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Abstract 

Background and Purpose: This study developed a new technology for 

visualizing malignant foci in brain tumors using magnetic resonance 

imaging (MRI). Administration of 5-aminolevulinic acid (5-ALA) causes 

an accumulation of fluorescent protoporphyrin IX (PpIX) in malignant 

gliomas, which can be used as a marker for the detection of malignant foci 

in diffusely infiltrating gliomas. Here, we demonstrate that heme synthesis 

induced by 5-ALA could be detected using in vivo MRI. In this approach, 

the heme is made superparamagnetic as mitochondrial ferrochelatase 

(FECH) incorporates ferrous iron into PpIX, and cells that accumulate 

PpIX act as the MRI contrasting agent by employing endogenous iron, 

thereby simplifying the identification of malignant foci. 

Materials and Methods: In vitro experiment, we measured intracellular 

iron, heme, PpIX and FECH at 1, 24 and, 48 h after in the human 

glioblastoma cell line U-87 treated with or without 5-ALA. 

In vivo experiment, a total of 10 mice with orthotopic brain tumors were 

used in this study. The mice received an oral administration of 5-ALA (n 

= 6; 5-ALA group) or normal saline (n = 4; control group) 24 h before 

MRI. MRI was administered before and 24 h after the oral intake of 5-

ALA or normal saline. For the analysis of T2* in the brain tumors, we 

generated T2* maps of the ROIs using pixel-by-pixel analyses in 

MATLABTM (MathWorks Inc.). Then, mice were sacrificed for histology 

and measurement of intratumoral iron levels. 

Results: In vitro experiment, the intracellular iron and heme levels of cells 

exposed to 5-ALA were higher than those of control cells at 24 h (1.95 ± 

0.07 vs. 1.67 ± 0.07 μg/mg, P < 0.05 and 1.19 ± 0.07 vs. 0.86 ± 0.11 
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μg/mg, P < 0.001). The intracellular PpIX concentration was increased at 

1 h after exposure to 5-ALA but had decreased by 24 and 48 h. Treatment 

with 5-ALA resulted in the greatest intracellular concentration of FECH at 

24 h posttreatment (0.315 ng/mg protein, P < 0.01), and the intracellular 

concentration of FECH at 24, 48 h was higher in cells treated with 5-ALA 

as compared those untreated (P < 0.001). 

In vivo experiment, the mean T2* value of U-87 glioblastomas treated 

with 5-ALA was lower than that of control tumors, which received normal 

saline (14.9 ± 1.2 vs. 21.4 ± 2.6 ms, P < 0.0001). The mean T2* value of 

brain tumors significantly decreased following treatment with 5-ALA 

(20.6 ± 1.1 vs. 14.9 ± 1.2 ms, P < 0.0001). Intratumoral iron levels also 

showed a significant difference in the mean concentration of iron between 

the control animals and the 5-ALA-treated animals (41.4 ± 0.9 mg/g vs. 

60.1 ± 2.2 mg/g, P < 0.0001).  

Conclusion: After administering an oral dose of 5-ALA, we report that 5-

ALA dependent changes in T2* were hypointense and could be detected in 

brain tumors by MRI. Thus, this technology is suitable for the in vivo 

identification of malignant foci in diffusely infiltrating gliomas and can be 

used for numerous biomedical applications in human studies. 

…………………………………… 

Keywords: 5-aminolevulinic acid  

glioblastoma 

protoporphyrin IX 

heme 

magnetic resonance imaging 

 Student number: 2011-21824 



iii 

 

Contents 

Abstract ------------------------------------------------------------------------------i 

 

Contents ---------------------------------------------------------------------------iii 

 

List of Figures ---------------------------------------------------------------------iv 

 

Introduction ------------------------------------------------------------------------1 

 

Materials and methods ------------------------------------------------------------3 

 

Results ------------------------------------------------------------------------------9 

 

Discussion ------------------------------------------------------------------------16 

 

References ------------------------------------------------------------------------20 

 

Abstract in Korean ---------------------------------------------------------------35 



iv 

 

List of Figures 

 

Figure 1. In vitro experimental design for the measurement of 

intracellular concentrations of iron, heme, PpIX, and FECH. ---------------3 

 

Figure 2. Confocal laser scanning microscopy images of U-87 cells -----9 

 

Figure 3. An Measurement of intracellular PpIX accumulation in cells 

treated with 5-ALA for 6 h. ----------------------------------------------------10 

 

Figure 4. Fluorescence intensity of intracellular PpIX accumulation in 

cells treated with 5-ALA. -------------------------------------------------------10 

 

