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Summary
The response of tumor intracellular pH to a pharmacological challenge could help identify aggressive cancer. Chemical exchange
saturation transfer (CEST) is an MRI contrast mechanism that is dependent on intracellular pH (pHi). pHi is important in the
maintenance of normal cell function and is normally maintained within a narrow range by the activity of transporters located at the
plasma membrane. In cancer, changes in pHi have been correlated with both cell proliferation and cell death. Quercetin is a
bioflavonoid and monocarboxylate transporter (MCT) inhibitor. SinceMCTs plays a significant role in maintaining pH balance in
the tumor microenvironment, we hypothesized that systemically administered quercetin could selectively acidify brain tumors.
The goals of the current study were to determine whether CEST MRI measurements sensitive to tumor pH could detect
acidification after quercetin injection and to measure the magnitude of the pH change (ΔpH). Using a 9.4 T MRI, amine and
amide concentration independent detection (AACID) CEST spectra were acquired in six mice approximately 15 ± 1 days after
implanting 105 U87 human glioblastomamultiforme cells in the brain, before and after administration of quercetin (dose: 200 mg/
kg) by intraperitoneal injection. Three additional mice were studied as controls and received only vehicle dimethyl sulfoxide
(DMSO) injection. Repeated measures t-test was used to compare AACID changes in tumor and contralateral tissue regions of
interest. Two hours after quercetin injection there was a significant increase in tumor AACID by 0.07 ± 0.03 corresponding to a
0.27 decrease in pHi, and no change in AACID in contralateral tissue. There was also a small average increase in AACID in
tumors within the three mice injected with DMSO only. The use of the natural compound quercetin in combination with pH
weighted MRI represents a unique approach to cancer detection that does not require injection of an imaging contrast agent.
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Abbreviations
GBM glioblastoma multiforme
pHi intracellular pH
pHe extracellular pH
PBS phosphate buffered saline

CEST chemical exchange saturation transfer
MCT monocarboxylate transporter
DMSO Dimethyl sulfoxide
RF radiofrequency
MTRasym asymmetric magnetization transfer ratio
MT magnetization transfer
AACID amine and amide concentration-independent

detection
FSE fast spin-echo
WASSR water saturation shift referencing
ROI region of interest

Introduction

The most common primary brain tumors of the central ner-
vous system (CNS) are the gliomas. Glioblastoma multiforme
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(GBM) is one of the most aggressive gliomas and lethal brain
cancers. The surgical resection of the primary tumor followed
by aggressive concurrent radiation and chemotherapy is the
current standard of care of GBM tumors [1–4]. However, due
to migratory cancer cells that avoid treatment over 90% of
GBM tumors recur [4]. Despite advances in therapeutic strat-
egies associated with neurological imaging during treatment,
GBM patients often survive only 12–18 months following
diagnosis [2–4]. Glioblastomas represent the second leading
cause of death among neurological diseases in the United
States and one of the greatest challenges in the cure of cancer
worldwide [1–4].

A hallmark feature of solid tumors is the maintenance of an
alkaline intracellular pH (pHi) and an acidic extracellular pH
(pHe). The pHe in normal cells is higher (~7.4) than pHi (~
7.0–7.1) [5–10]. However, the pH gradient in cancer cells is
reversed with lower pHe (~6.7–7.1) than pHi (~7.1–7.3)
[5–10]. This altered pH homeostasis is the consequence of
increased aerobic glycolysis even in the presence of oxygen;
known as the Warburg effect [11]. Although the Warburg ef-
fect leads to higher metabolic acid production, cancer cells
adaptively increase the expression of regulators that extrude
H+ and lactate including: carbonic anhydrase, anion ex-
changers, the Cl−/HCO3

− exchangers, Na+/HCO3
– co-trans-

porters, Na+/H+ exchangers, monocarboxylate transporters,
the vacuolar (Adenosine Triphosphate)(ATP)ase and ATP
synthase [12, 13]. The overexpression of such regulators leads
to a relatively alkaline tumor pHi, which supports increased
cancer cell proliferation and evasion of apoptosis [14, 15],
metastasis of the solid tumor, and can increase tumor resis-
tance to chemotherapy and immunotherapy [16]. Reduction in
intracellular pH leads to decreased cell proliferation, induction
of apoptosis, and cell death [13, 17].

