. Stearoyl-

CoA desaturase knock-out mice showed reduced body adiposity and increased 

insulin sensitivity, as well as resistance to diet-induced obesity. These studies were 

performed in stearoyl-CoA desaturase knock-out mice, suggesting that this enzyme 

appears to be an important metabolic modulator, and that inhibition of its 

expression could benefit for the treatment of obesity, diabetes and other metabolic 

disorder [152]. Considering the above, the decreased GO term of stearoyl-CoA 9-

desaturase activity could account for reduced incidence of cancer, diabetic disease, 

and metabolic disorder by DR (see Figure 20).  

Cellular response to alkaloid was enhanced in brain tissue of the DR group 

(Figure 20). Alkaloids are a group of natural products, containing mostly basic 

nitrogen atoms. Over ten classes of alkaloid have been found and applied clinically. 

One such as alkaloid, vincamine, is used as a peripheral vasodilator to combat the 

effect of aging. Administration of vincamine performs approximately 50% 

reduction in brain of Fe concentration, whose disturbance is associated with aging 

related neurodegenerative disease, including Parkinson's, Alzheimer's, and 

Huntington's diseases [153]. Down-regulation of the channels, such as 5-

hydroxytryptamine receptor 1B (HTR1B) and transient receptor potential cation 

channel subfamily V member 1 (Trpv1) involved in cellular response to alkaloid, 

induces psychiatric disorder [154]. The elevation of cellular response to alkaloid, 
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thus, resulted in higher availability to modulate alkaloid’s susceptibility and 

reduction of the incidence of neurodegenerative diseases by DR. 

Elastin biosynthetic process was found to be increased in muscle tissue of the 

DR group (Figure 20). Elastin is a protein in connective tissue, and plays a role for 

resuming tissues’ shape after stretching or contracting. Impairment of elastin has 

been implicated in several diseases, including Hurler disease [155] and Williams 

syndrome [156]. The fragmentation of elastin has been observed in aortas from 

aged mice [52], and higher levels of elastin are present in the extracellular matrix 

of cells derived from the younger animals [157]. These results indicated that 

enhanced elastin biosynthetic process contributes, at least in part, to the beneficial 

effects of DR. 

Overall, DR-associated several markers were identified using multi-organ 

metabolomics and cDNA microarray analysis. These results showed that DR 

induced beneficial metabolic and genomic changes in the analyzed tissues, 

preventing age-related diseases, including diabetes, cancer, cardiovascular, hepatic, 

renal, and neurodegenerative diseases. Moreover, altered gene expression by DR 

likely reduces age-related disorders, such as ammonia toxicity, senescence, 

inflammation response, and ROS (see Table 8). Notably, certain additional 

metabolites, genes, pathways, and GO terms were revealed in current study. 

However, due to some limitations, their actual functions correlate to DR were 

remained unresolved and should be evaluated as further works. 
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 Table 8 Overall markers for DR’s beneficial effects*. 

*The approach, name of markers, significant change of markers for the DR group 

comparing with the control group, and respective function of markers are indicated. 

The metabolites not detected in respective tissue are remained as blank, and the 

significant increase or decrease confirmed with student’s t-test (p < 0.05) is 

indicated as the symbol of up or down, respectively. “K”, “L”, “B”, and “M” 

indicate kidney, liver, brain, and muscle tissues, respectively. 
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Conclusion 

 

With systems biology including urine metabolomics, multi-organ metabolomics, 

and cDNA microarray, the beneficial effects of DR were investigated. Urine 

metabolomics revealed markers from glucuronide and glycine conjugation reaction 

in the DR group. Extensive profiling of urine samples using neutral loss scanning 

presented enhanced levels of phase II metabolites. The up-regulation of phase II 

detoxification in the DR group was confirmed by mRNA and protein expression 

levels of the associated enzymes, UGT and GLYAT, in the liver tissue. Additionally, 

the Nrf-2 signaling pathway was found to be up-regulated, giving evidence of the 

enhancement of phase II detoxification activity in the liver. Multi-organ 

metabolomics revealed higher phase II detoxification and distinct energy 

metabolism pathways in the DR group. Multi-organ cDNA microarray analysis 

coupled with gene, pathway enrichment, and gene ontology terms provided 

consistent results for the mechanism revealed by multi-organ metabolomics study. 

