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Abstract: Instant and accurate evaluation of drug resistance in tumors before and during 

chemotherapy is important for patients with advanced colon cancer and is beneficial for 

prolonging their progression-free survival time. Here, the possible biomarkers that reflect the 

drug resistance of colon cancer were investigated using proton magnetic resonance 

spectroscopy (1H-MRS) in vivo. SW480[5-fluorouracil(5-FU)-responsive] and SW480/5-FU 

(5-FU-resistant) xenograft models were generated and subjected to in vivo 1H-MRS 

examinations when the maximum tumor diameter reached 1–1.5 cm. The areas under the peaks 

for metabolites, including choline (Cho), lactate (Lac), glutamine/glutamate (Glx), and myo-

inositol (Ins)/creatine (Cr) in the tumors, were analyzed between two groups. The resistance-

related protein expression, cell morphology, necrosis, apoptosis, and cell survival of these 

tumor specimens were assessed. The content for tCho, Lac, Glx, and Ins/Cr in the tumors of 

the SW480 group was significantly lower than that of the SW480/5-FU group (P < 0.05). While 

there was no significant difference in the degree of necrosis and apoptosis rate of tumor cells 

between the two groups (P > 0.05), the tumor cells of the SW480/5-FU showed a higher cell 

density and larger nuclei. The expression levels of resistance-related proteins (P-gp, MPR1, 

PKC) in the SW480 group were lower than those in the SW480/5-FU group (P < 0.01). The 

survival rate of 5-FU-resistant colon cancer cells was significantly higher than that of 5-FU-

responsive ones at 5-FU concentrations greater than 2.5 μg/mL (P < 0.05). These results 

suggest that alterations in tCho, Lac, Glx1, Glx2, and Ins/Cr detected by 1H-MRS may be used 

for monitoring tumor resistance to 5-FU in vivo. 
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1. Introduction 

Patients with advanced colorectal cancer (CRC) mainly receive 5-fluorouracil (5-

FU)-based palliative chemotherapy. For these patients, resistance to chemotherapeutic 

agents is the main reason for poor treatment effects [1]. Thus, resensitizing CRC cells 

to 5-FU-based chemotherapy is one of the important ways to overcome this obstacle. 

Instant and accurate evaluation of drug resistance in tumor tissues before and during 

chemotherapy is important for patients with advanced colon cancer. 

At present, the detection of drug resistance in tumors involves in vitro drug 
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susceptibility experiments from the cellular level to the genetic level [2,3]. These 

methods can only detect the drug resistance of tumor tissues by invasively obtaining 

tumor specimens. Cellular metabolism is a sophisticated process that is heavily 

influenced by the surrounding microenvironment [4]. In vitro susceptibility tests may 

result in metabolite alterations in the removed tumor tissue, which may ultimately 

affect the results of the experiment. Therefore, it is necessary to explore new methods 

for promptly and precisely monitoring tumor drug sensitivity in vivo. 

Proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive imaging 

technique that measures the level of proton-containing compounds in tissues to explore 

biochemical metabolism information [5,6]. MRS does not involve a specific and 

sophisticated sample preparation process and indirectly provides information on 

transformations in tissue and organ metabolism by detecting dynamic changes in 

metabolite levels in a non-invasive manner in vivo [7]. 

As a non-invasive imaging technology, 1H-MRS has been widely used in the 

clinical evaluation of brain tumors [8,9]. 1H-MRS is helpful for the differential 

diagnosis, histological grading, and evaluation of the degree of infiltration in brain 

tumors [9]. 1H-MRS is also used for the assessment of tumor recurrence and 

therapeutic effects when there are difficulties in differentiating radiation necrosis from 

tumors with conventional MR imaging [8,9].  

Chemotherapy-resistant cancer cells are able to survive in a hostile 

microenvironment with chemotherapeutic drugs. The potential metabolic 

characteristics that can reflect the drug resistance of cancer cells need further study. 

