
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


i 

 

Abstract 
 

Metabolic effects of skn-1 down-

regulation in C.elegans 

 

Phan Chau Hong Duc 

Natural Products Science Major 

College of Pharmacy 

The Graduate School 

Seoul National University 

 

 

 SKN-1/Nrf2, a transcription factor with a well-established role in regulating 

oxidative stress resistance and detoxification pathway, has also been proved to 

affect the lifespan of C.elegans. While many studies have characterized the SKN-1 

function at genomic level, there has been lack of a systematic investigation at 

individual metabolites. As SKN-1 function relates to metabolism, we studied 

metabolite profiles of skn-1 knockdown C.elegans strain by NMR and LC-MS/MS 

metabolomics approach. First, we fed C.elegans with E.coli HT115 containing the 

double-strand RNA of skn-1 to knock down skn-1 gene in the worms. The effects 
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of skn-1 knockdown were confirmed by the shorter lifespan and the lower level of 

skn-1 expression measured by qPCR in knockdown worms. We then extracted 

metabolites from the worms and obtained metabolite profiles through NMR and 

LC-MS/MS. Multivariate analysis showed a distinctive metabolic profile with the 

significant decrease in the oxidative stress defense system represented by the 

reduction in NADPH/NADP+ ratio, the decline in the transsulfuration pathway-

main source of GSH synthesis, and the lower level of total GSH (GSHt) in skn-1 

RNAi worms. We also tested the performance of phase II detoxification system 

since we previously observed the involvement of the skn-1 dependent phase II 

detoxification in the dietary restriction’s beneficial effects. It is showed that there is 

an impairment of this system in the knockdown worms as exemplified by the lower 

level of glutathione conjugate of paracetamol, a compound detoxified through this 

pathway. By interrogating existing microarray data, we also observed the 

consistency in the changes of metabolite data with the gene expression levels, 

including the decline of cbl-1 and gpx encoding gamma-cystathionase and 

glutathione peroxidase which are necessary for the synthesis and function of GSH 

respectively, the reduction in the T25B9.9 encoding 6-gluconate phosphate 

dehydrogenase, which is the main enzyme of NADPH production, and the decrease 

of ugt and gst encoding UDP-glucuronosyl transferase and Glutathione-S-

transferase in the Phase II detoxification pathway. As the correlation between aging 

and oxidative damage has been hypothesized previously, our results demonstrate 

the debilitation of the cytoprotective pathway including oxidative stress defense 
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system and xenobiotic detoxification system, underlies the lifespan reduction of 

skn-1 knockdown worms. 
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I. Introduction 

 

 SKN-1/Nrf2 transcription factor belongs to the cap’n’collar family that mediates 

an evolutionarily conserved oxidative stress resistance in mice (1), zebra fish (2), 

nematode (3), (4), and flies (5). In addition, Nrf2 has been proposed to be a 

potential target for cancer chemoprevention (6) (7). In aging research, while the 

relationship between Nrf2 and lifespan in vertebrate organisms such as mice, zebra 

fish remains controversial (8) (2), the implementation of Nrf2 ortholog SKN-1 in 

lifespan of C.elegans is well documented (3). The expression of skn-1 in ASI 

neurons necessitated lifespan extension in worms under caloric restriction (9) and 

knockdown of skn-1 gene by RNA interference (RNAi) was shown to reduce the 

worm’s lifespan by 20 % (10). Recently, SKN-1 was reported to interact with 

Insulin/IGF-1-signaling pathway in stress tolerance and longevity promotion (11), 

suggesting the important role of SKN-1 in cellular metabolism. 

 One of the most critical functions of SKN-1/Nrf2 is to regulate the expression of 

phase II detoxification enzyme (12) (13). This detoxification system is necessary 

for the survival of C.elegans in the natural environment. There is a large number of 

genes encoding major enzymatic tools of phase II detoxification in worms, 

including Glutathione-S-transferase (GSTs) and UDP-glucuronosyl transferase 

(UGTs) (14). These enzymes catalyze conjugation reactions between phase II 

metabolites  and charge species such as glutathione or glucuronic acid to enhance 

the elimination of toxic insults such as reactive oxygen species and electrophiles 
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(15) (16). In response to oxidative stressors, adult worms up-regulate the 

expression of various antioxidant genes such as GSTs, catalase, superoxide 

dismutase in a SKN-1-dependent manner (17). Thus, the dual function of SKN-1 in 

both longevity and cytoprotection has raised possibility of the correlation of two 

pathways, which has not been fully understood (18) (19). 