In addition, pathway enrichment and gene ontology analysis provided evidence of 

enhanced phase I detoxification in the DR group. Several other markers were also 

found to be related with age-associated diseases such as diabetes, cancer, and 

cardiovascular, neurodegenerative, hepatic, and renal diseases. This was consistent 

with histopathology and serum biochemistry results that showed the actual 

beneficial effects of DR in the current experimental system. Collectively, DR 
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induces higher phase I and phase II detoxification, a distinctive energy metabolism, 

and lower the incidence of age-related diseases to perform its beneficial effects. 
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국  
 

시스  생 학  통한 에  
식이 한  익한 효과에 여하는 

해독작용  증가 연구 
 

  

약학과 천연 과학 공 

울 학  약학 학 학원 

 
식이 한  많  익한 효과가 있지만 그에 한 자 한 사체학  

커니즘  아직 잘 알  있지 않다. 사체학과 체학  포함하고 

있는 시스  생 학 근방법  사용하여 여러 조직에  식이 한 

효과  연  분자간 상 작용  찾고자 하 다. , 

핵자 공명  질량분 를 사용하여 조군과 식이 한군에  얻  

소변 샘플에 한 사체학  프 일링  진행하 다. 다변량 

통계분  결과는 식이 한 군에  독특한 사체학  프 일링  

보여주었고 glucuronide나 glycine 쥬게이  경  연  마커들  

규명하 다. Neutral loss scanning  이용한 소변샘플에  phase II 

사 질  프 일링 결과에 는 식이 한군에  glucuronide나 

glycine 쥬게이  사 질이 보편  많이 존재함  보여주었다. 

간조직에  UGT  GLYAT  신  RNA  단백질 발 양   

분  통하여 식이 한군에  phase II 해독 이 증가  
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인하 다. 또한 간조직에  증가  phase II 해독 에 한 

커니즘  Nrf-2 신 달과 이 증가  결과 부  단 를 찾았다. 

다 , 사체학과 cDNA 마이크 어 이를 사용하여 조군과 

식이 한군에  얻  다 장  사체학  및 체학  

프 일링  조사하 다. 다 장  사체학 마커들  식이 한군에  

phase II 해독  증가  독특한 에 지 커니즘  보여주었다. 

또한 게놈, 강 경  자 톨 지를 결합한 마이크 어 이 

분 결과는 다 장  사체학에  밝힌 커니즘과 동일하 다. 그리고 

강 경 분 과 자 톨 지 분 결과는 식이 한 군에  증가  

phase I 해독 이 식이 한  익한 효과  하나임  시하 다. 

본 연구에  발견  다른 마커들  당뇨질 , 암, 심장질 , 

신경퇴행 질 , 간질 과 신장질  등 노   질 들과 연  

인하 다. 이러한 결과는 본 실험조건에  실  식이 한  익한 

효과를 보여주는 조직병리학, 액생 학 결과들과 동일하다. 

결 , 사체학, 마이크 어 이  생 학  연구결과는 식이 한 

익한 효과  복합 인 매커니즘  알아가는데 사체학 , 학  

 공한다. 

 

주요어:  식이 한, 사체학, 마이크 어 이, Phase I 해독 , Phase 

II 해독 , UGT, GLYAT, P450. 

학번: 2012-30772 
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This appendix includes the reprint of six published papers. Among them, I was 

involved as a first or a co-first author in one paper or five papers, respectively. 

These works were done during my doctor course in Seoul National University 

under my supervisor Professor Sunghyouk Park. 
 

Appendix 
 
A. Enhanced phase II detoxifications contributes to beneficial effects of 

dietary restriction as revealed by multi-platform metabolomics studies ...... 140 

B. A highly facile and specific assay for cancer-causing isocitrate 

dehydrogenase mutant using13C4-labeled α-ketoglutarate and heteronuclear 

NMR ................................................................................................................ 152 

C. An NMR metabolomics approach for the diagnosis of leptomeningeal 

carcinomatosis ................................................................................................. 158 

D. A new mechanism in the binding between Homer3 EVH1 domain and 

inositol 1,4,5 trisphosphate receptor suppressor domain............................... 167 

E. Metabolomic comparison between cells over-expressing isocitrate 

dehydrogenase 1 and 2 mutants and the effects of an inhibitor on the 

metabolism ...................................................................................................... 176 

F. Urinary Metabolite Profiling Combined with Computational Analysis 

Predicts Interstitial Cystitis-Associated Candidate Biomarkers ................... 187 



140 
 

  



141 
 

 

  



142 
 

  



143 
 

 

 



144 
 

  



145 
 

  



146 
 

  



147 
 

  



148 
 

  



149 
 

  



150 
 

  



151 
 

  



152 
 

  



153 
 

  



154 
 

  



155 
 

  



156 
 

  



157 
 

  



158 
 

  



159 
 

 

  



160 
 

  



161 
 

  



162 
 

  



163 
 

 

  



164 
 

  



165 
 

  



166 
 

  



167 
 

  



168 
 

  



169 
 

  