However, 1H-MRS has rarely been applied in the evaluation of tumor drug resistance. 

Based on our previous studies [10–12], we hypothesize that 1H-MRS can detect 

changes in certain metabolites before and after the development of tumor drug 

resistance and may be a new way to detect molecular markers of tumor resistance 

evolution in vivo. 

In this study, a 3.0-T clinical medical MRI system and matched animal coils were 

used to examine 5-FU-responsive and 5-FU-resistant human colon cancer tissues from 

preclinical models using 1H-MRS technology. We aimed to analyze the metabolic 

characteristics of 5-FU-responsive and 5-FU-resistant human colon cancer tissues via 

1H-MRS and explore possible characteristic metabolites (imaging biomarkers) of 

tumor drug resistance. 

2. Materials and methods 

All experiments were performed according to protocols approved by the Ethical 

Committee of Guangzhou Medical University for Animal Research and complied with 

the Guide for the Care and Use of Laboratory Animals (GY2017-007) [10–13]. 

2.1. Construction of a resistant human colon cancer cell line 

The parental human colon cancer cell line (SW480) used in this experiment was 

from the same research institution previously studied by our research group [10–13]. 

SW480 cell screening was similar to our previous research, using high-dose 5-

FU (Xudong Haipu Pharmaceutical Co., Ltd., Shanghai, China) shock assay [11,13]. 

The SW480 parental cell line was cultured in RPMI 1640 medium containing 10% 
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fetal bovine serum (Gibco, Invitrogen, Waltham, MA, United States) and 100 

units/mL penicillin (Solarbio Life Science, Beijing, China). A CO2 incubator was used 

to incubate the cells at 37 ℃ with 5% CO2 and saturated humidity. During the 

logarithmic growth phase, the SW480 cell was washed with BPS and incubated in 

medium with 6 μg/mL 5-FU for 24 h, followed by RPMI 1640 medium. The RPMI 

1640 medium was replaced every 48 h. When the cells returned to their normal growth 

state, the same concentration of 5-FU was added for 24 h again. After 6 months of 

continuous drug screening by repeating the aforementioned steps, a 5-FU-resistant 

cancer cell line capable of stable growth at a concentration of 6 μg/mL 5-FU was 

obtained, and the cell line was designated SW480/5-FU. 

The relative cell viability of SW480 and SW480/5-FU cells was measured by 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. Cells 

(SW480 or SW480/5-FU) in the logarithmic growth phase were incubated in 96-well 

plates (approximately 3000 per well). Seven groups treated with 5-FU (0.5, 1.25, 2.5, 

5, 10, 50, 250 μg/mL) and a control group were set up with five duplicate wells per 

group. Ten microliters of MTT was added. The absorbance was collected by a 

multifunction microplate reader (American Berten Instrument Co., Ltd., Vermont, 

USA) at 490 nm. 

The half-maximal inhibitory concentration (IC50) of 5-FU in SW480 and 

SW480/5-FU cells was acquired using SPSS v13.0 statistical software (IBM, Chicago, 

USA) [11,13]. The resistance index (RI) of SW480/5-FU cells was calculated as 

follows [11,13]: IC50 of SW480/5-FU cells/IC50 of SW480 cells = 20.594 

μg/mL/4.639 μg/mL = 4.44. 

2.2. SW480 and SW480/5-FU tumor xenograft models in nude mice 

BALB/c nude mice were purchased from the same research institution (No. 

44007200046136) as in previous studies [11,13]. 

10 healthy BALB/c nude mice (female, 5–6 weeks, 16–18 g) were split into two 

groups: SW480/5-FU (5 mice) and SW480 (5 mice) randomly. SW480 (responsive 

group) or SW480/5-FU (resistant group) cell suspensions (0.2 mL, cell concentration 

4 × 107/mL) were injected subcutaneously into the bilateral hind leg roots of nude 

mice. All mice were cultured in the specific-pathogen-free (SPF) laboratory of the 

Animal Experimental Center of Guangzhou Medical University (Guangzhou, China). 