Figure 5. The measurement of intracellular iron, heme, and PpIX after 

incubation with 5-ALA for 1, 24, and 48 h. ----------------------------------11 

 

Figure 6. The measurement of FECH following incubation with 5-ALA 

for 1, 24, and 48 h.---------------------------------------------------------------12 

 

Figure 7. MRI detection of heme synthesized as a result of PpIX 

generated by 5-ALA treatment in U-87 glioblastomas.---------------------13 

 

Figure 8. Determination of heme iron in brain tumors by histological 

analysis.----------------------------------------------------------------------------15



1 

 

Introduction 

The intratumoral heterogeneity of gliomas poses a risk for the 

histological undergrading of these tumors, which leads to a delay in the 

administration of adjuvant treatment. Thus, intraoperative identification 

and sampling of the most malignant area are crucial (1). Although 

magnetic resonance imaging (MRI) is the most popular modality for the 

preoperative detection of anaplastic foci, signal anomalies limit the 

reliability of grading glial tumors, even with the aid of gadolinium 

contrasting agents (2, 3). Advanced MRI techniques such as diffusion-

weighted imaging, perfusion-weighted imaging, and magnetic resonance 

spectroscopy enable the detection of anaplastic foci in gliomas (4–6), 

although the quantitative values obtained from these image sequences 

frequently overlap in their characterization of low- and high-grade 

gliomas.  

Several studies have sought to overcome the limitations of anaplastic 

foci detection, including the use of isotopically labeled amino acid tracers 

to enhance imaging modalities such as 11C-methionine-PET (MET-PET) 

or 18F-fluoroethyl-L-tyrosine-PET (FET-PET) (7, 8). In the case of MET-

PET, histological analysis confirmed that voxels with maximum tracer 

uptake (PETmax) represent the most malignant tumor areas (9–12). 

However, PET exposes the patient to radiation and is only available in 

highly specialized neurooncological centers.  

Recently, 5-aminolevulinic acid (5-ALA) was identified as a new 

marker for the detection of malignant foci in diffusely infiltrating gliomas 

(1). 5-ALA is a nonfluorescent pro-drug that leads to the intracellular 

accumulation of fluorescent protoporphyrin IX (PpIX) in malignant 
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glioma cells (13). The fluorescent signal derived from PpIX provides 

enhanced contrast between tumors and normal tissue, enabling more 

complete resections and improving the progression-free survival rate in 

patients with malignant glioma (14). However, in low-grade gliomas, the 

utility of 5-ALA fluorescence has not been studied (15–17).  

The polymerization of eight 5-ALA monomers results in the synthesis 

of PpIX, which is critical for heme synthesis (18, 19). In the final stages in 

heme synthesis, iron enters the heme cycle when mitochondrial 

ferrochelatase (FECH) incorporates ferrous iron (Fe2+) into PpIX to 

generate heme (20). Synthesized heme is degraded by heme oxygenase to 

produce equimolar quantities of biliverdin, free Fe2+, and carbon 

monoxide (21). Previous studies (22, 23) have shown that high iron 

concentrations as a result of heme accumulation appear dark 

(hypointense) on T2-weighted images due to the susceptibility effect of 

iron. However, there was no previous study, using 5-ALA induced heme 

synthesis in glioma for the noninvasive detection of malignant portion 

with T2-weighted MRI. 

Here, we report the use of 5-ALA for the noninvasive detection of 

malignant glioma in vivo using MRI. We hypothesized that 5-ALA would 

selectively accumulate in malignant glioma cells and be converted to 

heme, which could then be detected by MRI. To this end, we developed 

an orthotropic mouse brain tumor model using the human glioblastoma 

cell line U-87MG. In addition, we confirmed the accumulation of iron in 

malignant glioma cells using laser ablation-inductively coupled plasma-

mass spectrometry (LA-ICP-MS).  
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Materials and Methods 

In Vitro Experiments.  

Measurement of PpIX in cells without exposure to FAC.  

For Fluorescence microscopy, U-87 (1 × 105) cells were incubated in 

six-well plates, which were wrapped in aluminum foil to avoid light 

exposure, in the presence or absence of 5-ALA for 6 h (24-26), and then, 

the cells were fixed and mounted. Cellular PpIX was analyzed using laser 

scanning microscopy (LSM 510 META, Carl Zeiss).  

For the quantification of PpIX by fluorescence, we optimized a previously 

described method for quantifying 5-ALA-induced PpIX fluorescence (27). 