 Most studies of SKN-1 hitherto have focused mainly on its function at genomic 

level. The understanding of SKN-1 role in cellular metabolism, indeed, remains 

incomplete. As metabolite profiling directly reflects the activity of metabolic 

network, metabolomics approach has increasingly been applied to investigate the 

metabolic alterations under experimental perturbations (20). In C.elegans model, 

1H nuclear magnetic spectroscopy has been employed so far to characterize the 

metabolites of many long-lived C.elegans (21) (22) (23). However, the overlapping 

of the signals makes it difficult to identify and quantify metabolites (24). This 

limitation can be overcome by using heteronuclear multidimensional NMR with 

stable isotope labeling (25). This method has been applied for many organism 

models such as bacteria, silkworm, and mice (26).  

 Our previous study the first time reported an in vivo 13C-labeling strategy of all 

metabolites in C.elegans with improving the sensitivity of 2 order magnitudes and 

increasing the number of detectable peaks (27). Herein, we apply the 13C-labeling 

method to examine the metabolic alterations in skn-1 knockdown C.elegans by 

two-dimensional NMR combining with LC/MS. To characterize the changes of 

phase II detoxification metabolites in these worms, we treated C.elegans to 



3 

 

paracetamol, a compound detoxified through phase II enzymes and monitored its 

metabolites by HPLC-Mass spectroscopy. Our results show the distinctive 

metabolic profile with the significant increase in the phosphocholine and 

AMP/ATP ratio, potential biomarkers of aging, together with the decrease in GSHt 

and NADPH/NADP ratio, indicating the deterioration in oxidative stress defense 

system in skn-1 knockdown worms. The paracetamol metabolites through the 

Phase II detoxification are diminished, suggesting a decline in the performance of 

this system. By interrogating the existing gene expression data, we find high 

concordance between transcriptional and metabolite changes.  These alterations 

reflect the defective in the cytoprotective pathway, explaining for the lifespan 

reduction in the skn-1 knockdown C.elegans.  
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II. Materials and Methods 

 

1. 13C-labeling metabolites and RNAi 

 NGM plates were prepared as previous study (27). An autoclaved mixture 

containing of NaCl (1.5 g), agar (10 g) dissolved in 484 mL of distilled water was 

additionally added 13C6-glucose (1 g), NH4Cl (1 g), 1 M CaCl2 (0.5 mL), 1 M 

MgSO4 (0.5 mL), 1% (v/v) thiamine (0.5 mL), cholesterol 5 mg mL−1 (2 mL), 1 M 

KH2PO4 pH 6.0 buffer (12.5 mL), and ampicillin (X1000, 500 μL). This agar 

solution was used to make 100 mm plastic Petri dish plates. The RNAi was 

performed as describing previously (28). E.coli HT115 carrying L4440 vector that 

expressed either skn-1 dsRNA or nothing as control was initially grown at 37 0C in 

LB media overnight. 10 ml LB media was subsequently added to 1 L M9 buffer 

composed of NaH2PO4 (6.8 g), K2HPO4 (3 g), NaCl (0.25 g), a filtered mixture 

containing 13C6-glucose (2 g), NH4Cl (2 g), 1 M CaCl2(100 μL), 1 M MgSO4 (1 

mL), 1% (v/v) thiamine (1 mL), and ampicillin (X1000, 1 mL) and continued 

culturing to OD600 = 0.4. 1M IPTG (800 μL) was added to cultured media for 1 

hour to induce the expression of dsRNA. The cultured E.coli was harvested by 

centrifugation at 60000 rpm in 20 min at RT, and the pellet was resuspended in 50 

mL culture media. 1ml of E.coli suspension was spread on to one agar plate and 

incubated at 37 0C overnight. Wild type C.elegans Bristol strain (N2) was used. A 

synchronous population of L1 larvae of wild type C.elegans Bristol strain (N2)   
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was placed on NGM plates at 20 oC until they reach adult. Adult C.elegans were 

then harvested for metabolite extraction. 