Targeting the metabolism of solid tumors to change the
tumor microenvironment could provide more suitable states
for anti-tumor treatment. The modulation of tumor intracellu-
lar pH could also be used to predict tumor response to chemo-
therapy and radiation therapy [3, 12, 18]. Quercetin is a natu-
ral compound and an anticancer agent that alters metabolism
and pHi [19–21]. Quercetin is a monocarboxylate transporter
(MCT) inhibitor [19, 21–24]. It has been characterized as a
specific inhibitor of MCT1 and MCT2, and therefore may
produce intracellular acidification in tumors by inhibiting lac-
tate and proton transport [19, 21–24]. Quercetin was also
found to increase caspase-3 expression inducing apoptosis in
glioblastoma cells in vitro [25].

Using chemical exchange saturation transfer (CEST)
magnetic resonance imaging (MRI) we have previously
shown that several drugs can selectively cause rapid and
measurable in-vivo intracellular acidification of glioblasto-
ma. These include lonidamine an MCT inhibitor, topiramate
a carbonic anhydrase inhibitor and dichloroacetate, which
decreases the expression of MCTs and V-ATPases. To make

these measurements, we applied a CEST technique called
amine and amide concentration-independent detection
(AACID) that uses the ratio of CEST effects of amide
(Δω = 3.5 ppm) and amine (Δω = 2.75 ppm) protons to
generate pHi dependent contrast, independent of tissue mac-
romolecule concentration and temperature [26]. The CEST
contrast originates from exchangeable amine and amide pro-
tons that are found in tissue proteins and peptides [27–30].
However the AACID CEST measurement of tissue pH is
highly weighted to the intracellular compartment [28] be-
cause almost 90% of total protein content exists in the in-
tracellular space [30]. Using AACID-CEST MRI we found a
single dose of lonidamine decreased tumor pHi by 0.45 [31],
a single dose of topiramate decreased pH by 0.17 [32], and a
single dose of dichloroacetate decrease pH by 0.16 [33],
approximately one hour after injection. It is important to
identify multiple drugs that maximally inhibit key pHi-regu-
lators and glycolytic enzymes to modulate pHi since the
effect of a single pharmacologic agent will likely be com-
pensated by other pHi regulatory mechanisms over time.

The purpose of this study was to use AACID-CEST
MRI for the acute in-vivo measurement of glioblastoma
acidification following quercetin treatment. The measure-
ment of acidification induced by a single dose of drug
could help predict tumor response to treatment or poten-
tially provide information on tumor aggressiveness. We
hypothesize that a single dose of quercetin will not alter
pHi within the contralateral tissue, but will cause intracel-
lular acidification within tumor regions within two hours
of treatment due to the inhibition of MCTs.

Experimental

Subjects

Nine female Crl:Nu-Foxn1Nu (NU/NU) adult mice (Charles
River Laboratories, Canada) were included in the current
study and divided into two groups. Six NU/NU mice with
U87MG brain tumors were used to evaluate the effect of quer-
cetin on tumor acidification, while three NU/NU mice with
U87MG brain tumors were injected with dimethyl sulfoxide
(DMSO) as controls. Mice were group housed in ventilated
racks, on a 12 h light, 12 h dark cycle. All animal procedures
were performed according to a protocol that was consistent
with guidelines established by the Canadian Council on
Animal Care and was approved by the University of
Western Ontario Animal Use Subcommittee.

Quercetin

Quercetin is a selective MCT inhibitor approved in humans
with linear formula C15H10O7.
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Quercetin was purchased from Sigma –Aldrich (Canada).
The drug was dissolved in DMSO. Quercetin was adminis-
tered by intraperitoneal (i.p.) injection at a dose of 200 mg/kg
[34] in a volume of 0.1 ml over the course of 2 min. Control
mice with brain tumors received an i.p. injection of DMSO
only.

