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Caloric restriction delays and extends lifespan in many species. The glucose is 

restricted in in vitro to mimic CR. The glucose restriction increased cell proliferation 

in normal cells but reduced proliferation of cancer cells in a cell culture system. The 

metabolic alterations on normal and cancer cells triggered by glucose restriction are 

not, however, fully elucidated. Here we applied NMR-based metabolomics to 

understand the differential metabolic profiles resulted from glucose restriction 

between non-small cell lung cancer (NSCLC) A549 cells and lung fibroblasts MRC5 

cells. We found that proliferation of A549 is significantly decreased compared to 



ii 

 

MRC5 after 120 hours of glucose restriction, while there is no change after 24 hours. 

Moreover, multivariate analysis of entire NMR data represented different response 

of metabolic change in MRC5 and A549 on glucose restriction. Specially, branched 

chain amino acids (BCAA) and glutathione is elevated in MRC5, and lactate in A549, 

indicating that normal cells fuel BCAA through TCA cycle to compensate the energy 

stress, whereas cancer cells fail to elicit alternative mechanism to overcome an 

energy deficit. In addition, we observed that the ROS defense system is decreased in 

A549, and β-Galactosidase is decreased in MRC5, reflecting that glucose restriction 

presents ROS-induced cell death in cancer cell and anti-aging effect due to reduced 

senescence phenotype in normal cells. Taken together, these results may throw a light 

on the underlying mechanisms of glucose restriction which may be a promising 

contribution to cancer prevention and also anti-aging. 
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I. Introduction 

 

Caloric restriction, without malnutrition causing detrimental effects, is the 

reduction in 20~40% of ad libitum (1). The earliest study of CR goes back to 1930s 

by McCay and colleagues who found CR extended lifespan of rats, showing 

beneficial effect of CR (2). To this day, CR could successfully delay and extend 

lifespan in many species including yeasts (3), worms (4), flies (5), rodents (6) and 

nonhuman primates (7, 8) without any genetic alterations. Caloric restriction also 

decreases the risk of age-related diseases such as diabetes, cancers, and 

neurodegenerative diseases (9, 10) . The correlation between ageing and disease is 

growing more than ever because ageing is a result from the loss of functions in 

tissues or cells and prolonged malfunction of cells could eventually lead to 

progression of a disease (11), for example, uncontrolled proliferation in cancers. 

Therefore, caloric restriction is emerging as the most potent dietary intervention not 

just to delay ageing but also to improve quality of life by reducing high incidents of 

diseases (12) . 

Nowadays, many studies of CR are being reported identifying overlaps in cellular 

mechanisms involved in ageing process across species which allowed extensive 

evaluation of therapeutic potential of CR in short-lived animals (13). There was still 

an uncertainty whether these advantageous effects of CR can be seen in human as 

well (14), however, the results of extended life span and delayed cancer development 

in response to CR in nonhuman primates from University of Wisconsin (7) and 
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National Institute on Aging (8) gave possibility that CR may eventually applied to 

humans to gain beneficial effects (15). Most of observations on the effects of CR are 

based on animal models (13), and not many in in vitro CR experiments are currently 

ongoing.  

Most of the dividing cells without growth signal or terminally differentiated enter 

state known as quiescence, a reversible growth arrest, until stimulated to proliferate 

(16). On the other hand, there is another state called senescence triggered by multiple 

mechanisms which is an irreversible growth arrest that cells fails to re-enter in the 

cell cycle by permanent loss of replication (17). Cells are unable to proliferate to 

replace damaged cells and gradual accumulation of senescent cells may result in 

ageing (18) The cellular senescence is therefore manifest as age-related phenotypes 

and removal of senescent cells can prevent or delay ageing, and contrastively 

reduced senescence limiting excessive proliferation can prevent spread of cancers 

which in overall extend lifespan (19). In in vitro system, glucose is the major energy 

source and thus to mimic CR effect, glucose is restricted in in vitro experiment model. 

The glucose restriction regime of in vitro system inhibited replicative cellular 

senescence in normal cells (20). Additionally, glucose restriction regime exhibited 

contrasting cellular response from normal and cancer cells, lifespan extension in 

normal and growth inhibition in cancer cells (21).  