To determine the extracellular fluorescence intensity, the supernatant from 

incubated samples was removed for analysis. To determine the 

intracellular fluorescence intensity, cells were lysed and mixed with 

methanolic perchloric acid (5.6%, 8 °C). The fluorescence intensity was 

measured using a fluorescence microplate reader (Infinite M200, TECAN; 

MagellanTM software) at an excitation wavelength of 400 ± 30 nm and an 

emission wavelength of 645 ± 40 nm. The relative fluorescence unit 

(RFU) values were standardized to total cellular protein and are shown as 

RFU/μg.  

For the fluorescence-activated cell sorting (FACS) analysis, we used 

a FACS caliber instrument (BD Bioscience) with the laser set to a 

constant excitation intensity of 488 nm. The y-axis denotes the number of 

cells, and the x-axis indicates the fluorescence intensity (28).  

 

In vitro experimental design for the measurement of intracellular 

concentrations of iron, heme, PpIX, and FECH.  



4 

 

Fig. 1 summarizes the in vitro experiments. First, the human 

glioblastoma cell line U-87 (ATCC) was cultured at 37 °C in a humidified 

CO2 incubator with RPMI and 10% fetal bovine serum. The cells were 

incubated for 48 h with RPMI containing FAC(ferric ammonium citrate) 

(100 µM) for iron supplementation after the cell viability test, as analyzed 

by MTT assay (Sigma). Second, the cells were washed with PBS and 

incubated for 6 h in RPMI containing 5-ALA (500 µM) or not containing 

5-ALA. Then, intracellular and extracellular PpIX was measured in the 

cells without exposure to FAC. Third, the medium was replaced with 5-

ALA-free RPMI, and the cells were further incubated for 1, 24, or 48 h. 

The cells were harvested at 1, 24, or 48 h after incubation and were used 

to measure the intracellular concentrations of iron, heme, PpIX, and 

FECH.  

 

Fig. 1. In vitro experimental design for the measurement of intracellular 

concentrations of iron, heme, PpIX, and FECH. (A) Cells were incubated 
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with RPMI containing FAC for 48 h. (B) After washing with PBS, the 

medium was replaced with RPMI containing 5-ALA or the control, and 

the dish was wrapped in aluminum foil to avoid light exposure. (C) After 

incubation for 6 h, the medium was replaced with 5-ALA-free RPMI, and 

(D) the cells were further incubated for 1, 24, or 48 h. The cells were then 

used for the in vitro experiments. 

 

 

Measurement of intracellular iron, heme, and PpIX at 1, 24 and, 48 h 

after exposure to 5-ALA.  

Iron concentration was determined using a total iron reagent kit 

(Pointe Scientific). The production of heme in the cells was assayed using 

a commercially available kit (QuantiChrom TM Heme assay Kit, DIHM-

250). The average concentrations of iron and heme were standardized to 

total cellular protein and are shown as μg/mg. The intracellular 

accumulation of PpIX was measured using fluorescence imaging, as 

described above.  

 

Measurement of the intracellular concentration of FECH at 1, 24, and 

48 h after exposure to 5-ALA.  

The intracellular concentration of FECH was determined using a 

human FECH ELISA kit (Wuhan EIAab Science, E2083h). The intensity 

was measured in a microplate reader at 450 nm. The average 

concentrations were standardized to total cellular protein and are shown as 

ng/mg.  
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In Vivo Experiments.  

These experiments were approved by the animal care committee at 

Seoul National University Hospital. A total of 10 mice with orthotopic 

brain tumors were used in this study. The mice received an oral 

administration of 5-ALA (0.1 mg/g body weight) (n = 6; 5-ALA group) or 

normal saline (n = 4; control group) 24 h before MRI. To produce mice 

with orthotopic brain tumors, 6-week-old male BALB/c nude mice were 

anesthetized by intraperitoneal injection with a mixture of zolazepam and 

xylazine and were placed in a stereotaxic device. U-87 glioma cells (1 × 

106 cells/3 μl of serum free RPMI) were inoculated into the left caudate-

putamen region. The cells were injected at a depth of 3 mm from the skull 

using a Hamilton syringe fitted with a 28-gauge needle, which was 

positioned with a syringe attachment fitted to the stereotaxic device. Three 

weeks after inoculation, we acquired images from anesthetized mice in a 7 

T BioSpec MRI scanner (Bruker). MRI experiments were performed 

before and 24 h after the oral intake of 5-ALA or normal saline. Coronal 

slices were acquired at the site of the glioma cells using T2-weighted spin-

echo and T2*-weighted gradient-echo sequences. For T2-weighted 

imaging, the following acquisition parameters were used: TR/TE = 

1500/35; matrix size = 256 × 256; field of view = 20 × 20 mm; slice 

thickness = 0.7 mm; and signal average factor = 8. For the estimation of 

T2*, we used a gradient-echo pulse sequence with the following imaging 

parameters: TR/TE = 1500/2.76, 6.42, 10.08, 13.75, 17.41, 21.07, 24.73, 

28.40 ms; flip angle (FA) = 30 °; field of view = 20 × 20 mm; matrix size 

= 256 × 256; slice thickness = 0.7 mm; pixel resolution = 0.08 × 0.08 mm; 

