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Background: 5-Aminolevulinic Acid (5-ALA) photodiagnosis (PD) is an effective method to detect resid-
ual tumors during glioma surgery. However, fluorescence strength differs in malignant gliomas, and
false-negative fluorescence may result in tumor residue. We investigated the effect of ultrasound on the
intracellular level of protoporphyrin IX (PpIX) and expression level of ATP-binding cassette transporter
2 (ABCG2), which is thought to act as a membrane efflux pump of PpIX from cytosol.

Methods: The malignant glioma cell lines SNB19, U87MG, and T98G were used for in vitro experi-
ments. Cultured cells underwent ultrasound irradiation (1 MHz, 3 W/cm?, duty cycle 10%) after ad-
ministration of 5-ALA, and morphological changes in tumor cells were observed. PpIX levels and
ABCG2 expression were evaluated.

Results: The glioma tumor cells showed transient morphological changes and detachment from the cul-
ture dish; however, most cells survived and reverted to their original morphology within 6 hours. PpIX
expression levels increased in glioma cells after ultrasound irradiation, and the increase was earlier and
greater than that for 5-ALA alone. ABCG2 expressions increased after 5-ALA administration but were
lower in ultrasound-irradiated glioma cells.

Conclusions: Ultrasound irradiation of malignant gliomas contributes to stronger 5-ALA-induced fluo-

rescence by elevating intracellular PpIX levels. Suppression of ABCG2 expression by ultrasound may

contribute to PpIX accumulation in glioma cells. (J] Nippon Med Sch 2020; 87: 310-317)
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Introduction

Photodiagnosis (PD) of brain tumors is widely used to
detect tumors during surgery, and the photosensitizer 5-
aminolevulinic acid (5-ALA) is available in many coun-
tries for intraoperative diagnosis of malignant glioma.

The strength of fluorescence differs in relation to his-
tology, malignancy, timing of 5-ALA administration, and
multiple other factors. When 5-ALA is used clinically for
detecting malignant brain tumors, the variability of fluo-
rescence impairs its reliability for diagnosis. The effi-

ciency of PD depends on the level of protoporphyrin IX

(PpIX) accumulated in tumor cells in the relevant target
tissue. Therefore, PpIX accumulation must be enhanced
in targeted tumor cells for stable detection.

Exogenous 5-ALA is incorporated into cells via trans-
porters such as peptide transporter 1 (PEPT1) and pep-
tide transporter 2 (PEPT2). Expression levels of these
transporters affect the amount of 5-ALA incorporated,
thus altering the strength of fluorescence'. In the subse-
quent porphyrin synthetic pathways, ferrochelatase
(FECH), an enzyme that catalyzes chelation of ferrous

iron to PpIX to form heme, is thought to be a factor that
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Fig. 1 Ultrasound irradiation system

The ultrasound device used in this study comprised an ul-
trasonic electronic generator, amplifier, and transducer
and was manufactured by Ito CO., LTD (Tokyo, Japan).
The ultrasound transducer was fixed at the bottom of a
thermostatic 37°C water bath. The cell culture dish was

suspended 5 mm above the ultrasound transducer.

affects PpIX accumulation in cytosol'. Ultimately, accu-
mulated PpIX is excreted by the membrane transporter
ATP-binding cassette (ABC) transporter 2 (ABCG2) on
the cell membrane. Human ABC transporter ABCG2,
originally called breast cancer-resistant protein (BCRP),
was first discovered in doxorubicin-resistant breast can-
cer cells’. Recently ABCG2 was reported to be present in
the plasma membrane as a homodimer bound through
disulfide-bonded cysteine residues™. This transporter
may be important in regulating intracellular porphyrin”™".

Ultrasound induces biological modulations, including
intensification or inactivation of enzyme activity" and in-
hibition of atherosclerotic plaque progression”. A com-
mon therapeutic application, ultrasound is used in many
types of sonodynamic therapy, which utilizes various
sonosensitizers. The mechanism is based on activation of
these sonosensitizers, a process that generates free radi-
cals such as singlet oxygen species. Ultrasound was re-
cently reported to reverse chemoresistance in breast can-
cer stem-like cells by altering ABCG2 expression’. There-
fore, it is worthwhile to investigate its effect in glioma
cells.