Another common cause of ageing and various diseases are regarded to be from 

exposure to chronic oxidative stress which is a result of Reactive Oxygen Species 

(ROS) produced from a variety of pathways (22). ROS have diverse functions 
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depending on their level, ROS offer beneficial effect at low level but cumulative 

ROS cause deteriorative outcome leading to cell death (23). CR is known to alter 

numerous cellular pathways and one of which is oxygen species (ROS) defense 

system (24) and increase in intrinsic level of ROS is observed in glucose restriction 

in cellular culture system (25).  

The different characteristics of cell metabolisms in normal and cancer cells may 

explain contrasting cellular fate induced by glucose restriction. The most cancer cells 

favor glycolysis in aerobic environment, known as “the Warburg effect”, leading to 

high number of pyruvate and lactate production, in contrast to the normal cells which 

mostly rely on complete oxidation of glucose to facilitate the energy needed for 

cellular processes (26). The different responses in the consumption and metabolism 

of glucose between cancer and normal cells bring consideration in metabolic 

perspective to focus on the biochemical regulation of glucose metabolism (27).  

Metabolomics is a newly rising omics study that concentrates on the metabolome, 

the group of small molecules produced by biochemical activities in cells. It provides 

an insight into functional signatures of biological system uncovered by global 

metabolites generated in metabolism (28). It offers a chance to examine alteration in 

metabolic profiles contributed by changes in such as diet and diseases, and relate to 

resulted functional phenotypes (29). Here, NMR-based metabolomics approach is 

utilized to investigate the effect of glucose restriction in metabolic perspective 

between normal and cancer cells to reveal the mechanisms related to beneficial effect 

of GR and find specific metabolites that can address the underlying differences. 
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In this study, different phenotypes presented by GR between normal and cancer 

cells are observed and assessment on the effects of GR are conducted by 1H NMR 

profiles of cell lysates combined with multivariate statistical analyses using partial 

least squares discriminant analysis (PLS-DA) to interpret changes in metabolic 

profiles contributing to phenotypes. This may provide interesting and encouraging 

evidence that GR could be used for prevention and treatment of ageing and also 

cancer. 
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II. Materials and Methods 

 

1. Cell culture 

Human lung fibroblast MRC5 (CCL-171) and human lung adenocarcinoma A549 

(CCL-185) obtained from American Type Culture Collection (ATCC, VA, USA) 

were maintained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM, 

Welgene, Deagu, Korea). All culture media were supplemented with 10% fetal 

bovine serum (FBS, Welgene, Deagu, Korea), 1% penicillin/streptomycin (Welgene, 

Deagu, Korea) and incubated at 37°C under 5% of CO2 humidified air. Culture 

medium was changed every 2 days and grown until 70-80% confluency. For glucose 

restriction, MRC5 and A549 cells were grown in 100mm plates at an initial seeding 

density of 8 X 105 cells/cm2, allowed to adhere for 24h, and then changed to glucose- 

and pyruvate-free media (Gibco, Grand Island, NY, U.S.A.) supplemented with 1% 

sodium pyruvate (Sigma-Aldrich, Seoul, Korea) and two different concentration of 

glucose solution to provide 10% (450 mg/L) and 100% (4500 mg/L) glucose to serve 

as the glucose restricted and control groups, respectively. 

 

2. MTT cell viability assay 

MRC5 and A549 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Welgene, Deagu, Korea). To harvest cells, washed with Dulbecco’s 

Phosphate Buffered Saline (DPBS, Welgene, Deagu, Korea) and detached with 

Trypsin/EDTA (Welgene, Deagu, Korea), and centrifuged in 15ml tube. Cells were 
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dissolved with relative medium and seeded in 96-well tissue culture plates at a 

density of 1 X 104 cells/well. MTT solution (Sigma-Aldrich, Seoul, Korea) was 

added to each well and after 4 h at 37℃ and 5% CO2 for incubation, the medium 

was discarded and added with dimethyl sulfoxide (DMSO, Sigma-Aldrich, Seoul, 

Korea) to dissolve generated formazan. The absorbance was measured at 595 nm, 

and % survival was measured. 

 

3. Senescence-associated β-Galactosidase activity assay 

Β-Galactosidase-positive cells were stained with a commercially available kit 

(Sigma-Aldrich, Seoul, Korea) as per the manufacturer’s instruction. MRC5 and 

A549 cells were cultured in normal and glucose restricted medium for 24 and 120 

hours and then fixed with the fixation buffer and incubated with the staining mixture 

containing X-Gal solution at 37°C without CO2 for 4 hours. The blue stained cells 

were quantified using ImageJ software. 

