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Abstract

Chemical exchange saturation transfer (CEST) is a magnetic resonance imaging (MRI) contrast 

mechanism that detects the exchange of protons from distinct hydroxyl, amine, and amide groups 

to tissue water through transfer of signal loss, with repeated exchange enhancing their effective 

signal. We applied CEST to systematically detect 15 common cellular metabolites in a panel of 

differentially aggressive human breast cancer cell lines. The highest CEST contrast was generated 

by creatine, myo-inositol, glucose, glutamate, and glycerophosphocholine, whose cellular 

concentrations decreased with increasing breast cancer aggressiveness. These decreased 

metabolite concentrations resulted in turn in a decreased CEST profile with increasing breast 

cancer aggressiveness in water-soluble extracts of breast cell lines. Treatment of both breast cancer 

cell lines with the chemotherapy drug doxorubicin resulted in increased metabolic CEST profiles, 

which correlated with significant increases in creatine, phosphocreatine, and 

glycerophosphocholine. CEST is able to detect breast cancer aggressiveness and response to 

chemotherapy in water-soluble extracts of breast cell lines. The presented results help shed light 

on possible contributions from CEST-active metabolites to the CEST contrast produced by breast 

cancers. The metabolic CEST profile may improve detection sensitivity over conventional 
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magnetic resonance spectroscopy, and may have the potential to assess breast cancer 

aggressiveness and response to chemotherapy noninvasively using MRI if specialized metabolic 

CEST profile detection can be realized in vivo.
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Introduction

Metabolic alterations in glucose (Glc) and lactate (Lac) (1, 2), glutamine (Gln) (3), and 

choline phospholipid (4) metabolism are a hallmark of cancer (5). Cancer cells utilize less 

oxygen and radically alter their energy production, thereby shifting their mitochondrial 

function from energy production to the creation of biosynthetic intermediates that support 

cancer cell growth and proliferation (6). As a consequence, cancer cells typically display an 

increased consumption of Glc (1, 2), Gln (3, 7), and choline (Cho) (4), and an increased 

production of Lac (2). In addition, phosphocholine (PC) (4) and glycerophosphocholine 

(GPC) (8) are altered due to upregulation of choline transporters, choline kinase α, and 

phosphatidylcholine-specific phospholipases D and C (4). Proton magnetic resonance 

spectroscopy (MRS) and magnetic resonance spectroscopic imaging (MRSI), which can 

detect these metabolites in vivo, are starting to be used in the clinic in addition to 

conventional magnetic resonance imaging (MRI) for cancer diagnosis and treatment 

monitoring (9, 10). In vivo 1H MRS detects sums of overlapping metabolites, such as tCho 

(PC plus free choline (Cho) plus GPC), total creatine (creatine (Cr) plus phosphocreatine 

(PCr)), separate CH2 and CH3 peaks from mixed fatty acid signals in lipids (Lip), as well as 

individual metabolites, such as N-acetylaspartate (NAA) in the brain and Lac (11). However, 

MRS and MRSI have always been limited by their relatively low sensitivity, which results in 

low spatial resolution in vivo. With an increasing interest in monitoring metabolites for 

cancer diagnosis, treatment planning (10, 12), and treatment response (13), there is a need 

for developing alternative approaches to detect endogenous metabolites in the absence of 

contrast agents or tracers with improved spatial resolution, especially in vivo.

Chemical Exchange Saturation Transfer (CEST) is an emerging imaging approach with high 

sensitivity and specificity, which detects exchangeable protons in hydroxyl (-OH), amine (-

NH2), and amide (-C(O)NH-) groups in distinct molecules (14) through transfer of signal 

loss between these protons and water. Large CEST contrast is generated if these protons at 

their respective frequency offsets (Δω) exchange rapidly and satisfy the condition Δω >> 
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exchange rate (ksw) (14–17). CEST imaging could be a potentially more sensitive method to 

monitor endogenous metabolites in cancers because it can result in an up to several fold 

increase of metabolite signal, due to exchange with water (14, 18). This signal amplification 

through proton exchange with water enables the detection of metabolites at millimolar 

concentrations with high-resolution MRI. Chemical exchange with water produces line 

broadening, with the amount of broadening related to the rate of proton exchange. As such, 

the resonances detectable through CEST imaging are generally broader than those detected 

through 1H MRS with the width of the lines also affected by the saturation field strength. 

CEST contrast is also sensitive to physiological parameters such as pH and ionic strength, 

which affect the proton exchange rate with water, and to the water relaxation rates within 

tissue, which affect the signal loss (14). There has been an increasing interest in using CEST 

to monitor changes in the concentration and pH of metabolites (19, 20). Recent studies have 

shown that CEST can detect Cr (20), glutamate (Glu) in the brain (20), infused Glc in breast 

(19) and other tumor models (21), among other applications. CEST is also able to detect 

amide protons in proteins in the brain in vivo (22), which can be applied for distinguishing 

between radiation necrosis and recurrence of gliomas (23).