This study examined the effects of ultrasound on PpIX
expression in malignant glioma cells after 5-ALA admini-
stration and the mechanisms underlying these effects.
Our principal finding was that early and increased accu-
mulation of PpIX in glioma cells after ultrasound was ac-

companied by ABCG2 downregulation.

Materials and Methods
Chemicals and Reagents
5-ALA purchased from Cosmo Bio Co., Ltd. (Tokyo, Ja-
pan) was dissolved in a 1 N HCL solution to make a 100

mM stock solution that was sterilized, aliquoted, and
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stored at —80°C in the dark. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), streptomy-
cin, and penicillin were obtained from Gibco (Grand Is-
land, NY, USA).

Cell Lines and Cell Culture

SNB19 is a well-characterized human glioblastoma cell
line®. U87MG and T98G, the other human primary
glioblastoma cell lines, were purchased from ATCC
(American Type Culture Collection, Manassas, VA, USA).
The human glioma cell lines SNB19, U87MG, and T98G
were cultured in DMEM containing 10% FBS, 100 U/mL
penicillin, and 100 ug/mL streptomycin at 37°C in a hu-
midified incubator in an atmosphere of 5% CO.. The cells
were harvested for passage twice per week when they
were nearly confluent, and 4 x 10° cells were seeded in a
35-mm culture dish and incubated for 24 hours. 5-ALA
was added at a final concentration of 1.0 mM. Then, the
cells were used in the following experiments.

Ultrasound Device and Conditions

The ultrasound device used in this study comprised an
ultrasonic electronic generator, amplifier, and transducer
and was manufactured by Ito CO., LTD (Tokyo, Japan).
The ultrasound transducer (diameter: 3.5 cm, resonance
frequency: 1.0 MHz, duty factor: 10%, ultrasonic inten-
sity: 3.0 W/cm®) was fixed at the bottom of a thermo-
static water bath. The cell culture plate was suspended 5
mm above the ultrasound transducer, as shown in Figure
1. The temperature of the water bath was 37°C. The
whole experiment was conducted in the dark to avoid a
photodynamic therapy effect. Then, the cells were incu-
bated and collected separately at 0, 1, 2, 3, 4, 5, and 6
hours after adding 5-ALA. The duration of observation
was based on the dynamics of absorption, metabolism,
and excretion of 5-ALA in human glioma cells”. Two
groups were studied—an ALA and ALA+US group. Cells
in the ALA+US group were irradiated for 2 minutes by
ultrasound under the above conditions 5 minutes after
ALA exposure at a concentration of 1.0 mM.

Observation of Morphological Change of Tumor
Cells

Morphological changes in treated tumor cells were ob-
served with a microscope (TS100, Nikon, Tokyo, Japan),
and the images were recorded with a digital recording
system (DS-L1-5M, Nikon, Tokyo, Japan).

Gaging of PpIX Accumulation in Glioma

The treated cells were washed twice with PBS, and the
collected cells were then centrifuged into pellets. Then,
the fluorescence spectrum of PpIX was immediately de-

tected with a spectrometer with 405-nm excitation and
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390- to 800-nm emission (VLD-EX, SBI Pharmaceuticals
Co., Ltd., Tokyo, Japan). A sharp peak representing the
strength of fluorescence was detected at an emission of
636 nm. Intensity data were analyzed with Spectrometer
Data Acquisition Software (BWSpec 3.26_14, Newark,
DE, USA). All experiments were performed under dim
light.

mRNA Extraction

Total RNA was extracted from glioma cells in each
condition by using an RNeasy Mini Kit in accordance
with the instructions of the manufacturer (QIAGEN,
Hilden, Germany). Each RNA sample was quantified by
NanoDrop (Fisher Scientific, Altham, MA, USA). cDNA
synthesis was done with 1pg total RNA by using a
PrimeScript RT Reagent Kit (Perfect Real Time), in which
oligo dT primer and random 6mers were used in accor-
dance with the instructions of the manufacturer (TaKaRa,
Shiga, Japan), followed by reverse transcription for 15
minutes at 37°C and enzyme inactivation for 5 seconds at
85°C.