 

2. Metabolite extraction 

 Adult C.elegans were harvested and lyzed with a tissue lyser bead mill (Biospec) 

in 600 μL methanol/chloroform mixture (2:1). Samples were vortexed for 50 s and 

incubated on ice for 10 s. This step repeated 5 times. Samples were subsequently 

sonicated for 10 min in cold water and additionally added 400 μL cholorform/water 

mixtures (1:1). After samples were centrifuged at 15000 g for 20 min at 4 0C, the 

upper water phase was separated and dried with a centrifugal evaporator (Vision). 

The protein precipitation was collected for BCA assay. 

 

3. NMR acquisition and Data analysis 

 The dried water phase was rehydrated in 450 μL of NMR buffer (100% D2O, 100 

mM Potassium phosphate pH 7.0, 1 mM 4,4-dimethyl-4-silapentane-1-sulfonic), 

and transferred into a 5 mm NMR tube. The 2D – heteronuclear single quantum 

coherence (HSQC) experiment was carried out by a 600 MHz Bruker Advance 

spectrometer equipped with a cryogenic triple resonance probe at the Inter-

university facility Department, Seoul National University (Seoul, Korea). The 

processing and analysis of HSQC data followed our previous paper (27). 

NMRViewJ software was used to process the NMR spectra, and the total peak 

volumes were used to normalize the integrated peak volumes. Orthogonal 
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projections to latent structures-discrimination analysis (OPLS-DA), class 

discrimination models and S-plot were performed by SIMCA-P 11.0 (Umetrics). 

Other statistical analysis was done on Origin software (Originlab). 

 

4. LC-MS/MS – based targeted metabolomics  

 ATP, ADP, Glucose, Trehalose, NADPH, Citrate, Malate, GDP, GSH and GSSG 

concentrations in WT and skn-1 RNAi C.elegans were measured on API2000 Mass 

spectrometer (AB/SCIEX) equipped with an electrospray ionization (ESI) source, 

and used in negative mode with −4.5 kV ion spray voltage and 300 °C heater (turbo) 

gas temperature. The dried water phase was dissolved in the mixture of Water: 

Methanol (20 μL, 1:1 v/v). 2 μL of the sample was injected into an HPLC (Agilent 

1100 Series, Agilent, CO). Mobile phase, flow rate, and column were used as 

previous study (27). For each compound quantification, multiple reaction 

monitoring (MRM) was employed. The following transitions were monitored m/z 

= 506 → 159 for ATP, m/z = 426 → 159 for ADP, m/z = 178.8 → 88.9 for Glucose, 

m/z = 340.9 → 59 for Trehalose, m/z = 744.1 → 79 for NADPH, m/z = 190.8 → 

11.1 for Citrate, m/z = 132.8 → 71 for Malate, m/z = 442 → 150 for GDP, m/z = 

306 → 128 for GSH, and m/z = 611 → 306 for GSSG.  The LC-MS/MS data 

were normalized by protein concentration measured by BCA method. 
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5. Normalization of LC/MS-MS data by protein concentration 

 The protein concentration is determined by bicinchoninic acid method (29) (BCA 

Protein Assay Kit, Pierce, USA, Prod#23227). The protein precipitation was 

dissolved in 1 M NAOH (180 μL) and heated at 70 0C for 25 min. Distilled water 

(1620 μL) was then added to dilute the base by ten times. The sample was mixed 

well by vortexing and was centrifuged at 15000 g for 5 min. The supernatant (10 

μL) was used for BCA assay according to manufacturer’s instruction. 

 

6. Lifespan analysis 

 The first day of adulthood was set as t=0. Worms were cultured on E.coli HT115 

carrying empty L4440 vector as control and L4440-skn-1 vector as knockdown 

worms. Worms were transferred to new plates every day to prevent mixing with the 

progeny. The log-rank test employed to analyze the difference in the lifespan was 

performed on R software. 