 

4. Western blot analysis  

For Western blot analysis, cells grown in normal and glucose restricted condition 

were harvested. For protein extraction, cells are suspended in 200μl of RIPA buffer 

containing protease inhibitors (2μg/ml of Aprotinin, 1μg/ml of Pepstatin, and 1 mM 

of PMSF) and put on ice for 30 min. The supernatant containing the total protein 

released from the cell was harvested after centrifugation twice at 10,000g for 10 min, 

and quantified using a BCATM Protein Assay Kit (Pierce, Appleton, WI). Ten 
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micrograms of total protein was subjected to 15% SDS-PAGE, and the resolved 

proteins were transferred to nitrocellulose membranes (Bio-Rad). The membrane 

was blocked with 5% skim-milk and blotted with antibodies against SOD-2 (1:500; 

sc-30080) and catalase (1:500; sc-271803) purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA) at 4°C overnight, and followed by incubation 

with anti-mouse in PBST or anti-rabbit in 2.5% skim-milk PBST, (1:10,000; Santa 

Cruz Biotechnology) secondary antibodies conjugated with HRP at room 

temperature for 1 h. And the membrane was stripped and reprobed with GAPDH 

(1:1000; sc-51319) antibody purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA, USA) as a loading control. The protein bands were visualized using the 

enhanced chemiluminescence (ECL) detection kit (32209; Thermo scientific, 

Waltham, MA, U.S.A.). 

 

5. Sample preparation for NMR spectroscopy 

Metabolites were extracted from MRC5 and A549 cells which grown in normal 

and restricted glucose media as mentioned above. Cells were harvested and the 

metabolites of samples were extracted using Acetonitrile:Methanol:Distilled water 

(A:M:D)  extraction methods. The samples were suspended in 200μl of A:M:D 

buffer and samples ware centrifuged at 15,000 g for 20 min at 4℃. The upper water 

phase was collected, dried with speedvac (Vision, Seoul, Korea). The sample were 

dissolved with a 500μl buffer composed of D2O, 2mM Na2HPO4 and 5mM NaH2PO4, 

and 0.025% TSP as an internal standard and transferred to 5mm NMR tube. 



8 

 

6. NMR measurement 

One-dimensional NMR spectra were measured on a 500MHz Bruker Avance 

spectrometer equipped with a cryogenic triple resonance probe (Ochang, Korea). 

The acquisition parameters were essentially the same as those previously reported 

(30). 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  

 

7. Multivariate data analysis 

The time domain NMR data were Fourier transformed, phase corrected, and 

baseline corrected manually using MestReNova (Mestrelab Research, Santiago de 

Compostela, Spain). The processed NMR data were exported to an ascii file and 

binned at a 0.004 ppm interval to reduce the complexity of the NMR data for pattern 

recognition. Moreover, the signals were normalized against total integration values 

and 0.025% TSP. The region corresponding to water (4.5–5.1 ppm) was removed 

from the spectra. The binning and normalization were performed using Perl software 

written in-house. The results were then imported into SIMCA-P version 11.0 

(Umetrics, Umeå, Sweden). Partial Least Squares-discriminant analysis (PLS-DA) 

was performed (31). 
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III. Results 

 

A. Glucose restriction results in a different rate of cell survival 

between normal MRC5 and A549 cancer cells 

 

We performed cell viability assay to investigate the effects of glucose restriction 

on cell proliferation of normal lung fibroblast MRC5 and lung cancer A549 cells. 

We treated the normal glucose level of medium as control and 10% of glucose of 

control medium to restrict glucose intake. As shown in Fig. 1A, both MRC5 and 

A549 cells continually proliferated with time and no significant difference observed 

when grown in control medium. The MRC5 and A549 cells grown in glucose 

restricted medium showed similar rate of proliferation until 24 hours but after 48 

hours, GR induced sharp cell deaths in both cells (Fig. 1B). The MRC5 cells 

presented increase in cell proliferation once again from 96 hours but proliferation of 

A549 cells were more reduced resulting in significant cell survival difference 

between normal and cancer cells at 120 hours. The similar cell survival rate at the 

beginning of GR but in time GR inhibited cell proliferation in A549 cells much more 

compared to MRC5 cells. This illustrates normal and cancer cells induce different 

cellular mechanisms to adapt to energy deficiency. Therefore, we have chosen 24 

and 120 hours as time points each representing at least and mostly altered cell 

proliferation by glucose restriction to investigate cellular and metabolic alterations 

further. 
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The cell proliferation rate of MRC5 and A549 were measured by MTT assay. A) The 

cell proliferation change under control media composed of 100% glucose 

concentration in time dependent manner. B) The significant change in cell 

proliferation due to glucose restricted media which is reduced to 10% of glucose 

compared to control media. MRC5 is represented as black and A549 as red lines in 

graphic presentations. 