CEST imaging has been applied to grade brain tumors using Amide Proton Transfer (APT) 

contrast to detect the presence of soluble proteins with amide protons exchanging at slow to 

intermediate exchange rates (22, 23). We were interested in evaluating how CEST imaging 

might be applied to breast cancer, and have collected in vivo CEST images of orthotopic 

human MBA-MD-231 tumors in mice. Based on our observation that the maximum CEST 

signal in these breast tumor models did not correspond to amide proton frequencies, but 

rather amines and possibly hydroxyl protons, we were interested in determining the identity 

of the compounds responsible for this contrast.

To this end, we have investigated if CEST-MRI can detect metabolites that are elevated or 

down-modulated in water-soluble extracts of differentially aggressive human breast cancer 

cells as compared to nonmalignant human breast epithelial cells. We have compared highly 

aggressive, triple-negative human MDA-MB-231 breast cancer cells with weakly aggressive, 

estrogen-receptor positive (ER+) human MCF-7 breast cancer cells with nonmalignant 

human MCF-12A breast epithelial cells to cover different breast cancer subtypes of 

differential aggressiveness. For comparison and to delineate the contributions from 

individual metabolites found in these breast cells, we have performed high-resolution 1H 

MR Spectroscopy (HR-MRS) of metabolites, amino acids, as well as water-soluble dual-

phase extracts from this panel of breast epithelial and differentially aggressive breast cancer 

cells, which was followed by measurement of CEST-MRI of the exact same samples. This 

approach, which is depicted in Figure 1, has given us a better understanding of the nature of 

endogenous metabolite CEST contrast, and signatures of particular pools of exchangeable 

protons in metabolites. By studying HR-MRS and CEST-MRI data from the water-soluble 

extracts of three different breast epithelial and cancer cell lines, we were able to identify 

several CEST-MRI features. These CEST features may enable the use of CEST-MRI in 

detecting metabolites for breast cancer diagnosis and treatment monitoring.
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Materials and Methods

Phantom preparations

All compounds were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, 

USA) unless otherwise specified. Compounds were dissolved in standard, 1x-diluted 

phosphate buffered saline (PBS) at 20 mM, and pH was titrated to physiological pH of 7.3 

using 1 M hydrochloric acid and 1 M sodium hydroxide. We prepared an MCF-12A model 

mixture based on the concentrations of the 15 metabolites shown in Table 1, which were 

identified by HR-MRS of MCF-12A cell extracts. All samples were placed in 3 mm 

capillary tubes for CEST imaging (24).

Cell culture

MCF-12A is a non-tumorigenic, spontaneously immortalized human mammary epithelial 

cell line. MCF-7 is an estrogen receptor positive, weakly aggressive, non-metastatic human 

breast cancer cell line. MDA-MB-231 is a highly aggressive, triple-negative, metastatic 

human breast adenocarcinoma cell line. All cell lines were purchased from the American 

Type Culture Collection (ATCC). They were tested and authenticated by ATCC using two 

independent methods: the ATCC cytochrome C oxidase I PCR assay, and short tandem-

repeat profiling using multiplex PCR. Cell lines were cultured as previously described (25).

Doxorubicin treatment

MCF-7 and MDA-MB-231 cells were treated with 5 µM doxorubicin hydrochloride in 

standard cell culture medium for 24 h or 48 h, as in the clinic, doxorubicin is often supplied 

as a bolus that achieves plasma concentrations of 5 µM to 10 µM (26). Doxorubicin was 

dissolved in dimethyl sulfoxide (DMSO) to give a 10 mM stock solution, which is 2000× of 

the final treatment concentration. For each experiment, 20 ml of fresh cell culture media was 

added to each T175 flask together with 10 µl of DMSO for vehicle controls, or 10 µl of 10 

mM doxorubicin DMSO stock solution for doxorubicin treatment, which were then 

incubated for 24 h or 48 h before cells were harvested and dual phase extraction was 

performed. All untreated vehicle controls were prepared at the same time from the same 

respective cell batch. Only viable cells were collected by means of cell centrifugation while 

damaged cells were floating in the supernatant. Upon re-suspension of the pelleted cells 

prior to extraction, cell viability was verified by trypan blue exclusion to ensure that all 

extracted cells were viable.

For IC50 value measurements, 8,000 MCF-7 cells or 5,000 MDA-MB-231 cells were seeded 

in each well of a 96-well plate. After 3 days of incubation, cells reached a cell density of 80–

90%. A series of doxorubicin concentrations in DMSO was applied to the cells, i.e. 0.0 µM, 

0.5 µM, 1.0 µM, 2.0 µM, 4.0 µM, 6.0 µM, 8.0 µM, or 12.0 µM. After 24 h or 48 h of drug 

treatment, doxorubicin-containing medium was removed and fresh medium with 10 µl of 

WST-1 reagent (Sigma-Aldrich) was added to each well. The cell density was obtained by 

reading out the absorption at 450 nm on a spectrophotometer. Experiments were performed 

in quadruplicate. IC50 values for doxorubicin were calculated from regression lines of a plot 

of cell density versus doxorubicin concentration using the free pharmacological analysis 

software tool ED50plus v1.0 (http://www.free-downloads-center.com/download/ed50plus-
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v1-0-2434.html) for use within Microsoft Excel worksheets. IC50 values are reported as 

mean ± standard deviation.