Animal model of glioblastoma

GBM brain tumors were induced in 22-27 g, NU/NU
mice (N = 6) using U87MG glioma cells established from
a human GBM (ATCC; Rockville, MD, USA) as de-
scribed previously [35]. Briefly, U87MG cells were
grown in Dulbecco’s modified Eagles’ medium supple-
mented with 10% fetal bovine serum (Wisent Inc., St-
Jean-Baptiste, QC, Canada) at 37 °C in a humidified in-
cubator with 5% CO2 and passaged twice a week. On the
day of injection, U87MG cells were washed and dissoci-
ated with versene solution (phosphate-buffered saline
(PBS) plus 0.5 mM EDTA), then washed twice with
PBS, counted and re-suspended to a final concentration
of 1 × 105 cells in 2 mL PBS. Before injection, mice were
anesthetized by inhalation of 4% isoflurane and main-
tained using 1.5% isoflurane. The mouse was placed in
a stereotactic head frame (Stoelting instruments, Wood
Dale, IL, USA). The scalp was swabbed with betadine,
and an incision was made in the scalp to expose the breg-
ma. A 1 mm diameter hole was drilled at coordinates
measured from the bregma (1 mm anterior and 2 mm
lateral). U87MG cells (2 ml) were injected at a rate of
0.5 μL/min, at a position 3 mm deep from the bregma
into the right frontal lobe using a Hamilton (Reno, NV,
USA) syringe with a 27-gauge needle attached.

General mouse preparation for in-vivo imaging

Mice were imaged 15 ± 1 days after cancer cell injection,
on a 9.4 T small animal MRI scanner equipped with a
30 mm millipede volume coil (Agilent, Palo Alto, CA,
USA). Anesthesia was induced using 4% isoflurane in
oxygen and maintained with 1.5%–2.5% isoflurane in ox-
ygen. The mouse was secured on a custom-built MRI-
compatible stage, and the head was secured using a bite
bar [32] and surgical tape to limit motion due to respira-
tion. The temperature was monitored with a rectal temper-
ature probe, and respiration was monitored with a respi-
ratory sensor pad connected to a pressure transducer that
was placed on the thoracic region. Body temperature was
maintained at 36.9–37.1 °C throughout imaging by blow-
ing warm air over the animal using a model 1025 small-
animal monitoring and gating system (SA Instruments
Inc., Stony Brook, NY, USA). Following pre-injection
imaging, the mouse was injected with quercetin inside

the MRI by delivering the drug through a fine plastic tube
ended with a needle to achieve intraperitoneal injection.
All animals were sacrificed immediately after MR
imaging.

In-vivo magnetic resonance imaging

T2-weighted images were used for tumor detection ac-
quired using a 2-dimensional fast spin echo pulse se-
quence (FSE) with parameters: TR/TE = 3000/10 ms,
ETL = 4, effective TE = 40 ms, FOV = 25.6 × 25.6 mm2,
matrix size = 128 × 128, slice thickness = 1 mm. Two
slices from the T2-weighted images with maximum tumor
coverage (2 mm thickness) were selected upon initial tu-
mor detection for CEST imaging. CEST images were ac-
quired using a fast spin-echo (FSE) pulse sequence (TR/
TE = 7000/7 ms, ETL = 32, effective TE = 7 ms, FOV =
25.6 × 25.6 mm2, matrix size = 64 × 64, slice thickness =
2 mm) preceded by a continuous wave radiofrequency
(RF) pulse with amplitude 1.5-μT and 4 s duration. The
CEST images were acquired at different saturation fre-
quencies (from 1.2 to 4.5 (Δ = 0.1) ppm, from 5.4 to 6.6
(Δ = 0.1) ppm, and − 1000 and 1000 ppm images were
acquired as a reference, total 49 images). A complete se-
ries of CEST images were acquired three times before and
three times after drug injection to improve signal-to-noise
ratio. For B0 correction, the water saturation shift
referencing (WASSR) technique was used [36]. A linearly
spaced 37-point WASSR CEST spectrum with saturation
frequencies ranging from −0.6 – 0.6 ppm was acquired
using the same pulse sequence except preceded by a short
RF saturation pulse (100 ms) with low amplitude (0.2μT).
Each WASSR spectrum and CEST spectrum was interpo-
lated to achieve 1-Hz resolution. Each CEST spectrum
was then frequency shifted, using the corresponding
WASSR spectrum, to account for B0 variation. B0 varia-
tions were corrected on a pixel-by-pixel basis. The three
pre- and three post-injection CEST spectra were summed
following B0 corrections to increase signal to noise ratio.