 

 

 

 

 

 

 

Figure 1. Cell proliferation of MRC5 and A549 by MTT assay 
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B. Glucose restriction reduced the cellular senescence in 

MRC5 but not in A549 cells 

 

In previous studies reported that glucose restriction reduce cellular senescence in 

normal cells whereas induce in cancer cells. To verify the effects of glucose 

restriction on the cellular senescence of cells, we performed senescence-associated 

β-Galactosidase (SA-β-Gal) assay which is globally used senescence marker. The 

MRC5 at 24 hours, the percentage of β-Galactosidase-positive cells showed no 

significant difference between control and glucose restriction, but at 120 hours, a 

low portion of β-Galactosidase-positive cells from glucose restricted group was 

visible compared to control (Fig. 2A). On the contrary, no prominent change in the 

number of β-Galactosidase-positive cells from A549 cells was detected which is 

different from previous study (Fig. 2B). Our results show that the glucose restriction 

significantly augments the cell proliferation through reducing cellular senescence in 

normal MRC5 cells, however, the proliferation of A549 cells are not affected by the 

cellular senescence. 

 

C. Glucose restriction caused changes in ROS-defense 

enzymes, Superoxide dismutase-2 and Catalase in A549 cells  

 

Another physiological response to the glucose restriction regime is known to 

increase ROS and induce apoptosis resulting in inhibition of growth in cancer cells.  
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Figure 2. The cellular senescence marker of MRC5 and A549 

The cellular senescence investigated by Senescence β-Galactosidase (SA-β-Gal) 

assay. A) MRC5 and B) A549 cells treated in control and glucose restricted media 

were assessed by SA-β-Gal and photographed. Magnification X10. The SA-β-Gal-

positive cells (blue stained) were photographed in 5 randomly chosen field and 

quantified using ImageJ software. The graphs (bottom) show representative of the 

results acquired from three independent experiments. Data shown in mean+SD; *, 

P<0.05. 
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To determine how glucose restriction affects the proliferation of MRC5 and A549 

cells and what mechanisms may underlie these phenomena, we examined expression 

of ROS defending enzymes, superoxide dismutase-2 (SOD-2) and catalase. Western 

blot analyses did not exhibit any discernible change in the expression of SOD-2 and 

catalase in MRC5 after glucose restriction after 120 hours (Fig. 3A). Comparison 

with MRC5 after 120 hours glucose restriction reduced level of catalase and 

increased SOD-2 level in A549 (Fig. 3B). Taken together, our results suggest reduced 

cellular senescence prolongs cell proliferation in MRC5 but accumulated hydrogen 

peroxide evidenced by increase in SOD-2 and decrease in catalase induced cell death 

in A549. To further assess the changes in phenotypes, we investigated the metabolic 

changes in MRC5 and A549 by employing NMR-based Metabolomics approach. 

 

D. Multivariate analysis of NMR data showing metabolic 

difference between control and glucose restricted group in 

MRC5 and A549 cells 

 

To evaluate the implication of glucose usage in MRC5 and A549 to the low-

glucose environment, as related to these phenotypic changes, metabolic changes of 

MRC5 and A549 are detected by NMR which obtains whole metabolic profiles of 

each cell (Fig. 4). The multivariate analysis of data obtained from NMR have been 

conducted to identify the statistical meaning and exclude possible confounding 

variables not related to the group difference, we applied the partial latest squares- 
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The protein expression measured by western blot assay. The protein extract of 

control and glucose restricted cells at 24hr and 120hr were obtained. The expression 

of SOD-2 and catalase were detected in A) MRC5 and B) A549. GAPDH antibody 

was used to confirm equal loading. The graphs (bottom) shows representative of the 

results acquired from three independent experiments. Data shown in mean+SD; *, 

P<0.05. 

Figure 3. SOD-2 and Catalase protein expression of MRC5 and A549  
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NMR spectra of A) MRC5 and B) A549 from normal and glucose restricted groups 

at each time points, respectively. Metabolite peaks were assigned using Chenomx. 

All NMR spectra were acquired with a cryo triple resonance probe installed in a 500 

MHz Bruker Avance NMR spectrometer. 