Quantitative Real-Time PCR

Quantitative Real-Time PCR (qRT-PCR) was performed
by using a StepOnePlus™ Realtime PCR system (Thermo
Fisher Scientific, Waltham, MA, USA) in accordance with
the manufacturer’s protocol. The ABCG2 probe was de-
signed by the manufacturer (Gene Name: ATP-binding
cassette subfamily G member 2 [Junior blood group], As-
say ID: Hs01053790_m1) (TagMan Gene expression as-
says; Thermo Fisher Scientific). GAPDH was used for in-
ternal normalization, and the probe was designed by the
manufacturer (glyceraldehyde-3-phosphate dehydroge-
nase, Assay ID: Hs02786624_g1). Thermal cycling was
performed under the following conditions: 40 cycles of
95°C for 1 second and 60°C for 20 seconds. Each experi-
ment was performed in triplicate. Relative gene expres-
sion was analyzed by the 2-AACt method. The expression
levels of target genes were normalized against those of
GAPDH by using StepOne™ Software v2.3 (Thermo
Fisher Scientific, Inc. Waltham, MA, USA). Relative quan-
tity values were standardized by setting the same thresh-
old value. Gene expression data are presented as mean =+

standard error of the mean of the RQ values.

Results
Morphological Changes in Treated Tumor Cells
The three glioma cell lines used in this study have a
fusiform morphology, resembling a fibroblast. ALA ad-
ministration caused minimal changes to this form. Ultra-

sound irradiation plus ALA administration shortened the

312

spike of the cells, which tended to become small and
round. In U87MG cells, some attached glioma cells de-
tached from the floor of the culture dish after ultrasound.
However, these cells reattached to the floor of the dish
and reverted to the original shape of glioma cells (Fig. 2).
Morphological changes in these cells observed immedi-
ately after ultrasound irradiation reverted to their pre-
treatment state within 6 hours.

Intracellular Accumulation of PpIX

Spectrometry confirmed intracellular accumulation of
PpIX in glioma cell lines. A sharp peak at 636 nm, indi-
cating characteristic PpIX fluorescence spectra, was de-
tected in SNB19, US87MG, and T98G cells (Fig. 3). As we
previously reported”, there was time-dependent intracel-
lular accumulation of PpIX in glioma cell lines exposed
to exogenous 5-ALA. The level of PpIX accumulation dif-
fered in relation to cell line.

The relative intensity of PpIX in the ultrasound-
irradiated group peaked at 4 hours after ultrasound ex-
posure in the SNB19 and U887MG cell lines (Fig. 4), while
PpIX expression in T98G continued to increase until 6
hours after ultrasound exposure. In all cell lines, the in-
crease in PpIX expression was greater than that in the 5-
ALA only group at all time points, except at 6 hours in
SNB19 cells (Fig. 4).

mRNA Expression of Membrane Transporter ABCG2
after 5-ALA Administration

Relative mRNA expression levels of ABCG2 were ana-
lyzed by qRT-PCR in each cell line. 5-ALA administration
induced gradual elevation of ABCG2 expression in SNB
19 and U87MG cells. However, T98G cells did not exhibit
a significant change after 5-ALA administration (Fig. 5).

Effect of Ultrasound Irradiation on ABCG2 mRNA
Expressions

Ultrasound irradiation suppressed the increase in
ABCG2 expression induced by ALA exposure (Fig. 5).
This effect was seen in all three cell lines and persisted
for 2 hours after ultrasound irradiation in U87MG and T
98G cells. Within 5 hours after ultrasound irradiation,
this effect gradually diminished, and the ABCG2 mRNA
level increased to the level of the non-ultrasound condi-
tion in T98G cells. In U87MG cells, ABCG2 expressions
were higher than in the ALA only group. However, this

suppression effect persisted for 6 hours in SNB19 cells.