CEST data processing

All acquired CEST MR data were analyzed on a pixel-by-
pixel basis using custom MATLAB (Mathworks, Natick,
MA, USA) code. CEST spectra were smoothed using the
‘smooth’ algorithm from the MATLAB curve fitting toolbox.

CEST and contrast calculations

AACID values were measured on a pixel-by-pixel basis using
the associated B0-corrected and smoothed CEST spectra. The
AACID value represents the ratio of the CEST effects of
amine protons resonating at 2.75 ppm and amide protons at
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3.50 ppm, normalized byMTeffects measured after saturation
at 6.0 ppm and is calculated using Eq. (1) [26].

AACID ¼ Mz 3:50 ppmð Þ � Mz 6:0 ppmð Þ−Mz 2:75 ppmð Þð Þ
Mz 2:75 ppmð Þ � Mz 6:0 ppmð Þ−Mz 3:50 ppmð Þð Þ

ð1Þ

Following drug administration, the change in pH was esti-
mated by Eq. (2) obtained using the calibration provided by
Eq. (8) in McVicar et al. [26].

ΔpH ¼ −4� ΔAACID ð2Þ

Statistical analysis

The regions of interest (ROIs) containing tumor tissue and
contralateral tissue were drawn manually based on the
signal changes observed in the T2-weighted images. The
ROIs were manually defined within tumor tissue and con-
tralateral tissue in each mouse brain using MATLAB
(‘roipoly’ function). Average AACID values were calcu-
lated at pre injection and post injection of quercetin, with-
in contralateral tissue and tumor regions of interest
(ROIs). A paired t-test was used to calculate differences
in mean AACID values measured in the tumor and con-
tralateral ROIs before and after injection of quercetin or
DMSO (control).

Results

AACID CEST maps were acquired in all animals at 15 ±
1 days af ter U87MG cancer cel l implantat ion.
Anatomical FSE MR images were used to identify re-
gions of interest in the tumor and on the contralateral
side (Figs. 1a and 2a). AACID CEST maps showed the
expected lower AACID value in the tumor region com-
pared to the surrounding tissue (Figs. 1b and 2b) indi-
cating a relatively basic intracellular tumor pH. Fig. 1
shows a typical mouse with brain tumor after injection
of DMSO only. There was a small increase in AACID
value observed in some brain regions, both within and
outside the tumor (Fig. 3a). Examining the average
change in the three mice with brain tumors injected with
DMSO only, there was a small but significant increase in
the average AACID value in the tumor region only
(Fig. 4a). Figure 2 shows a typical mouse with brain
tumor after injection of quercetin in DMSO. We ob-
served a small increase in AACID value within the tu-
mor (Fig. 2c, Fig. 3b) indicating intracellular acidifica-
tion within two hours of quercetin injection. On average,
there was an increase in the AACID value of 0.07 ± 0.03
(N = 6, p < 0.05) in the tumor region (Fig. 4b) two hours
after quercetin injection, but no change in AACID value
within the contralateral tissue (Fig. 4b). The measured
change in AACID value within the tumor after quercetin
injection corresponded to a 0.27 decrease in intracellular
pH, estimated using the calibration provided by Eq. 8 in
McVicar et al. [26].

Fig. 1 Mouse brain with GBM tumor 15 ± 1 days after implantation. (a)
Coronal fast spin-echo anatomical image shows regions of interest (ROIs)
in the tumor (dotted white line) and on the contralateral side (solid white

line). (b) Baseline AACID map prior to DMSO intraperitoneal injection.
(c) The AACID map two hours post DMSO intraperitoneal injection

Fig. 2 Mouse brain with GBM tumor 15 ± 1 days after implantation. (a)
Coronal fast spin-echo anatomical image shows regions of interest (ROIs)
in the tumor (dotted white line) and on the contralateral side (solid white

line). (b) Baseline AACID map prior to quercetin injection. (c) The
AACID map two hours post quercetin (200 mg/kg) intraperitoneal
injection
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Discussion

This study is the first to demonstrate intracellular acidification
in brain tumors within the first two hours after injection of a
single dose of quercetin (200 mg/kg) in DMSO. In contrast,
there was no change in AACID detected on the side contra-
lateral to the tumor after quercetin injection. The purpose of
this study was to determine whether CESTMRI measurement
of tumor AACID value could detect acidification after quer-
cetin injection and to measure the magnitude of the AACID
value changes in orthotopic GBM tumor. The results indicate
that the AACID CEST method is sensitive to quercetin-
induced pH changes in tumors within two hours of treatment.
This use of a pharmacologic agent to induce a measurable
physiologic change represents a unique approach to cancer
detection that differs from other current molecular imaging
techniques. Decreasing intracellular pH could also increase
the response of the tumor to hyperthermia, radiation, and che-
motherapy treatments [37, 38].