The maximum diameter of mouse tumors is limited to less than 1.5 cm according 

to the ethical standard of mouse tumor burden in the “2010 guidelines for animal 

welfare and use in cancer research” [11,14]. MRI examined tumors with a maximum 

diameter of 1–1.48 cm (mean 1.31 cm). 

2.3. In Vivo MRI/MRS 

The tumor-bearing mice were subjected to MRI under warm conditions and 

anesthesia with intraperitoneal injection of 1 mL/100 g weight of 4% chloral hydrate 

(Qilu Hospital of Shandong University, Shandong, China) as previously described 

[10]. 

The MRI system included a 3.0-T clinical scanner (Magnetom Skyra, Siemens 

Healthcare, Erlangen, Germany) equipped with an XQ gradient system (maximum 
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gradient strength of 45 mT/m with a slew rate of 200 T/m/s) and an 8-channel mouse 

coil for signal reception (Chenguang Medical Technology Co., Shanghai, China). 

Sequences included morphological T2-weighted (T2W) fast spin-echo (TSE) images 

used for positioning spectroscopic volume of interest (VOI) and 1H-MRS. 

For T2W (TSE) imaging, the main scan parameters were as follows: repetition 

time (TR)/echo time (TE) = 4500 ms/110 ms, slice thickness = 2 mm, interval = 0, 

field of view (FOV) = 128 mm, number of signal averages (NSA) = 4, SENSitivity 

Encoding (SENSE) value = 2, acquisition matrix = 128 × 128, reconstruction matrix 

= 512 × 512, axial, coronal, sagittal imaging. Acquisition time = 2 min 2 s. 

For 1H-MRS, multivoxel three-dimensional volume (3DMV) acquisition was 

performed using a Mescher-Garwood point-resolved spectroscopy sequence (MEGA-

PRESS) covering the whole mass. The six outer volume saturation bands were 

manually applied at the edges of the VOI to minimize contamination from adjacent 

structures. Manual water suppression and shimming were performed until the value of 

the full width at half maximum (FWHM) was less than 40 Hz. Main scan parameters 

were as follows: spectral line bandwidth = 1000 Hz, flip angle = 90°, TR = 1700 ms, 

TE = 40 ms, slice thickness = 2 mm, slice gap = 0, FOV = 60 mm, VOI = 30 mm, 

acquisition voxel size = 4–9 mm, number of excitations (NEX) = 8, collection matrix 

= 128 × 128, Rel SNR = 1. Scan time = 9 min 13 s. 

The spectral raw data (IMA file) was post-processed with software from the 

manufacturer (syngo MR D13, Siemens) by two radiologists (Yang YM, Wu MY), 

who were blinded to tumor grouping. Semiquantitative spectroscopic analysis of 

tumors (the area under the peak) was performed automatically in the integral of 

metabolites as previously described, avoiding necrotic areas or minimizing the 

necrotic areas on T2WI images [11]. The average value was divided by the volume of 

the voxel for normalization for statistical analysis to eliminate the potential influence 

of selection bias. Post-processing steps for the data included water reference 

processing, data filtering with the Hanning filter, zero-filling of the data, Fourier 

transformation, frequency shift correction, automatic baseline and phase correction, 

and curve fitting of the signal peak using the Gaussian line shape. The analyzed 

metabolites included creatine (Cr, 3.02 ppm), choline-containing compounds (tCho, 

3.23 ppm), lactate (Lac, 1.31 ppm), myo-inositol (Ins, 3.56 ppm), and the glutamate 

and glutamine complex (two main peaks that are in relation to the Glu and Gln 

complex, Glx1 peak: 2.1–2.4 ppm, Glx2 peak: 3.65–3.8 ppm). tCho/Cr, Lac/Cr, Ins/Cr, 

and Glx/Cr values were obtained by automatic calculation for each voxel of tumor. 