Discussion
Cell Viability by Ultrasound Irradiation
Microscopy showed transient morphological changes

and loss of cell adhesion to the floor of the culture dish.
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Fig. 2 Morphological changes of treated tumor cells

The three glioma cell lines showed minimal morphological changes after ALA administration. Ultrasound irradiation plus ALA
administration shortened the spike of cells, which tended to become small and round. In US7MG cells, some attached glioma
cells detached from the floor of the culture dish after ultrasound. However, these cells reattached to the floor of the dish and re-
verted to the original shape of glioma cells within 6 hours after treatment. Morphological changes of cells immediately after ul-
trasound irradiation reverted to the pretreatment state within 6 hours (USOh; immediately after ultrasound irradiation, US6h; 6
hours after ultrasound irradiation, ALA; only ALA administered, ALA+US; ALA administration followed by ultrasound irradi-
ation).
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Fig. 3 PplIXlevel in glioma cell lines.
PpIX levels at 1 to 6 hours after 5-ALA administration are shown. The peak at a wavelength of 636 nm shows relative PpIX level.
There was time-dependent intracellular accumulation of PpIX in glioma cell lines after exogenous 5-ALA administration. PpIX ac-
cumulation differed in relation to cell line.
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Fig. 4 Changes in PpIX level of ALA and ALA+US glioma cells. ALA+US glioma cells showed higher PpIX

levels in all cell lines (mean + SE, n=3).

PpIX relative intensity in the ALA+US group reached a peak at 4 hours after ultrasound irradiation in
the SNB19 and U87MG cell lines (Fig. 4). PpIX expression in T98G continued to increase until 6 hours af-
ter ultrasound exposure. In all cell lines, PpIX expression was higher than the level after 5-ALA adminis-

tration without ultrasound at all time points, except for SNB19 after 6 hours” incubation.
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Fig. 5 Relative mRNA expression levels of ABCG2 after 5-ALA administration
The glioma cell lines SNB19 and U87MG showed a time-dependent increase in ABCG2 mRNA. However, ABCG2 expressions of
T98G glioma cells did not change during observation. Ultrasound irradiation suppressed the increase in ABCG2 expression in-
duced by ALA exposure in all three cell lines. The suppressive effect was seen for 6 hours in SNB19 cells and persisted for 2
hours after ultrasound irradiation in US7MG and T98G cells. Within 5 hours after ultrasound irradiation, this effect gradually
diminished, and ABCG2 mRNA levels increased to the level of the non-ultrasound condition in T98G cells at 6 hours after US ir-
radiation. In US87MG cells, ABCG2 expression was greater than that in the ALA only group after 4 hours (mean + SE, n=3).

However, no cell death was observed, and floating cells
reattached to the dish floor within 6 hours after ultra-
sound treatment. The ultrasound conditions of these ex-
periments were not cytocidal for malignant gliomas.

Variation of PpIX Accumulation in Cell Lines

PpIX levels gradually increased after ALA administra-
tion. The peak level and timing differed in relation to cell
line. SNB19, U87MG, and T98G cells peaked at 4, 4, and
6 hours after treatment, respectively. The relative level of
PpIX in the same number of cells at 4 hours after 5-ALA
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administration was highest in T98G cells. We previously
reported a difference in PpIX accumulation among cell
lines”. This difference suggests that the rate of PpIX pro-
duction induced from exogenous 5-ALA differs. A key
factor is ferrochelatase (FECH), which converts PpIX to
heme and is diminished or absent in cancer cells. In ad-
dition, recent studies suggest that ABCG2 is crucial in
regulating cellular accumulation of porphyrins in cancer

cells™.

J Nippon Med Sch 2020; 87 (6)
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Increase in ABCG2 after ALA Administration

PpIX levels are regulated in many cell types, because
excess PpIX can undergo the iron-catalyzed Fenton reac-
tion, which may generate potential DNA damage by re-
active oxygen species (ROS)". In the porphyrin synthetic
and metabolic pathway, porphyrin transporters such as
ABCB6 and ABCG2 are believed to be important in
maintaining a homeostatic level of porphyrins. Increased
ABCG?2 activity decreased the intracellular PpIX level af-
ter ALA administration® and reduced PpIX fluorescence”.

In our study, after ALA administration, ABCG2 expres-
sion slightly increased over time in glioma cell lines. Ex-
ogenous ALA yields a high production rate of porphyrin
derivatives, including PpIX, in the porphyrin synthetic
pathway. This elevation of porphyrins is thought to
upregulate the activity of membrane transporters such as
ABCG2 in expelling porphyrins to protect cells from por-
phyrin overaccumulation®. This was observed in glioma
cells in our experiments.