 

7. Real time Polymerase chain reaction (qPCR) 

 200 adult worms from each 3 biological independent replicate were collected and 

snap freezing in liquid nitrogen to extract RNA using Trizol method (MGTM 

RNAzol, Macrogen, Cat. No. MR001S MR001L), followed by Phenol-Chloroform 

purification. RNA purity and concentration were assessed using the ratio of 

absorbance at 260 nm and 280 nm on NanoDrop 1000 spectrophotometer 

(ThermoScientific, Baltimore, MA, USA).  cDNA was synthesized from 2 μg 
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RNA using High Capacity cDNA Reverse Transcription Kit (Lot No. 1304185, 

Applied Biosystems, Inc., USA).  Real-time PCR reaction was performed in 

triplicate in an Applied Biosystems 7300 PCR machine with SYBR green –based 

detection (iTaq TM Universal SYBRR Green Supermix, Cat. No. 172-5120, Bio-Rad, 

USA). The gene expression ΔCt value of skn-1 was calculated by normalization 

with actin-1. Statistical test was performed by Origin software (version 8, 

Microcal Software Inc., Northampton, MA). Primers were designed as follows:  

skn-1 right GGCGCTACTGTCGATTTCTC;  

skn-1 left CTCCATTCGGTAGAGGACCA; 

act-1 right GCTTCAGTGAGGAGGACTGG;  

act-1 left GTCGGTATGGGACAGAAGGA. 

 

8. Gene expression analysis 

 Microarray data of the Oliveira et al.’s paper (12) were downloaded from the 

database PUMAdb (http://puma.princeton.edu). The data from experiment 

comparing gene expression in WT and skn-1 RNAi on NGM plates were used to 

interrogate the expression level of genes encoding all metabolic enzymes in our 

study. KEGG database (http://www.kegg.jp/kegg/pathway.html) was used to 

identify genes and metabolic pathways in C.elegans. p-value was derived from 

Student t-test in Original software. 
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9. Targeting phase II detoxification metabolites  

 3500 adult worms were treated with Paracetamol (Sigma, Lot#SLBH0185V) for 

different time-points: 2, 6, and 10 hours. The phase II conjugates of paracetamol 

were extracted from C.elegans using the same protocol as metabolite extraction. 

Glutathione conjugate of paracetamol was quantified by AB Sciex 

API2000/Agilent 1100 series LC–MS/MS system with the same condition as 

previous study (27). The following transitions were monitored m/z = 457 → 140.1 

for paracetamol - glutathione conjugate. Experiment was replicated three times. 
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III. Results 

 

1. Effects of the skn-1 knockdown on the C.elegans 

 

 RNA interference (RNAi) was used to knock down skn-1 gene in C.elegans. Real-

time Polymerase Chain Reaction (qPCR) was employed to compare the expression 

level of skn-1 gene in knockdown strain and wild-type (WT). In skn-1 RNAi strain, 

the expression level of skn-1 reduced significantly by 70 % compared to WT (p-

value < 4.66 x 10-4) (Figure 1.A). Knockdown of skn-1 resulted in a significant 

lifespan decrease of C.elegans (p-value < 3 x 10-6) (Figure 1.B). 
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Figure 1. Real time PCR validation and lifespan confirmation 

(A) Real time PCR validation. Gene expression level of skn-1 in knockdown strain 

and WT. Error bars are standard deviation, p-value is derived from Student-t test, n 

= 3 trials. (B) Lifespan of skn-1 RNAi C.elegans compared to WT (p-value is 

derived from log- rank test). 
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2. NMR-based metabolomic profiling of skn-1 RNAi 

C.elegans 

 

 We performed a workflow of 13C -labeling metabolites in C.elegans with 13C-

glucose. We then acquired the 2D-HSQC NMR spectra for the skn-1 RNAi strain 

and WT. The spectra were quite similar and featured more than 250 resolved peaks 

(Figure 2A). The extracted one-dimensional spectra from the dotted lines showed 

the clear differences in peak intensities between two groups (Figure 2B). 

 Multivariate analysis was employed to study the differences between two groups. 

Orthogonal projections to latent structures-discriminant analysis (OPLS-DA) 

showed a clear separation between skn-1 RNAi and WT. The model had one 

predictive and three orthogonal components with Q2(Y)=0.771, R2(Y)=0.926, and 

total R2(X)=0.712 (Figure 3.A), suggesting that these two groups have distinct 

metabolite profiles. To identify peaks contributing to the difference, we constructed 

the S-plot based on the OPLS-DA model (Figure 3.B). 
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Figure 2. NMR spectra of WT and skn-1 knockdown worms  

(A) HSQC spectra for WT (black) and skn-1 RNAi (red) are overlaid. (B) The 

extracted one-dimension spectra from the dotted lines indicated the differences in 

peak intensities   
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Figure 3. Multivariate analysis between WT and skn-1 RNAi data.  