no intersection gap; and 1 signal average. In total, eight image slices were 
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collected per mouse. For the analysis of T2* in the brain tumors, we used a 

previously described method (29). Regions of interest (ROIs) were 

defined in individual slices acquired at the shortest TE, and these data was 

used to generate T2* maps of the ROIs using pixel-by-pixel analyses 

across the eight-point MRIs in MATLABTM (MathWorks Inc.), assuming 

single exponential decay (i.e., SI = SI0 × e−TE/T2*, where SI is the signal 

intensity and SI0 is the proton density).  

 

Histological analysis.  

Mice undergoing MRI were sacrificed for histology. Before 

histological analysis, the brains were fixed in 10% buffered formalin. 

Paraffin-embedded brains were sectioned into 4 or 10 µm thick sections. 

Prussian blue staining of the 4 µm thick sections was used to visualize 

iron deposition.  

 

Measurement of intratumoral iron concentrations using LA-ICP-MS.  

We measured the intratumoral iron levels of the mice in the 5-ALA 

(n = 3) and control groups (n = 2) using LA-ICP-MS for brain sections. 

The analysis was performed using a New Wave Research UP-213 laser 

ablation instrument (Kennelec Technologies) fitted with a Large Format 

Cell. Argon was used as the carrier gas. The laser unit was hyphenated to 

an Agilent Technologies 7500cx ICP-MS instrument fitted with a ‘cs’ lens 

system, a platinum sampler, and skimmer cones. Prior to analysis, the 

system was tuned for sensitivity using a NIST 612 Trace element in glass 

and in-house-produced tissue standards. Oxide formation was controlled 

by limiting the amount of 232Th16O+/232Th+ to < 0.3% for the ablation of 

NIST 612.  
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Data were acquired by ablating adjacent lines down each specimen (10 

µm thick) with a beam diameter of 100 mm and a scan speed of 300 mm 

s−1. Mass spectrometer integration times were chosen in order to maintain 

the true image dimensions (30) when processed, such that a single pixel 

represented 100 mm2. Variation in laser power output and instrument drift 

was compensated for through normalization to the 13C signal (31).  

Quantitative data were produced through representative ablation of 

tissue standards, using a previously described method (32, 33). Briefly, 

chicken breast tissue was purchased from a local market and stripped of 

all fatty and connective tissue. Five-gram aliquots of dissected tissue were 

partially homogenized using an OmniTech TH tissue homogenizer (Kelly 

Scientific) fitted with a polycarbonate probe. Then, 10 to 100 mL aliquots 

of standard metal solutions were prepared from high-purity iron-nitrate 

salts (Sigma-Aldrich) and added to each standard preparation, which were 

then further homogenized. Next, six approximately 250 mg aliquots of 

each standard were digested in HNO3:H2O2 (3:1 ratio) in a Milestone 

MLS 1200 microwave digester (John Morris Scientific), and each 

standard was analyzed by solution nebulization ICP-MS to accurately 

determine the trace metal concentration and homogeneity.  

Data were reduced into multispectral images using the Interactive 

Data Imaging Spectral Data Analysis Software (ISIDAS) developed by 

the University of Technology, Sydney Computational Research Support 

Unit. ISIDAS is a specialized data reduction package written in the 

Python programming language. Images were exported from ISIDAS in a 

Visualization Toolkit (.vtk) format into Enthought MayaVi2 for color 

rendering. Quantitative data were extracted by freehand outlining of the 

ROIs using ISIDAS.
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                       Results 

In Vitro Experiments.  

Monitoring PpIX Synthesis by 5-ALA in U-87 Glioblastoma Cells.  

To measure the synthesis of PpIX by 5-ALA, U-87 cells were 

incubated with 5-ALA for 6 h without exposure to FAC. Confocal laser 

scanning microscopy revealed defined red fluorescence in the cytoplasm 

of cells treated with 5-ALA in comparison to untreated cells (Fig. 2). 