2.4. Experimental study of tumor tissue 

After MR examination, 1–2 mL of 4% chloral hydrate was administered to the 

tumor-bearing mice by intraperitoneal injection. Then, the tumors were removed and 

divided into three parts for further study. Protein expression was detected using 

Western blotting; the assessed proteins included protein kinase C (PKC), permeability 

glycoprotein (P-gp, MDR), and multidrug resistance-associated protein 1 (MRP1). 

Histopathological examination and TUNEL and MTT assays were also conducted. 

The Western blot detection of tumor resistance-related proteins was entrusted to 

Guangzhou Jetway Biotech Co., Ltd. in strict accordance with the operating manual 
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(Phototope®-HRP Western Blot Kit, Cell Signaling Technology, Danvers, USA). The 

antibodies included goat anti-mouse IgG/HRP (Abclonal, Wuhan, China), MDR1 

(Abclonal, Wuhan, China), MRP1 (Abclonal, Wuhan, China), and PKC (Abclonal, 

Wuhan, China). The bands of the abovementioned proteins were scanned into JPG-

format image files for further analysis. The integral optical density (IOD) of the bands 

was automatically assessed with Image-Pro Plus 6.0 software (Media Cybernetics Inc., 

San Diego, USA). The relative IOD (RIOD) of the abovementioned proteins was 

calculated by dividing the IOD of the target protein by the IOD of the internal reference 

(GAPDH). 

Tumor histomorphology was assessed on hematoxylin and eosin (HE)-stained 

sections. Pathological sections were stained using the TUNEL apoptosis in situ 

detection reagent kit (Keygen, Jiangsu, China) according to the manufacturer’s 

instructions as previously described [10]. 

The pathological slices were assessed by a pathologist (Jing Zhang) with over 20 

years of professional experience. 

Tumor necrosis was evaluated on tumor HE-stained slices at 400× magnification, 

and the degree of necrosis was rated as 0~5 (points) by the pathologist as previously 

described [11], according to the necrotic area occupied in tumor tissues. The tumor 

cell apoptosis rate was calculated as the percentage of positively stained nuclei (dark 

brown) at 400× magnification [12]. An in vitro susceptibility test was performed to 

detect the 5-FU resistance of human colon cancer xenografts according to a standard 

procedure as previously described [10]. The IC50 values of the SW480/5-FU group 

and SW480 group were measured by MTT assay. 

2.5. Statistical analysis 

Statistical analysis was conducted using the SPSS statistical software package 

(version 25, IBM, Chicago, USA). The analysis indicator values were expressed as 

mean ± standard deviation (SD). The Kolmogorov-Smirnov test was used for the 

normal distribution test. Due to the normal distribution (P > 0.05), a paired t-test was 

used to compare Lac and Glx (Glx1, Glx2) between the SW480 group and the 

SW480/5-FU group. The other observed indicators of the two groups did not follow a 

normal distribution, and the Mann-Whitney U test was used for comparative analysis. 

The Spearman correlation test was used to analyze the correlation between metabolites 

and the expression of tumor resistance-related proteins. The difference was 

statistically significant when P < 0.05. 

3. Results 

Eight tumors in each of the SW480 and SW480/5-FU groups with maximum 

diameters near 1.5 cm were included in the study. 

3.1. Metabolic profiles of SW480 and SW480/5-FU tumor tissues 

The peaks of Cr, tCho, Lac, Ins, and Glx (Glx1, Glx2) were identified in the 1H 

NMR spectra of SW480 and SW480/5-FU tumor tissues. Figures 1–5 show stack plots 

of the corresponding metabolite images of SW480 (A) and SW480/5-FU (B)-derived 

tumor tissues. The metabolite images of tCho, Lac, Glx1, Glx2 and Ins/Cr show that 
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the corresponding metabolites are increased in the SW480/5-FU group, with higher 

signals than the SW480 group. 

 

Figure 1. Metabolite image of the Cho profile in (A) SW480; (B) SW480/5-FU tumor tissues; (C) the area under the 

peak. 