(A) OPLS-DA score plot showing the different metabolite profiles between WT 

(filled box) and skn-1 RNAi (open circle). (B) S-plot showing the peaks 

responsible for the discrimination.  
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3. Metabolite level changes combined with micro array data 

in skn-1 RNAi C.elegans 

 

 We assigned the chemical shift values of significant peaks contributing to the 

difference using the SpinAssign (30) and calculated the fold change of the 

metabolite levels in skn-1 RNAi compared to WT (Table 1). As there are some 

metabolites whose peaks were not clearly resolved in the NMR spectrum, these 

metabolite levels were confirmed by LC-MS/MS. In general, knockdown of skn-1 

resulted in the alterations of metabolites belonging to multiple pathways in 

C.elegans such as amino acid regulation (i.e., methionine, isoleucine, arginine, 

glutamine, glutamate ...), phospholipid regulation (i.e., ethanolamine, choline…), 

redox state regulation (i.e., ATP, AMP, NADPH, GSH, GSSG…). To cross-confirm 

our metabolite data with other approaches, we interrogated expression levels of 

genes encoding metabolic enzymes from the existing microarray data. Consistent 

with the metabolite data, the gene expression levels in comparable pathways were 

also changed. The reduction in expression level of T25B9.9 gene encoding enzyme 

6-phosphogluconate dehydrogenase, an enzyme in the pentose phosphate pathway 

generating NADPH, explained for the low level of NADPH in knockdown worms. 

The decrease of GSH is commensurate with the reduction in the expression level of 

cbl-1 gene, which encodes gamma-cystathionase in the GSH synthesis route 

(Figure 4). The expression levels of other genes are presented in Table 2. 
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Table 1. Changes of metabolites contributing to the difference between WT 

and skn-1 RNAi 

 

Metabolite 
Fold Change 

(%) 

p-value less 

than 
Metabolite 

Fold Change 

(%) 

p-value less 

 than 

Ethanolamine phosphate 9.11 9.2 x 10-5 L-glutamine -12.00 0.0129 

Ethanolamine 94.71 1.5 x 10-5 L-glutamate -10.60 0.0181 

L-serine 54.18 1.88 x 10-6 L-Lysine -15.78 4.09 x 10-4 

sn-Glycerol 3-phosphate 55.28 4.3 x 10-4 L-Cystathionine -12.70 0.0206 

Choline 43.53 7.22 x 10-7 Pyruvate -24.30 0.0117 

Choline phosphate 33.62 0.0114 L-2-Aminoadipate -22.10 0.0145 

L-Methionine 51.87 9.15 x 10-5 L-histidine -13.45 0.0106 

L-Isoleucine 19.02 4.13 x 10-4 ADP* -28.73 1.27 x 10-4 

Glycerone phosphate 115.70 0.0275 GDP* -42.31 0.00234 

L-Arginine 22.44 3.6 x 10-4 NADPH* -51.53 2.66 x 10-5 

Glucose * 40.09 1.66 x 10-4 Citrate* -39.49 6.42 x 10-5 

Trehalose* 61.92 4.62 x 10-4 ATP* -34.67 5.98 x 10-4 

AMP/ATP* 37.95 0.0183 GSHt* -29.58 3.08 x 10-5 

   GSSG* -24.44 2.11 x 10-3 

   Malate* -26.33 0.0114 

   NADPH/NADP -44.83 6.73 x 10-3 

The change values are from the normalized peak volumes of the HSQC spectra and represent percent changes of 

skn-1 RNAi compared to the WT with negative values for decrease and positive value for increase. The level of 

metabolites with * were confirmed by LC-MS/MS. GSHt = GSH + GSSG  
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Figure 4. Gene expression level extracted from microarray data comparing 

skn-1 RNAi and Control. 