Figure 4. Representative 1H NMR spectra of MRC5 and A549 
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discrimination analysis (PLS-DA). The discrimination model for NMR data of 

MRC5 and A549 could differentiate between the control and glucose restricted 

groups without any overlap (Fig. 5A and 5B). The MRC5 and A549 at 24 hours, the 

distance between control and glucose restricted groups are close but at 120 hours, 

the distance between two groups widens meaning the changes in metabolic profiles 

are increasing compared to the beginning of glucose restriction. With the successful 

distinction between the control and glucose restricted groups, we tried to identify 

specific metabolites contributing to the difference. 

 

E. The different pattern in metabolic profiles of MRC5 and 

A549 in response to glucose restriction 

 

With the successful distinction between the control and glucose restricted groups, 

we tried to identify specific metabolites contributing to the difference. We were able 

to assign total of 24 metabolites. Heatmap can be used to improve the visualization 

of the patterns in large data matrixes and Fig. 5 represents the heatmap built with the 

relative increase (red tones) or decrease (green tones) of metabolite in glucose 

restricted group compared to control. The metabolites of glucose restricted MRC5 at 

24 hours exhibit overall decreased pattern but increased pattern are seen at 120 hours 

showing altered metabolic profiles. However, the pattern of metabolites in A549 

does not display significant and pronounced fluctuation as MRC5. To confirm the 

significance of these metabolites found via the multivariate approach, we performed 
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The differentiation between control and glucose restricted groups in MRC5 and 

A549 using Partial least squares discriminant analysis (PLS-DA) multivariate 

analysis. A) PLS-DA score plot of the control and glucose restricted groups of MRC5 

at specific time points. B) PLS-DA score plot of the control and glucose restricted 

groups of A549 at specific time points. Yellow triangle: control at 24hr, Black square: 

glucose restriction at 24hr, Purple square: control at 120hr, Red circle: glucose 

restriction at 120hr.  

Figure 5. Multivariate analysis between MRC5 and A549 
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The metabolic profiles of MRC5 (left panel) and A549 (right panel). Rows represent 

intracellular metabolites. Columns represent fold-change of metabolite of glucose 

restricted group compared to control at 24hr and 120hr.  

Figure 6. Heatmap displaying metabolic pattern of MRC5 and A549  
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a student t-test on the levels of these metabolites (Table. 1). The results reflected the 

statistical validity of these markers in the differentiation of the control and glucose 

restricted groups. 
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The changes that were significantly (P<0.05) different in glucose restriction 

compared to control based on a student t-test.  

Table 1. The metabolites contributing to the difference between MRC5 and 

A549  
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IV. Discussion 

 

Over the time, the accumulating evidences suggest glucose restriction may play 

an important role in ageing and cancer prevention (32), and more interests are 

growing to elucidate the metabolic mechanisms that underlie the prominent effect of 

glucose restriction, hence, the study on these phenomena through metabolic 

perspective will bring new light into it.  

The normal and cancer cells have different cell metabolism, and advantages from 

alterations in tumor microenvironment are still unknown (33). However, one of the 

alteration is increase in uptake of glucose around cancer cells and this may propose 

higher susceptibility to glucose restriction than normal cells (34). In this study, we 

investigated the reduction of glucose in the culture system which displayed 

contrasting effect on normal MRC5 and cancer A549 cells. We found glucose 

restriction reduced cellular senescence prolonging cell viability in normal cells 

which is consistent with previous studies exhibiting lifespan extension by reduced 

cellular senescence in normal cells (20, 21). In cancer cells, however, no changes in 

senescence marker had been detected which is different to the previous study (21). 

The glucose restriction effectuated ROS-induced cell death in cancer cells rather than 

senescence mediated cell death. Glucose intake is closely related to metabolism but 

the effects of glucose restriction on specific metabolic pathways have been poorly 

understood. Thus, to explain these phenotypic changes we investigated alterations in 

metabolic profiles of normal and cancer cells. We found varying metabolic patterns 
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in normal and cancer cells. The normal cells showed an overall reduction in the level 

of metabolites at 24hr but increased level of metabolites at 120hr as a result of 

glucose restriction suggesting alterations in metabolic pathways to adapt to low 

glucose environment to survive. However, cancer cells did not show any significant 

change in metabolic pattern at 120hr compared to 24hr which may seem that the cell 

metabolism is differentially modulated compared to normal cells and cancer cells 

fail to do promote protective metabolic pathways to prolong cell survivability. In the 

normal cells, the glucose restriction seems reduced glycolytic pathway confirmed by 

the declined level of lactate but the downstream TCA cycle seems more active due 

to the increased levels of BCAAs that fuel the TCA cycle. The BCAAs deserve 

further discussion, as they recently gathered much attention in relation to lifespan. 