Following treatment of cells with 5-ALA, the intracellular PpIX 

concentration was significantly increased as compared to that in untreated 

control cells (203.3 ± 3.6 RFU/μg vs. 17.2 ± 1.2, P < 0.001). Moreover, 

the extracellular concentration of PpIX in the medium from cells treated 

with 5-ALA was also higher than that detected in the medium from 

untreated control cells (18.5 ± 1.1 vs. 11.4 ± 0.4, P < 0.001). However, the 

intracellular concentration of PpIX was much higher than the extracellular 

concentration of PpIX, which suggests that PpIX has low diffusion 

kinetics from the intracellular to the extracellular space following 

treatment with 5-ALA (Fig. 3). FACS analysis revealed increased 

fluorescence in over 80% of the cells treated with 5-ALA, which was 

indicative of PpIX synthesis, whereas less than 1% of the untreated 

control cells demonstrated fluorescence (81.29 ± 0.54% vs. 0.88 ± 0.05%, 

P = 0.0286) (Fig. 4).  
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Fig. 2. Confocal laser scanning microscopy images of U-87 cells left 

untreated (upper) or treated with 500 µM 5-ALA (lower) for 6 h. PpIX, 

which could be visualized as red fluorescence, was located mainly in the 

cytoplasm 

 

Fig. 3. Measurement of intracellular PpIX accumulation in cells treated 

with 5-ALA for 6 h. The intracellular PpIX concentration of cells treated 

with 5-ALA was significantly higher than that of untreated control cells 

(P < 0.001). Moreover, the intracellular concentration of PpIX was much 

higher than the extracellular concentration of PpIX. 
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Fig. 4. Fluorescence intensity of intracellular PpIX accumulation in cells 

treated with 5-ALA. Over 80% of the cells treated with 5-ALA showed an 

increase in fluorescence, while less than 1% of the untreated cells 

demonstrated fluorescence (P = 0.0286).  

 

Measurement of Intracellular Iron, Heme, and PpIX at 1, 24, and 48 

h after Treatment with 5-ALA.  

In cells treated with or without 5-ALA, the concentration of intracellular 

iron increased significantly (P < 0.05) over time (1, 24, and 48 h) (Fig. 

5A). However, at 24 h, the concentration of intracellular iron was higher 

in cells exposed to 5-ALA than in untreated cells (1.95 ± 0.07 vs. 1.67 ± 

0.07 μg/mg, P < 0.05) (Fig. 5A).  

The concentration of intracellular heme also increased significantly (P < 

0.05) over time (1, 24, and 48 h) in cells treated with or without 5-ALA 

(Fig. 5B). At 24 h, a significant difference was also observed between the 

cells treated with and without 5-ALA (1.19 ± 0.07 vs. 0.86 ± 0.11 μg/mg, 

P < 0.001) (Fig. 5B). Furthermore, the intracellular concentration of PpIX 

increased dramatically within 1 h after exposure to 5-ALA but decreased 

by 24 and 48 h after treatment (Fig. 5C).  
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Fig. 5. The measurement of intracellular iron, heme, and PpIX after 

incubation with 5-ALA for 1, 24, and 48 h. (A) The intracellular iron 

content of cells exposed to 5-ALA was higher than that of control cells at 

24 h (P < 0.05). (B) Levels of intracellular heme also increased 

significantly (P < 0.05) over time in both cells treated with 5-ALA and the 

control. At 24 h, the heme values were significantly different between 

cells treated with 5-ALA and those left untreated (P < 0.001). (C) The 

intracellular PpIX concentration was increased at 1 h after exposure to 5-

ALA but had decreased by 24 and 48 h. *P < 0.05; **P < 0.01; ***P < 

0.001. 

 

Measurement of FECH at 1, 24, and 48 h after Treatment with 5-

ALA.  

Following treatment with 5-ALA, the highest intracellular concentration 

(0.315 ng/mg protein) of FECH was observed at 24 h (P < 0.01). At both 

24 and 48 h, the intracellular concentration of FECH was higher in cells 

treated with 5-ALA than in those not treated with 5-ALA (P < 0.001) (Fig. 

6).  
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Fig. 6. The measurement of 

FECH following incubation 

with 5-ALA for 1, 24, and 

48 h. Treatment with 5-

ALA resulted in the greatest 

intracellular concentration 

of FECH at 24 h 

posttreatment (P < 0.01), 

whereas the concentration 

of FECH had decreased 

significantly at 48 h in 

untreated cells (P < 0.05). 

However, at 24 and 48 h, 

the intracellular 

concentration of FECH was higher in cells treated with 5-ALA as 

compared those left untreated (P < 0.001). *P < 0.05; **P < 0.01; ***P < 

0.001. 

 

In Vivo Experiments.  