Quercetin is a natural compound and an anticancer agent
that alters metabolism and pHi. Quercetin is an inhibitor of
monocarboxylate transporters (MCTs) [19, 21–24]. The re-
sults of the current study are consistent with previous work
that has shown decreased pHi following quercetin treatment
[19]. Quercetin could both precede and be given concurrently
with chemotherapy or radiation therapy, to potentially in-
crease their effectiveness, decrease the required doses, and
limit the toxicity of these standard therapies [39].

In previous studies using the same methodology to evalu-
ate the magnitude of tumor acidification, we found lonidamine

decreased intracellular pH by 0.25 at a dose of 50 mg/kg and
decreased intracellular pH by 0.45 at a dose of 100 mg/kg
[31]. Topiramate decreased intracellular pH by 0.17 [32].
More recently we also showed that giving 200 mg/kg of
dichloroacetate, which decreases the expression of monocar-
boxylate transporters and V-ATPases, decreased intracellular
pH by 0.16 [33]. The quercetin dose (200 mg/kg) used in the
current study is commonly used in the literature for animal
studies [34]. At the dose studied, quercetin caused intracellu-
lar pH to decrease by 0.27. Although quercetin was less effec-
tive than lonidamine, lonidamine is toxic and can’t be used in
humans.

The current study has several limitations that should be
considered. First, the number of animals used was small.
However, the effect sizes were large, and the ROI based pH
measurements had low intra-subject variability. Not surpris-
ingly, the standard error of the mean of the pH measurements
appeared larger in the control animals, since only three ani-
mals were used in the control group, compared to six animals
in the treated group. The biological effect of DMSO may also
have caused some variability in the tumor pH depending on
the uptake of the compound. It is important to note that the
statistical comparisons made between groups utilized a test-
retest design to reduce the impact of this inter-subject varia-
tion. Therefore, the animal numbers used were sufficient to
determine whether quercetin produced a measurable pH ef-
fect. Second, quercetin (200 mg/kg) could not be dissolved in
distilled water or PBS. Therefore we dissolved quercetin in
DMSO. DMSO alone caused a small increase in AACID val-
ue suggesting it induces intracellular acidification. Although

Fig. 3 Mouse brain AACID
difference maps for examples
shown in Figs. 1 and 2. (a) Post -
pre DMSO injection and, (b) Post
-pre quercetin (200 mg/kg)
intraperitoneal injection

Fig. 4 Average AACID value in tumor and contralateral ROIs: a Pre and
post intraperitoneal DMSO injection used as a control condition (N = 3).
There was no change in AACID value within the contralateral ROI,
however a small significant increase in the average AACID value was
observed within the tumor ROI. b Pre and post quercetin 200 mg/kg

intraperitoneal injection (N = 6). A larger significant increase in AACID
value was observed within the tumor ROI after DMSO+quercetin
injection indicating intracellular acidification. Error bars represent the
standard error of the mean. The asterisks indicated p < 0.05 in repeated
measures t-test
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the mechanism for this effect cannot be defined from the cur-
rent study, DMSO can interact with the cell plasma membrane
enhancing pore formation and increasing cell permeability
[40]. This change in cell permeability could impact on ion
transport, which in turn may modify tumor pH. The efficacy
of DMSO in tumors is likely due to the high expression of ion
transporters in cancer. Third, we did not optimize the quercetin
dose in the current study, only the a single of 200 mg/kg of
quercetin was examined. Future studies should determine
whether higher doses of quercetin could increase tumor acid-
ification and whether the effect is repeatable after multiple
exposures.

The use of CEST MRI contrast to detect changes in intra-
cellular pH has many potential applications in cancer detec-
tion and treatment evaluation [3, 28, 41]. The results of the
current study demonstrate that acute CEST MRI contrast
changes after administration of quercetin could help localize
brain cancer by rapidly and selectively inducing a shift in
intracellular pH.
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