Effect of Ultrasound on PpIX Elevation

Ultrasound has a variety of biological effects, including
cell lysis, changes in cell division capability, ultrastruc-
tural changes, chromosomal and cytogenetic effects, and
functional changes™. The effects of ultrasound on cells
are classified as “gross effects”, such as lysis, effects on
cell division capability, and damage to cellular ultrastruc-
ture, and “subtle effects”, such as chromosomal changes,
functional changes, and altered growth patterns®. Among
these, the most hazardous effect on cells is cell lysis;
however, the conditions in our experiments—1 MHz, 3
W/cm?, and a duty cycle of 10%—were below the thresh-
old for such cell damage. We previously found no poten-
tial cell lysis that resulted in complete cellular disrup-
tion”. The “subtle effects” of ultrasound may cause epi-
genetic changes, such as modification of histone protein
structure, which can induce long-term effects on gene ex-
pression”. Ultrasound may also lead to stimulation of
cellular functions that mostly involve interactions at the
cell membrane level”. In addition to membrane and mi-
tochondrial damage caused by cavitation, Harvey et al.”
observed dilated rough endoplasmic reticulum and some
irregular lesions. Generally, the cell nucleus seems unaf-
fected by ultrasound exposure®. These effects of ultra-
sound suggest that various factors might affect enzymes
and transporters in the porphyrin synthetic and meta-
bolic pathways. These alterations might have induced
early and higher PpIX expression, perhaps by accelerat-
ing 5-ALA incorporation by upregulation of PEPT1 or
PEPT2 and accumulation of PpIX by suppression of
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FECH or ABCG2. However, the biomechanism underly-
ing the change in PpIX expression pattern is not well un-
derstood.

Inhibition of ABCG2 by Ultrasound Irradiation

Guo et al” recently reported that ultrasound reversed
chemoresistance in breast cancer stem-like cells by alter-
ing ABCG2 expression. In our study, we investigated the
effect of ultrasound on glioma cells in relation to ABCG2
expression and found a similar response of glioma cells
to ultrasound. ABCG2 is generally located in the cellular
plasma membrane and is known as a porphyrin efflux
pump, which exports harmful toxins and xenobiotics,
such as potentially toxic porphyrins, from the intracellu-
lar to the extracellular environment’. Importantly, ABCG2
has a high affinity for porphyrins, i.e.,, hematoporphyrin
and pheophorbide a* and transports them in an ATP-
dependent manner®”. ABCG2 is also located in mito-
chondrial membranes and contributes to PpIX efflux
from mitochondria®.

Tyrosine kinase inhibitors such as imatinib mesylate
and gefitinib are reported to inhibit ABCG2, which en-
hances the efficacy of photodynamic therapy by increas-
ing PpIX level””. However, these chemotherapeutic
agents are not suitable for enhancing photodiagnosis, be-
cause dosage, delivery, and timing cannot be easily con-
trolled. In contrast, ultrasound is a mechanical effect that
differs from drugs administered into the body. Condi-
tions such as power, duration, and application site can be
decided according to the intended purpose. We found
that ultrasound suppressed ABCG2 expression in glioma
cells against the increase in ABCG2 mRNA levels after 5-
ALA administration (Fig. 5). Since the knockdown of
ABCG2 expression by siRNA is reported to increase accu-
mulation of PpIX in pancreatic cancer cells”, this effect of
ultrasound on ABCG2 is also believed to contribute to in-

creasing PpIX in glioma cells.

Limitations
In this study, the ultrasound irradiation conditions were
identical to those used in our previous study®. The ideal
conditions would be optimized to best accelerate fluores-
cence intensity. Further research is necessary to identify
the conditions that maximize both PpIX accumulation in
tumor cells and patient safety.

The effect of ultrasound on non-tumorous cells should
be considered in clinical settings. Further research is nec-
essary to clarify the effects of ultrasound on normal cells,
such as neurons, glial cells, and vascular endothelial

cells.
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Conclusion

Ultrasound induced an early and accelerated increase in

protoporphyrin IX level in glioma cells. Suppression of

ABCG2 by ultrasound may contribute to PpIX accumula-

tion after administration of 5-aminolevulinic acid to

gliomas. Ultrasound irradiation before photodiagnosis

may be feasible for early and enhanced detection of

glioma.
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