In Vivo MRI of U-87 Glioblastoma Tumors after Treatment with 5-

ALA.  

T2* mapping showed that the mean T2* value of U-87 glioblastoma 

tumors treated with 5-ALA was lower than that of control tumors, which 

received normal saline (14.9 ± 1.2 vs. 21.4 ± 2.6 ms, P < 0.0001) (Fig. 7). 
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There was no significant difference between the mean T2* values of brain 

tumors before and after the administration of saline (22.4 ± 2.5 vs. 21.4 ± 

2.6 ms, P = 0.6857; Fig. 7A). However, T2* histograms showed that the 

number of pixels with low T2* was higher in brain tumors 24 h after 

receiving 5-ALA as compared to the number measured prior to treatment. 

Finally, the mean T2* value of brain tumors significantly decreased 

following treatment with 5-ALA (20.6 ± 1.1 vs. 14.9 ± 1.2 ms, P < 

0.0001; Fig. 7B).  

 

Fig. 7. MRI detection of heme synthesized as a result of PpIX generated 

by 5-ALA treatment in U-87 glioblastomas. (A, B) The number of pixels 

(blue bars) was used to calculate the mean T2* value, and these values 

were used for the detection of heme-induced changes in T2*. The mean 
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T2* value of U-87 glioblastomas treated with 5-ALA was lower than that 

of control tumors, which received normal saline (P < 0.0001). (A) T2* 

maps showed no significant difference between the mean T2* values of 

brain tumors before and after receiving saline (P = 0.6857). (B) However, 

the mean T2* value of brain tumors significantly decreased following 

treatment with 5-ALA (P < 0.0001). The arrow indicates the U-87 

glioblastoma in the mouse brain. Note that it was impossible to perceive 

signal change between pre and post T2* image(left lower), compared with 

difference of T2* value. 

 

Histological Results.  

Prussian blue staining revealed multifocal iron deposits (arrow) at the 

border (dotted line) between the tumor and the brain in mice treated with 

5-ALA. However, no staining of iron deposits was observed in control 

mice treated with saline (Fig. 8A).  

 

Intratumoral Iron Level Measured by LA-ICP-MS.  

A significant difference in the mean concentration of iron was observed 

between the control animals and the 5-ALA-treated animals (41.4 ± 0.9 

mg/g vs. 60.1 ± 2.2 mg/g, P < 0.0001; Fig. 8B).  
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Fig. 8. Determination of heme iron in brain tumors by histological 

analysis. (A) Multifocal iron deposits (arrow) at the border (dotted line) 

between the tumor and the brain in mice treated with 5-ALA were stained 

by Prussian blue. No staining was observed in the control mice treated 

with saline. (B) Intratumoral iron levels showed a significant difference in 

the mean concentration of iron between the control animals and the 5-

ALA-treated animals, as measured by LA-ICP-MS (41.4 ± 0.9 mg/g vs. 

60.1 ± 2.2 mg/g, P < 0.0001). T, tumor; B, brain.  
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Discussion 

In the present study, we observed a significant accumulation of iron 

in response to 5-ALA induced heme synthesis in malignant glioblastomas 

as compared to control glioblastoma cells and tumors. One previous study 

showed that decreased FECH expression in malignant gliomas was 

correlated with intracellular PpIX accumulation (34). However, no data 

have been reported concerning measurements of iron metabolism within 

glioblastoma cells following the administration of 5-ALA, even though 

the use of 5-ALA-induced fluorescence has been well established for 

glioblastoma resection. In this study, U-87 glioblastoma cells 

demonstrated the highest concentration of PpIX at 1 h after 6 h of 

exposure to 5-ALA, and the concentration of PpIX subsequently 

decreased by 24 and 48 h after exposure. The intracellular concentration 

of the both heme and iron were increased at both 24 and 48 h after 5-ALA 

exposure. In addition, 5-ALA promoted the in vitro expression of FECH 

in U-87 glioblastoma cells, and this expression level was higher at 24 and 

48 h after 5-ALA exposure as compared to 1 h after exposure. FECH is 

likely responsible for iron accumulation in U-87 glioblastoma cells. In 

vivo MRI revealed a lower T2* value in U-87 glioblastomas from mice 

treated with 5-ALA as compared to control mice, and in vitro LA-ICP-MS 

also revealed that the iron concentrations were increased in U-87 

glioblastomas from mice following exposure to 5-ALA. Thus, using both 

in vitro and in vivo models, this study is the first to demonstrate that the 

intracellular iron concentration in glioblastomas increases following 

exposure to 5-ALA.  