In diverse model systems, such as yeasts (35), mice (36) , and C. elegans (37), 

BCAAs have been implicated in longer life span and/or mitochondrial biogenesis 

(38). The increase in ROS in response to glucose restriction is previously reported 

because of enhanced mitochondrial oxidative phosphorylation to compensate the 

low glucose which consequently generates ROS (39). It seems ROS defence 

mechanism is successfully promoted, evidenced by the increased level of glutathione, 

an antioxidant, to protect cells from damage caused by increased oxidative stress. 

Nevertheless cancer cells seem to promote glycolysis constantly evidenced by high 

level of lactate even with the increased level of BCAAs fueling TCA cycle. This may 

suggest cancer cells unlike normal cells cannot facilitate compensatory mechanism 

to overcome the energy stress. In addition, no significant changes in glutathione are 
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observed in cancer cells and also changes in SOD-2 and catalase expressions suggest 

increase in hydrogen peroxide, which in turn represents unregulated ROS level. The 

fact cancer cells are under increased intrinsic ROS stress already may indicate liable 

to further excessive ROS level, and therefore cell death induced by uncontrolled 

ROS (40). In summary, the present study demonstrates the increased cell viability in 

normal cells by reduced cellular senescence and decreased cell viability by ROS-

induced cell death in cancer cells in in vitro models. The metabolic profiles of normal 

and cancer cells affected by glucose restriction have been shown for the first time. 

These findings suggest that glucose restriction is a promising new intervention 

needed to investigate further for cellular longevity and chemotherapeutic candidate 

for cancer treatment. 
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국문초록 
 

Glucose restriction 에 의한 
폐암세포와 폐정상세포의 
대사체들의 변화 연구 

 

 

박주은 

서울대학교 약학대학 대학원 

천연물과학전공 

 

 

식이제한은 여러 종에서 노화를 늦추고 수명을 증가시킨다. In 

vitro 에서 식이제한을 모방하기 위하여 glucose 를 제한한다. 

세포배양모델에서 glucose restriction 은 정상세포에서의 세포증식을 

증가시켰지만 암세포에서는 세포증식을 억제하였다. 하지만 glucose 

restriction 에 의한 암세포에서의 대사적 변화는 아직 자세히 밝혀진바 

없다. 본 연구에서는 lung fibroblasts MRC5 cells 과 non-small cell 

lung cancer (NSCLC) A549 cells 에 glucose restriction 을 하여, 그로 

인해 발생되는 대사적 차이를 이해하기 위해 NMR-based 

metabolomics 를 적용하였다. 120 시간 glucose restriction 을 한 후에 

A549와 MRC5의 viability를 비교했을 때 A549의 viability가 현저히 
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줄어드는 것을 확인할 수 있었다. 그리고 NMR 데이터에 대하여 

통계분석을 한 결과 MRC5 에서는 증가된 측쇄아미노산 (branched 

chain amino acid)와 glutathione 이 관찰되었고 A549 에서는 증가된 

lactate 를 확인하였는데, 이것은 정상세포에서의 에너지 스트레스에 

대한 보상을 위해 BCAA 를 통한 TCA cycle 의 활성을 보여주는 것에 

반해 암세포는 에너지부족현상을 이겨내기 위해 대안적인 기작을 

활성화시키지 못하는 것으로 여겨진다. 뿐만 아니라 A549 에서는 ROS 

defense system 이 감소하는 것을, MRC5 에서는 β-Galactosidase 의 

활성이 줄어드는 것을 관찰할 수 있었는데 이러한 결과는 glucose 

restriction 으로 인해 대사체 변화가 생기고, 이러한 대사체적 변화는 

ROS 에 인한 암세포사멸과 정상세포의 노화억제현상에 영향을 준다고 

제안 할 수 있다. 본 연구 결과는 암 예방과 노화방지에 중요한 역할을 

할 것으로 기대되는 glucose restriction 의 기작이해에 새로운 방향을 

제시할 것이라 기대한다. 

 

주요어: glucose restriction, 대사체학, 노화, 암 

학번:  2012-23588 
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