 

Figure 2. Metabolite image of the Lac profile in (A) SW480; (B) SW480/5-FU tumor tissues; (C) the area under the 

peak. 
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Figure 3. Metabolite image of the Ins/Cr profile in (A) SW480; (B) SW480/5-FU tumor tissues; (C) the area under 

the peak. 

 

Figure 4. Metabolite image of the Glx1 profile in (A) SW480 ; (B) SW480/5-FU tumor tissues; (C) the area under the 

peak. 
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Figure 5. Metabolite image of the Glx2 profile in (A) SW480; (B) SW480/5-FU tumor tissues; (C) the area under the 

peak. 

The areas under the peaks of the metabolites stated above, as well as the ratios of 

Ins/Cr, Glx1/Cr and Glx2/Cr, were obtained. The values of tCho, Lac, Glx1, Glx2 and 

Ins/Cr were significantly lower in SW480 tissues than in SW480/5-FU tissues (P < 

0.05, Table 1). 

Table 1. Quantitative analysis with 1H-MRS in SW480 and SW480/5-FU tumor (�̅� ± s). 

Groups (n = 8) Cho Ins/Cr Lac Glx1 Glx2 

SW480 0.94 ± 0.47 1.42 ± 0.26 0.60 ± 0.14 1.38 ± 0.10 0.64 ± 0.21 

SW480/5-FU 2.89 ± 0.92 3.99 ± 0.96 1.92 ± 0.29 2.88 ± 0.62 1.096 ± 0.35 

Z/t 2.611 2.611 9.10 −4.119 −2.469 

P 0.008 0.008 <0.000 0.015 0.039 

Z and p-values are U test results of Cho and Ins/Cr between the SW480 and SW480/5-FU groups. t and 
p-values are T-test results of Lac and Glx (Glx1, Glx2) between the two groups. 

3.2. Experimental evaluation of specimens 

3.2.1. Histopathology 

The degree of necrosis in tumor tissues between SW480 and SW480/5-FU on HE 

slices was not significantly different (Figure 6, P = 0.700, Z = −0.471). The nuclei of 

SW480 cells were smaller than those of SW480/5-FU cells. Compared with SW480 

cells, SW480/5-FU cells arranged more closely, and the cell density was larger with a 

smaller cell gap (Figure 6). 
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Figure 6. HE sections of SW480 (A, 400×)- and SW480/5-FU (B, 400×)-derived 

tumor tissues and (C) the degree of necrosis. 

 

Figure 7. Apoptotic cells with brown staining in the nucleus scattered in (A) SW480 

and (B) SW480/5-FU tumor tissues (TUNEL, 400×); (C) the apoptosis rate of tumor 

cells in the two groups. 

Apoptotic cells with brown staining in the nucleus were observed in both 

SW480/5-FU and SW480 tissues (Figure 7). The apoptosis rates of tumor cells in 

SW480/5-FU and SW480 tissues were 38.24 ± 5.58% and 31.42 ± 10.31%, 

respectively, with no statistically significant difference (P = 0.400; Z = −1.091). 

3.2.2. In vitro susceptibility test for detection of drug resistance in SW480 and 

SW480/5-FU xenograft tissues 

According to the MTT assay, the IC50 values for 5-FU in SW480/5-FU and 

SW480 xenograft tumor cells were 42.9 μg/mL and 9.516 μg/mL, respectively. The RI 

of SW480/5-FU xenograft tumor cells was calculated as follows: IC50 of SW480/5-

FU/IC50 of SW480 = 42.9 μg/mL/9.516 μg/mL = 4.508. The survival rate of both 

groups decreased with 5-FU treatment in a concentration-dependent manner. When 

the concentration of 5-FU was greater than 2.5 μg/mL, the survival rate of tumor cells 

in SW480 xenografts was significantly lower than that in SW480/5-FU (P = 0.029, Z 
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= −2.309). 