5-ALA is a precursor in the hemoglobin synthesis pathway, and 
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exogenous, oral administration of this molecule several hours before 

surgery leads to the preferential accumulation of PpIX within tumor cells 

(35). Preclinical and clinical studies suggest that the accumulation of 

PpIX in glioblastoma cells may be caused by various factors (36). As the 

normal blood–brain barrier (BBB) is impermeable to 5-ALA, the 

compromised BBB in glioblastoma tissue is required for 5-ALA to cross 

and make contact with glioblastoma cells. 5-ALA enters tumor cells 

through transporters, such as peptide transporter 2, which is the primary 

transporter responsible for 5-ALA uptake in astrocytes (37, 38). 

Furthermore, the study by Teng et al. demonstrated that FECH mRNA 

expression was significantly downregulated in glioblastomas as compared 

to normal brain tissues (34). Also in this study, SNB19 cells, which 

express lower levels of FECH than G112 cells, accumulated more PpIX 

than G112 cells following exposure to 5-ALA, and there was a correlation 

between FECH expression and PpIX accumulation. In practice, 5-ALA is 

given to patients orally at 2.5 to 3.5 h before the administration of 

anesthesia. Under blue-violet light, the fluorophore, PpIX, emits light in 

the red region of the visible spectrum, enabling the identification of tumor 

tissue that might otherwise be difficult to distinguish from normal brain 

tissue (35). The time point of administration used in this study was 

derived from initial in vivo experiments using the C6 glioma model in rats. 

In these experiments, maximal PpIX fluorescence was observed 

approximately 6 h after administration, whereas the fluorescence was 

decreased after 3 and 9 h (13). We also observed a similar change in PpIX 

fluorescence in U-87 cells after exposure to 5-ALA. In addition, these U-

87 cells showed an increase in the concentration of both intracellular iron 

and heme 24 h after exposure to 5-ALA. Thus, we believe that 5-ALA 
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exposure can increase FECH expression to stimulate the metabolism of 

PpIX to heme within glioblastoma cells, a process that takes 

approximately 6 to 24 h.  

In routine neurosurgical practice, MRI contrast enhancement is used 

to visualize the most malignant areas of a tumor. However, in diffusely 

infiltrating WHO grade II and III gliomas, such contrast uptake is 

frequently not observed; the absence of significant contrast enhancement 

was reported in up to 55% of WHO grade III gliomas and up to 56% of 

low-grade gliomas using contrast media with MRI (1). Thus, 5-ALA-

induced fluorescence may be effective for guiding the surgical resection 

of high-grade glioma in these patients. Furthermore, some high-grade 

gliomas can be positive for 5-ALA-fluorescence without demonstrating 

contrast enhancement on MRI. Because 5-ALA is a small, but polar, 

amino acid, its uptake into the brain may depend on slight perturbations in 

the integrity of the BBB, although not as severe as those necessary for 

gadolinium to enter the brain (39). In the present study, in vivo MRI 

revealed a significant decrease in the T2* values of glioblastomas 24 h 

after the oral administration of 5-ALA as compared to both baseline MRI 

and MRI values obtained from mice in the control group. Within 

glioblastoma cells, heme is generated via the incorporation of Fe2+ into the 

metabolite of 5-ALA, PpIX, by FECH (21). Thus, we believe that Fe2+ 

incorporation into heme is a major contributor to the T2* contrast of in 

vivo MRI. Our results suggest that 5-ALA can be used for the detection of 

malignant foci within gliomas using MRI, especially for postoperative 

evaluation and follow-up MRI. It has also been reported that tumor 

resection guided by 5-ALA-induced fluorescence can result in incomplete 

resection for patients with malignant gliomas with satellite lesions (40).  
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In the present study, we utilized LA-ICP-MS with an in vivo model 

of glioblastoma to examine iron concentrations in brain sections after MRI. 

LA-ICP-MS can be used for the in situ analysis of trace metals in 

biological tissue, and ICP-MS is an element analyzer that is designed to 

measure trace levels of elements, unlike other forms of “organic” MS, 

which are used to identify and quantify molecular compounds. 

Furthermore, laser ablation is a sample introduction system for ICP-MS 

that enables the determination of the elemental composition of solid 

materials, including tissues (32). The iron concentration of glioblastomas 

exposed to 5-ALA was higher than that of glioblastomas in the control 

group, which correlated with the MRI results. The LA-ICP-MS results 

further support the hypothesis that the decreased T2* value of 

glioblastomas exposed to 5-ALA was due to the increased iron 

concentration within the tumors.  