Representation of changed genes in skn-1 knockdown worms. ugt-5 : UDP-

glucunosyltransferase; gst-4 : Glutathione S- transferase; gpx-1 : Glutathione 

peroxidase; T25B9.9: 6-phosphogluconate dehydrogenase; cbl-1 : gamma-

cystathionase. Error bars are Standard deviation, p-value is derived from Student-t 

test, n = 3 trials. 
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4. LC-MS/MS – based metabolomic targeting phase II 

detoxification metabolites 

 

 To assess the effect of skn-1 on the phase II detoxification pathway in C.elegans, 

we treated C.elegans with paracetamol, a compound detoxified through this 

pathway, for different time-points: 2, 6, 10 hours, and quantified its phase II 

conjugates by LC-MS/MS. It clearly showed that at 2, and 6 hours, the 

paracetamol-glutathione conjugate level was reduced significantly in the skn-1 

RNAi worms comparing to WT (p-value < 0.03). At 10 hours, this level was not 

significant different between two groups. The decrease in the level of paracetamol-

glutathione conjugate reflected the impairment in the phase II detoxification 

pathway, which is commensurate with the reduction of genes encode glutathione S-

transferase such as gst-4, gst-10… (Figure 4, Table 2). 
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Figure 5. Paracetamol-glutathione conjugate level in skn-1 knockdown worms 

comparing to WT  

Level of Paracetamol-glutathione conjugate in WT and skn-1 RNAi C.elegans. 

Statistical analysis was performed using Student’s t-test; *: p-value < 0.03. Error 

bars are standard deviation. 
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IV. Discussion 

 

 Transcription factor SKN-1 with dual function in aging and oxidative stress 

resistance has attracted much attention. However, most of the studies have taken a 

genetic approach to define the role of skn-1 gene. In order to have the more 

complete picture of skn-1 function, we applied metabolomics approach to 

characterize the change in the metabolome of skn-1 RNAi worms comparing to WT. 

We employed an in vivo 13C-labeling metabolite workflow for C.elegans to 

increase the resolution and sensitivity of 2D HSQC NMR spectra. HPLC-MS/MS 

analysis was used to confirm the levels of metabolites which have many 

overlapping peaks in NMR spectra and to quantify the phase II detoxification 

conjugates of paracetamol. 

 The metabolomic profiling showed a significant decrease in the ratio of 

NADPH/NADP+ in skn-1 knockdown worms. As NADPH formation is involved in 

different processes, we retrieved gene expression level information from 

microarray data to have a thorough view of NADPH biosynthesis. One of the well-

known enzyme groups generating NADPH belongs to pentose phosphate pathway 

with 2 enzymes Glucose-6-phosphate dehydrogenase (G6PD) and 6-gluconate 

phosphate dehydrogenase (6GDH) (31). While the expression level of gspd-1 gene 

encoding G6PD remains unchanged, that of T25B9.9 gene encoding 6GDH, being 

consistent with metabolite data, reduced significantly (Figure 4). NADPH is 

important due to its function in cellular oxidative stress resistance and lifespan 
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extension. In Drosophila, it is reported that increase in NADPH biosynthesis, 

resulted in stress resistance enhancement, can extend lifespan (32). As NADPH is a 

substrate for Glutathione reductase (GR), which catalyzes the reduction of  

Glutathione disulfide (GSSG) to the sulfhydryl form Glutathione (GSH), 

accompanying by the release of oxidative form NADP+, the decreased 

NADPH/NADP+ ratio reflects the changes in GSH/GSSH ratio (31). It is accepted 

that the cellular antioxidant function of NADPH comes through its role in 

regeneration of GSH (33). GSH participates in many antioxidant reactions through 

several key enzymes including Glutathione peroxidase (GPx) and Glutathione-S-

transferase (GST) (34). Interestingly, genes encoding these enzymes are down-

regulated in skn-1 knockdown worms (Figure 4), indicating the deficiency in the 

oxidative stress resistance in C.elegans.  

 The antioxidant effect of GSH in order to maintain the cellular redox status 

requires further discussion. In our data, the level of total GSH in skn-1 RNAi 

worms is down-regulated. GSH can be supplied from 2 sources: regeneration from 

GSSG by NADPH-dependent GR enzyme and de novo synthesis from cysteine and 

glutamate (Figure 6). In skn-1 knockdown C.elegans, GR function might be 

suppressed by the decrease of its substrate GSSG and NADPH, even though the 

expression level of trxr-2 gene encoding GR remained unchanged (Table 2). 