3.2.3. Expression of proteins in tumor tissue of SW480/5-FU and SW480 

xenografts 

The expression of P-gp, MRP1 and PKC in tumor tissues from SW480/5-FU 

xenografts was increased compared with that in SW480 xenografts (Figure 8). There 

was a significant difference in the RIOD values of these protein expressions between 

the two groups (P < 0.01, U test). 

 

Figure 8. The expression of resistance-related proteins in SW480 and SW480/5-FU 

xenograft tumor tissues as detected by Western blotting. 

3.3. Correlation between metabolite levels in tumor tissue detected by 

1H-MRS and Western blotting (Spearman correlation test) 

The area of the tCho peak in the tumor had a positive correlation with the 

expression of P-gp (r, P: 0.636, 0.048) and MRP1 (r, P: 0.821, 0.004). 

The area of the Lac peak in the tumor had a positive correlation with the 

expression of P-gp (r, P: 0.806, 0.005). 

The Ins/Cr peak area ratio had a positive correlation with the expression of P-gp 

(r, P: 0.770, 0.009) and PKC (r, P: 0.762, 0.010). 

The areas of the Glx1 and Glx2 peaks in tumors had a positive correlation with 

the expression of MRP1 (r, P: 0.880, 0.021; 0.847, 0.002). 

4. Discussion 

In this study, the necrosis and apoptosis rates of colon cancer cells from SW480 

and SW480/5-FU xenograft tumor tissues were similar without 5-FU administration. 

However, the RI of SW480/5-FU xenograft tissues was almost equal to that of cancer 

cells in vitro. In a hostile microenvironment with 5-FU, the survival and proliferation 

rates of SW480/5-FU cells were significantly higher than those of SW480 cells, which 

indicated resistance to 5-FU in tumor tissues of the SW480/5-FU group. In addition, 

the expression of P-gp, MRP1, and PKC in cancer cells of the SW480/5-FU xenograft 

was significantly increased compared with that in SW480 xenograft cancer cells. 

These results indicated that the 5-FU-resistant colon cancer mouse model used in this 

study was reliable. 

During chemotherapy, tumor cells in the microenvironment containing anticancer 

drugs initiate metabolic reprogramming from the gene level (genetic mutations in cell 

cycle pathways of cancer cells) [15–17] to the protein level (mutations in metabolic 
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enzymes) [17,18], which may have an impact on the metabolism of tumor cells and 

the surrounding tissues [17–20]. Eventually, changes in the microenvironment may 

support tumor survival. Therefore, metabolic changes in tumor tissues represent the 

final step in the biological processes of tumors, and information on the metabolites of 

tumors can well reflect the biological characteristics of the tumor. In vivo detection of 

the metabolic profiles of tumor tissues may shed light on the complex 

pathophysiological process of tumor drug resistance or facilitate the exploration of 

new biomarkers related to tumor drug resistance. 

The metabolite levels in the tumor are closely related to three major metabolic 

pathways: glucose, amino acid, and choline phospholipid metabolism, which are 

significant pathways in tumorigenesis and tumor progression [20–22]. 

Glucose is the main source of energy and carbon in mammalian cells. Glycolysis, 

or glucose breakdown, leads to final products, including ATP, pyruvate, and the 

reduced form of nicotinamide adenine dinucleotide (NADH) [23]. Glycolysis, the 

TCA cycle, and oxidative phosphorylation produce ATP and together constitute 

cellular respiration [23]. In cancer cells and rapidly proliferating cells, most of the 

pyruvate produced during glycolysis is transformed into lactic acid regardless of 

oxygen levels (i.e., the Warburg effect) [23]. 