In conclusion, this study is the first to demonstrate that 5-ALA 

administration increases the intracellular iron concentration of 

glioblastomas by promoting the synthesis of heme, which is the 

metabolite of 5-ALA. As intracellular iron can be detected by MRI, we 

believe that 5-ALA-enhanced MRI will aid in the identification of high-

grade foci in gliomas.  
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국문초록 

서론: 이 실험은 자기공명영상(MRI)를 이용하여 뇌종양의 악성 

부분을 영상화하는 새로운 기술 개발을 목표로 하였다. 5-

아미노레불린산(5-ALA)을 주입하면 프로토포르피린 

IX(protoporphyrin IX, PpIX)이라는 형광 물질이 악성 

신경교종에 축적되게 되며, 이를 이용해서 광범위적으로 

침습적인 신경교종 수술에서 악성 부분을 찾을 수 있다. 

프로토포르피린 IX는 미토콘드리아의 

페로케라타아제(ferrochelatase, FECH)에 의해 철(ferrous 

iron)과 결합하여 헴(heme)으로 합성된다. 이와 같은 대사 

과정이 있음을 바탕으로 5-ALA의 주입 후 헴(heme)의 합성이 

악성 신경교종에서 증가 함을 증명하고, 헴의 

초상자성(superparamagnetic)을 이용하여, 헴이 축적된 악성 

종양 부분을 자기공명영상으로 영상화 하기 위해 생체외 실험과 

생쥐 뇌 악성종양 모델을 이용한 생체내 실험을 계획하였다. 

 

방법: 생체외 실험에서는 사람 악성 신경교종 세포주 U-87에 5-

아미노레불린산을 처리한 군과 처리하지 않은 군으로 실험 군을 

나누었으며, 각 세포군에서 1, 24, 48시간 후의 세포내 철, 헴, 

프로토포프피린 IX, 페로케라타아제의 양을 측정하였다. 

 생쥐 뇌 악성 종양 모델 총 10마리를 이용하여 생체내 실험을 

수행하였다. 이중 6마리는 자기공명영상 촬영 24시간 전에 5-

아미노레불린산을 경구로 투여받았고, 4마리는 식염수를 경구로 
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투여 받았다. 자기공명영상은 종양이 있는 부분을 중심으로 

관상면으로 T2와 T2* 강조영상 촬영하였고, 이를 MATLABTM 

(MathWorks Inc.)프로그램을 이용한 ROI 픽셀 분석으로 T2* 지도 

영상을 생성하여 분석하였다. 

 마지막으로 종양 조직을 적출하여 병리적 염색과 세포 내의 

철을 정량화하는 방법으로 종양조직 내 철의 축적을 확인 및 

비교하였다. 

 

결과: 생체외 실험 5-아미노레블린산을 노출되었던 세포군에서 

노출 후 24시간 후 세포내 철과 헴의 양이 노출되지 않았던 

세포군에 비하여 통계적으로 의미있게 높았다 (1.95 ± 0.07 vs. 1.67 

± 0.07 μg/mg, P < 0.05 and 1.19 ± 0.07 vs. 0.86 ± 0.11 μg/mg, P < 0.001). 

세포내 프로토포르피린 IX의 양은 5-아미노레불린산에 노출 후 

1시간에 가장 높았고, 이후에는 급격하게 감소하는 양상을 

보였다. 세포내 페로케라타아제의 양은 5-아미노레불린산에 

노출 후 24시간에 가장 높았으며, 24, 48시간 모두에서 5-

아미노레불린산을 노출되지 않았던 세포군보다 높았다. 

5-아미노레불린산을 투여 받았던 생쥐 뇌 악성 종양 모델 

군에서 T2* 평균 값이 생리 식염수를 투여 받았던 대조군 보다 

통계적으로 낮게 측정되었다(14.9 ± 1.2 vs. 21.4 ± 2.6 ms, P < 0.0001). 

또한 5-아미노레불린산을 투여 받기 전 T2* 값에 비하여 

통계적으로 유의하게 투여 후 T2* 값이 감소하였다. 마지막으로 

종양 적출 후 측정한 종양 내 철 농도는 유의하게 대조군 보다 

높았다. 
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결론: 5-아미노레불린산의 투여 후, 악성 신경교종에 헴의 축적이 

유의하게 증가함을 확인할 수 있었으며, 이에 의하여 

자기공명영상 T2* 신호의 감소룰 확인할 수 있었다. 따라서 

앞으로 5-아미노레불린산 이용한 자기공명영상이 광범위적으로 

침습적인 신경교종에서 악성 부분을 찾아내는데 유용한 기술이 

될 가능성이 있으며, 인간 대상 연구에서도 여러 분야에 이용 될 

수 있을 것이다. 
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