Another GSH biosynthesis pathway relates to cysteine, glutamate and two enzyme 

γ-glutamylcisteine synthetase (GCS) and GSH synthetase (35). Cysteine is 

converted from homocystein, through the intermediate cystathionine in the 
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transsulfuration pathway. The accumulation of methionine and serine, the precursor 

of homocysteine and cystathionine respectively, and the low level of cystathionine 

suggest an impairment of this pathway in the skn-1 RNAi worms. Transsulfuration 

pathway is an important source of GSH synthesis since it contributes to half of the 

GSH level in cell (36). This hypothesis is further confirmed with the down 

expression of cbl-1 gene encoding Cystathionine γ lyase, a main enzyme in the 

transsulfuration pathway, in the knockdown worms. Similarly, both glutamine and 

glutamate level also decreased in skn-1 RNAi worms. As a precursor of glutamate 

for GSH synthesis, Glutamine supplementation can increase GSH level in rat 

model (37). Thus, when the supply of cysteine and glutamate reduced, the two 

enzymes GCS and GSH synthetase might not work efficiently in skn-1 RNAi strain, 

explaining for the weakness in the de novo synthesis of GSH.  The reduction of 

GSH level results in failing to provide the electron for Glutathione peroxidase in 

scavenging the oxygen-derived free radicals. This may increase the cellular damage 

in skn-1 RNAi worms, which is a potential risk of aging (34). In previous studies, it 

is also reported that total GSH can be considered as a predictor of aging since its 

level reduces significantly in aging (38) and the increase in GSH intake results in 

extending the C.elegans lifespan (39).   

 Since SKN-1 regulates genes belonging to the phase II detoxification system and 

enhancement of this system is responsible for the lifespan extension in C.elegans 

(40), we raised a possibility that knockdown of skn-1 gene will debilitate the 

activity of enzymes in this pathway. In C.elegans, it is reported that GSTs and 
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UGTs are the dominant detoxification enzymes. To understand the difference of the 

enzyme activities at metabolite level, C.elegans were treated with paracetamol, a 

compound detoxified by phase II enzymes, and compared its glutathione conjugate 

between skn-1 RNAi worms and WT. Our targeted metabolomics confirmed the 

decrease in the glutathione – conjugated paracetamol, a product of phase II 

detoxification pathway. Consistent with this result, information from microarray 

data also informed a down-regulation in expression of a set of genes encoding 

GSTs (gst-4,….) and UGTs (ugt-5,…) in skn-1 knockdown strain (Table 2). The 

correlation of phase II detoxification and lifespan has been well-characterized in 

previous studies. In a study using rat model, we discovered that phase II reactions 

are required for Caloric restriction’s benefits, including lifespan extension (41). In 

addition, the induction of Phase II detoxification by environmental stress is 

suppressed in aging mice (42) or depletion of SKN-1 signaling pathway occurs 

simultaneously with the aging development in C.elegans (43).  

 A notable feature in skn-1 knockdown strain is the lower level of ATP resulting in 

the increase of AMP/ATP ratio. This ratio is a predictor of senescence in cell (44) 

and lifespan in C.elegans (45). It is reported that C.elegans with lower AMP/ATP 

live longer than those with higher AMP/ATP ratio (45). The increased AMP/ATP 

ratio is reported to activate cellular AMPK pathway (46). However, microarray 

data showed that aak-2 encoding AMPK alpha subunit remained unchanged in skn-

1 knockdown worms. To our knowledge, there has been no study describing the 

relationship between SKN-1/Nrf2 and AMPK pathway in aging so far, excepting 



24 

 

one research characterized the intersection of these pathways in lipopolysaccharide 

- triggered inflammatory system (47). Thus, a full disclose of the connection 

between these two pathways will bring new ideas in longevity study. In addition, 

although ATP is mostly generated by TCA cycle in mitochondria, the metabolite 

and gene expression data do not reflect the significant changes in this cycle. 

However, genes encoding enzymes in the DNA replication and transcription such 

as DNA polymerase and RNA polymerase (Table 2) are up-regulated significantly 

in skn-1 RNAi worms. It seems that there is an enhancement in the energy 

consumption for DNA and RNA synthesis, which are the material for protein 

translation. Increasing in energy expenditure may play a key role in life span 

determination, since inhibition of translation, which results in energy preservation 

activated the oxidative stress resistance and longevity in SKN-1- dependent manner 

(48).   

 As being reported to associate with lifespan extension, the increase of  

phosphocholine in the skn-1 RNAi worms also needs to be discussed (49). Long-

lived mutants C.elegans eat-2 and slcf-1, which mimic the caloric restriction 

condition, experienced a decline in level of phosphocholine and this level, in 

contrast, increased significantly in short-lived daf-18 and daf-18, slcf-1 double 

mutants. Therefore, the increase of phosphocholine has been suggested as a 

predictor for short lifespan expectancy in C.elegans (50). 