170 
 

  



171 
 

  



172 
 

 

  



173 
 

  



174 
 

 

  



175 
 

  



176 
 



177 
 

  



178 
 



179 
 

  



180 
 

  



181 
 

  



182 
 

  



183 
 

 



184 
 

  



185 
 

  



186 
 

  



187 
 

  



188 
 

  



189 
 

  



190 
 

  



191 
 

  



192 
 

  



193 
 

  



194 
 

 


	1. General introduction
	2. Part I: Multi-platform urine metabolomics analysis revealed the contribution of phase-II detoxifications for beneficial effect of dietary restriction
	I. Introduction
	II. Materials and methods
	A. Materials
	1. Chemicals and reagents

	B. Methods
	1. Animal and diets
	2. Urine, blood, and tissue collection
	3. Urine samples preparation for NMR
	4. NMR Spectroscopic analysis of urine
	5. LC-MS analysis of urine
	6. Multivariate data and statistical analysis
	7. Reverse transcriptase-polymerase chain reaction (RT-PCR)
	8. Western blot
	9. Liver tissue histopathology and serum biochemistry


	III. Results
	A. General assessment of DR effects
	B. NMR and LC-MS analysis of urine samples
	C. OPLS-DA multivariate analysis
	D. Metabolites related to DR
	E. Profiling of general glucuronide and glycine conjugation via neutral loss scanning
	F. Assessment of phase II detoxification pathways in liver tissue
	G. Biochemical and histopathological changes in liver tissue
	H. Up-regulation of Nrf-2 signaling pathway

	IV. Discussion

	3. Part II: Characterization of global metabolic and genomic alteration induced by dietary restriction using multi-organ metabolomics and cDNA microarray in rat
	I. Introduction
	II. Methods
	1. Tissues sample preparation for NMR and LC-MS
	2. NMR spectroscopic analysis of tissues
	3. LC-MS spectroscopy
	4. Multivariate data analysis
	5. Kidney tissue histopathology and serum biochemistry
	6. Microarray data processing
	7. Microarray data analysis

	III. Results
	A. Serum clinical biochemistry
	B. NMR spectral acquisition and analysis
	C. OPLS-DA multivariate analysis
	D. Altered metabolic pathways in the DR group
	E. General effects on gene expression
	F. Pathway enrichment analysis
	G. Functional enrichment analysis

	IV. Discussion

	4. Conclusion
	References
	Abstract in Korean
	Appendix


<startpage>10
1. General introduction 1
2. Part I: Multi-platform urine metabolomics analysis revealed the contribution of phase-II detoxifications for beneficial effect of dietary restriction 4
 I. Introduction 4
 II. Materials and methods 7
  A. Materials 7
   1. Chemicals and reagents 7
  B. Methods 8
   1. Animal and diets 8
   2. Urine, blood, and tissue collection 8
   3. Urine samples preparation for NMR 9
   4. NMR Spectroscopic analysis of urine 9
   5. LC-MS analysis of urine 10
   6. Multivariate data and statistical analysis 12
   7. Reverse transcriptase-polymerase chain reaction (RT-PCR) 12
   8. Western blot 13
   9. Liver tissue histopathology and serum biochemistry 14
 III. Results 15
  A. General assessment of DR effects 15
  B. NMR and LC-MS analysis of urine samples 17
  C. OPLS-DA multivariate analysis 26
  D. Metabolites related to DR 29
  E. Profiling of general glucuronide and glycine conjugation via neutral loss scanning 32
  F. Assessment of phase II detoxification pathways in liver tissue 35
  G. Biochemical and histopathological changes in liver tissue 40
  H. Up-regulation of Nrf-2 signaling pathway 44
 IV. Discussion 47
3. Part II: Characterization of global metabolic and genomic alteration induced by dietary restriction using multi-organ metabolomics and cDNA microarray in rat 53
 I. Introduction 53
 II. Methods 57
  1. Tissues sample preparation for NMR and LC-MS 57
  2. NMR spectroscopic analysis of tissues 57
  3. LC-MS spectroscopy 58
  4. Multivariate data analysis 59
  5. Kidney tissue histopathology and serum biochemistry 60
  6. Microarray data processing 60
  7. Microarray data analysis 62
 III. Results 64
  A. Serum clinical biochemistry 64
  B. NMR spectral acquisition and analysis 69
  C. OPLS-DA multivariate analysis 74
  D. Altered metabolic pathways in the DR group 77
  E. General effects on gene expression 82
  F. Pathway enrichment analysis 87
  G. Functional enrichment analysis 92
 IV. Discussion 95
4. Conclusion 117
References 119
Abstract in Korean 137
Appendix 139
</body>