Most chemotherapeutic drugs are weakly alkaline. Hydroxide ions in drugs can 

be neutralized by hydrogen ions dissociated from lactic acid, making it difficult for 

chemotherapeutic drugs to penetrate the cell membrane and resulting in multiple drug 

resistance (MDR) in tumors [24]. In addition, the mechanism of tumor acidification 

resistance may be related to P-gp. After prostate cancer cells were cultured in acidic 

medium for several hours, the P-gp activity of the cells doubled, but P-gp expression 

remained unchanged, suggesting that P-gp increases the transmission rate under acidic 

conditions [25]. Research has shown that the production of Lac increases the 

invasiveness of tumor cells to surrounding tissues and reduces the sensitivity to the 

immune response and chemotherapeutic drugs, which is beneficial for tumor survival 

[22]. 

The spectral data obtained by MRS represent all observable metabolites with their 

individual chemical profiles in the region of interest. The corresponding peaks have 

their specific characteristics and positions, which are determined by the different 

chemical structures of the metabolites, and the peak areas reflect the concentrations of 

each compound [26]. Although 1H-MRS has been widely applied for differentiation 

and staging assessment, clinical monitoring, and the treatment of central nervous 

system, breast, and prostate tumors [6–9,27,28], its value in detecting tumor drug 

resistance has rarely been reported in English literature. 

In this study, 1H-MRS was used to detect changes in metabolites, including tCho, 

Lac, Glx, Ins, and Cr, in colon cancer tissues from SW480 (responsive) or SW480/5-

FU (resistant) tumor-bearing mice. The results showed that the area of the Lac peak in 

SW480/5-FU tissues was significantly higher than that in SW480 tissues (P < 0.01). 

The area of the Lac peak was positively correlated with the expression of P-gp. This 

result verifies the correlation between tumor acidification resistance and P-gp in vivo. 

In addition, in human cells, amino acids such as glutamine can generate ATP by 

replenishing intermediate metabolites for the TCA cycle [22]. Studies have shown that 

glutamine can be transported into cells and hydrolyzed to glutamate and ammonium 
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by glutaminase (GLS or GLS2) in cancer cells and rapidly dividing normal cells 

[29,30]. Glutamate participates in several metabolic pathways in human cells: 

synthesis of proteins, conversion to ketoglutarate to join the TCA cycle, acting as a 

precursor to the antioxidant glutathione, or providing amino groups for non-essential 

amino acids (e.g., alanine, aspartate, serine, and glycine) [29,30]. 

Glutathione, a tripeptide consisting of glutamate, cysteine, and glycine, is a major 

cellular antioxidant found in virtually all cells [29–31]. It plays a role in oxidation-

reduction reactions, acting as a cofactor in enzyme reactions, protecting against 

reactive oxygen species and potentially toxic substances, and providing storage for 

cysteine. It also regulates cellular life activities, including gene expression, DNA and 

protein synthesis, cell proliferation and apoptosis, signal transduction, cytokine 

production and immune response, and protein glutathionylation [29,31]. Additionally, 

it is speculated that high levels of glutathione can increase drug resistance by reducing 

the ability of the drug to damage cancer cells [29,32]. Cancer cells with lower 

glutathione concentrations were more sensitive to radiation therapy [32]. In addition, 

it was observed that the drug resistance of chemo-resistant breast cancer cells was 

reduced with decreased glutathione levels [33].  

This study found that compared with those in SW480 xenografts, the areas of the 

Glx1 peak and Glx2 peak were significantly higher in SW480/5-FU xenografts (P < 

0.05). The areas of the Glx1 and Glx2 peaks were positively correlated with the 

expression of MRP1, which suggests that the areas of the Glx1 peak and Glx2 peak 

can reflect the metabolic state of glutathione related to tumor drug resistance and may 

become biomarkers for monitoring tumor resistance in vivo. 

Cho, an organic compound responsible for many essential cell functions, serves 

as a precursor of phosphatidylcholine (PtdCho). PtdCho is one of the main forms of 

phospholipids and has the highest content in eukaryotic cell membranes [34]. The 

decomposition products of PtdCho include 1-acylglycerophosphocholine and 

glycerophosphocholine (GPC). GPC is then converted to choline, completing the 

choline cycle [22]. Choline-containing compounds are involved in essential cell 

membrane phospholipid biosynthesis and degradation [35]. The rapid growth of tumor 

cells requires a large amount of phospholipid products such as PtdCho. Abnormally 

high levels of PtdCho in Cho and Cho-containing compounds could be a metabolic 

marker of tumor progression [36]. 1H-MRS can only detect the total choline (tCho) 

peak in vivo. Thus, the peak of tCho may suggest the activity of tumor cell metabolism 

[26].  