 Collectively, by applying NMR and LC/MS – based metabolomics approach, we 

successfully characterized the changes in cellular metabolism of skn-1 knockdown 
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worms with the noticeable decrease in the cytoprotective pathways including 

oxidative stress resistance and phase II detoxification system. These changes are 

commensurate with gene expression data published previously. Although the 

correlation between the oxidative stress and aging is still debated (18), recent 

studies have paved the way for understanding the function of cytoprotective 

pathway and longevity. By employing the RNAi screening to study the mechanism 

underlying multiple longevity pathways, knockdown of 25 in 29 genes regulating 

the cytoprotection were identified to reduce the lifespan of at least one long-lived 

mutant background (51). In addition, by examining genome-wide gene expression 

profiles of C.elegans and mouse under various caloric restriction conditions, the 

cellular surveillance-activated detoxification and defenses (cSADDs) pathway is 

also reported to have the main role in necessitating the lifespan extension (52). 

Thus, being consistent with other studies, our result also suggests that the 

impairment in the cytoprotective pathway underlies the decline of skn-1 RNAi 

worms’ lifespan.  
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Figure 6. Overall changes in skn-1 knockdown worms  

The changes of metabolites and corresponding enzymes are indicated. Red: 

increase; Blue: decrease; Black: not changed or no detected.  
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국문초록 

C.elegans 에서 

skn-1 down-regulation 의 

대사체학적 효과 

 

Phan Chau Hong Duc 

서울대학교 약학대학원 

   약학과 천연물과학전공 
 

SKN-1/Nrf2는 산화스트레스 내성 매커니즘과 해독 경로를 

활성화시킨다고 잘 알려져 있는 전사인자로서 C.elegans에서는 또한 

C.elegans의 수명에 영향을 준다고 입증되어 왔다. 많은 연구들이 

skn-1 의 유전자 수준에서의 기능만을 다루어 온 반면, 개별적인 

대사체에 대한 체계적인 연구는 부족한 실정이다. SKN-1의 기능이 

대사와 관련이 있기 때문에 우리는 skn-1 을 knockdown시킨 

C.elegans 의 대사 프로파일을 NMR과 LC-MS/MS를 이용한 

대사체학적 접근을 통해서 확인하였다. Multivariate analysis를 
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사용하여 skn-1 RNAi C.elegans에서 NADPH/NADP+비율의 감소로 

대변되는 산화 스트레스 저항 시스템의 현저한 감소, GSH 합성의 

주요한 원천이 되는 황전환작용 경로의 감소, 그리고 전체 GSH 레벨의 

감소와 같은 뚜렷한 대사 프로파일을 확인하였다. 우리는 phase II 해독 

경로를 통해 해독되는 paracetamol의 glutathione conjugate 레벨이 

감소되는 것으로 보아 phase II 해독 경로에 손상이 있음을 제안할 수 

있었다. 게다가 우리는 기존에 발표된 microarray data의 정보를 

분석하여 대사체 data의 변화가 유전자 발현 레벨과 일관성이 있음을 

관찰할 수 있었다. 일관성을 보인 유전자 발현 레벨은 각각 GSH의 

합성과 기능에 필수적인 γ-cystathionase와 glutathione peroxidase을 

인코딩하는 cbl-1과 gpx의 감소, NADPH를 생산하는 주요 효소인 6-

gluconate phosphate dehydrogenase를 인코딩하는 T25B9.9이 감소, 

그리고 phase II 해독 경로에서 기능을 하는 UDP-glucuronosyl 

transferase와 Glutathione-S-transferase를 인코딩하는 ugt와 gst의 

감소였다. 노화와 산화적 손상 사이에 연관이 있다는 기존의 가설과 

유사하게 우리는 산화스트레스 방어 시스템과 생체 이물 해독 시스템을 

포함하는 세포보호 경로의 약화가 skn-1 knockdown C.elegans의 수명 

단축에 기여할 수 있다는 결론을 얻었다. 

 

주요어: skn-1, phase II 해독경로, 예쁜꼬마선충, 대사체학 

학번: 2013-22584 
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