The study indicated that the area of the tCho peak in SW480/5-FU tumor tissues 

was significantly higher than that in SW480 tumor tissues (P < 0.01). Assessment of 

HE sections demonstrated that the cellularity density of SW480/5-FU tumor tissues 

was higher than that of SW480. The peak area of tCho in tumors had a positive 

correlation with the expression of resistance-related proteins such as P-gp and MRP1. 

These results showed that an increase in the level of tCho is related to higher turnover 

in the cell membrane and higher cell density caused by cell proliferation in tumor 

tissues. Thus, dynamic changes in tCho measured with 1H-MRS in vivo may provide 

insight into the pathophysiological process of tumor drug resistance transformation.  

The Cr peak mainly contains creatine and phosphocreatine. When intracellular 

ATP is insufficient, Cr releases the high-energy phosphate bond to accelerate ATP 
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synthesis. The level of Cr reflects the energy metabolism state of the cell. Since the 

amount of Cr is relatively stable under various pathophysiological conditions, the Cr 

peak is often used as a reference to evaluate changes in various other metabolites in 

1H-MRS [37].  

Ins is a metabolite associated with the renewal of the cell membrane and the 

structure of the phospholipid layer of the cell. The acceleration of cell membrane 

renewal in any form or the destruction of the phospholipid layer in the cell membrane 

can lead to an increase in the concentration of Ins [37]. Ins is often involved in the 

activation of PKC. PKC, as a drug-associated protein, regulates the invasiveness of 

tumors. Studies have shown that PKC is elevated in primary brain tumors with high 

malignancy or invasiveness [38]. This study found that the ratio of Ins/Cr peak area 

and PKC protein expression was significantly higher in tumor tissues of the SW480/5-

FU than in those of the SW480 (P < 0.01). The Ins/Cr peak area ratio had a positive 

correlation with the expression of P-gp and PKC in colon cancer. This suggests that 

Ins/Cr detected by 1H-MRS may be used as a biomarker in the detection of tumor 

resistance in vivo. 

This study is a preliminary exploration of the detection of tumor drug resistance 

with 1H-MRS in vivo, and there are several limitations. With a small sample size (n = 

8 per group), the research results have statistical bias and cannot fully represent the 

true characteristics of drug resistance of colon cancer. Therefore, further larger sample 

sizes are needed to validate the experimental results. Although customized small 

animal coils were used in this study, the resolution and signal-to-noise ratio of the 1H-

MRS spectral data collected by clinical medical MR imaging instruments for small 

animals were still inferior to those collected by small animal-specific MR imaging 

instruments. Therefore, the reliability of metabolite detection results in this study still 

needs further observation and correction through the study with small animal-specific 

MR imaging devices. The Lac and Lip peaks overlap at 1.3 ppm of the spectrum curve 

collected by the PRESS of the short TE (40 ms). It is necessary to change the TE (144 

ms or 30 ms) for spectrum acquisition in future research to accurately isolate the Lac 

peak from the Lip peak, which may increase the reliability of evaluating the changes 

of Lac and Lip in the formation of resistance in colon cancer. The practicality and 

value of 1H-MRS in the in vivo detection of metabolites also require further 

exploration [6]. 

5. Conclusion 

Our results suggest that dynamic changes in tCho, Lac, Glx1, Glx2, and Ins/Cr 

detected by 1H-MRS may be used to quantify the pathophysiological processes of 

tumor drug resistance transformation in vivo. These metabolites may be biomarkers, 

and increases in their levels may be used for monitoring tumor resistance to 

chemotherapy drugs. 
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