Dual-phase extraction

All cell lines were cultured to 70% confluence. Approximately 108 viable, treated or 

untreated, cells were harvested, and both lipid and water-soluble cell extract fractions were 

obtained using a dual-phase extraction method as previously described (25). Briefly, cells 

were harvested by trypsinization, washed twice with 10 ml of saline at room temperature, 

and pooled into a glass centrifuge tube. Cells were counted directly after trypsinization. Four 

ml of ice-cold methanol were added to the cells, vigorously vortexed, and kept on ice for 10 

min. Four ml of chloroform were added and vigorously vortexed. Finally, 4 ml of water were 

added, the sample was vortexed and left overnight at 4°C for phase separation. On the next 

day, the samples were centrifuged for 30 min at 35,000 g at 4°C, and the phases were 

carefully separated using Pasteur pipettes. The water-methanol phase containing the water-

soluble cellular metabolites was treated with 10 mg of chelex for 10 min on ice to remove 

divalent cations. The chelex beads were then removed. Methanol was removed by rotary 

evaporation. The remaining water phases were lyophilized and stored at −20°C. This 

extraction effectively removed denatured proteins, DNA, RNA, and lipids.

High-resolution MRS

The lyophilized water-soluble cell extracts were dissolved in D2O containing the 

concentration and chemical shift reference 3-(trimethylsilyl) propionic-2, 2, 3, 3-d4 acid 

(TSP). Fully relaxed 1H MR spectra of the water-soluble extracts were acquired on a Bruker 

Avance 500 nuclear magnetic resonance spectrometer operating at 11.7 T using a 5-mm HX 

inverse probe as previously described (25) with the following acquisition parameters: TR = 

9.5 s, TD = 64K, Number of Signal Averages (NSA) = 64. The following metabolites in 

the 1H MR spectra of the water-soluble extracts were fitted and integrated by the software 

MestRec 4.9 (Mestrelab Research, Escondido, CA) and normalized to the cell number, 

volume, and the TSP concentration standard as previously described (25): Thr doublet at 

1.26 ppm, Lac doublet at 1.33 ppm, Ala doublet at 1.45 ppm, Glu multiplet at 2.34 ppm, Gln 

multiplet at 2.45 ppm, GSH multiplet at 2.56 ppm, Cr singlet at 3.03 ppm, PCr singlet at 

3.04 ppm, Cho singlet at 3.21 ppm, PC singlet at 3.23 ppm, GPC singlet at 3.24 ppm, Gly 

singlet at 3.56 ppm, Tau triplet at 3.40 ppm, mI triplet at 4.07 ppm, and the TSP singlet at 

0.00 ppm. After completing the HR-MRS measurements, each sample was lyophilized and 

stored at −20°C until it was prepared for CEST-MRI.

CEST-MRI acquisition of phantoms and extracts

Samples after HR-MRS were hydrated with 100 µl of PBS, adjusted to pH 7.3, and placed in 

a multi-sample holder as previously reported (24). All MRI images were acquired at 37°C 

(310 K) using an 11.7 T Bruker Avance system. The B0 field was shimmed using the 

shimming toolbox in Paravision Version 5.1 (Bruker BioSpin MRI GmbH). A modified 

rapid acquisition with relaxation enhancement (RARE) sequence including a saturation 

pulse was used to acquire saturation images at different irradiation frequencies, which were 

used to generate the Z-spectrum in each voxel. A slice thickness of 1 mm was used, and the 

typical imaging parameters were: TE = 4.3 ms, RARE factor = 16, matrix size of 128×64, 
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number of averages (NA) was 2, and the typical field of view was 13×13×1 points. Two sets 

of saturation images were acquired. First, we acquired the frequency map images to map the 

spatial distribution of B0. Secondly, we acquired the CEST images to characterize the CEST 

properties of the samples. The acquisition time per frequency point was 12 s for frequency 

maps (TR = 1.5s) and 48 s for CEST images (TR = 6 s).

To produce the frequency maps, WAter Saturation Shift Referencing (WASSR) mapping was 

employed (18), for which we used a saturation pulse length of 500 ms, saturation field 

strength (B1) of 0.5 µT (21.3 Hz), and saturation frequency increment of 50 Hz (spectral 

resolution=0.1 ppm). We kept the image readout between frequency map images and CEST 

images identical. For CEST images, we used a saturation pulse length of 4 s, B1 of 1.6 (68 

Hz), 2.4 (102 Hz), 3.6 (150 Hz), 4.7 (200 Hz), and 5.9 µT (250 Hz), respectively, and a 

frequency increment of 0.2 ppm.

Data analysis for CEST-MRI

All CEST-MRI data processing was performed using custom-written scripts in Matlab 

(Mathworks, Natick, MA, USA). WASSR images were fit to Lorentzians to find the 

frequency offset (Δω) for each voxel and to generate a saturation-based B0 shift map as 

described previously (24). Then, CEST images were corrected voxel-wise using the WASSR 

frequency maps.

For analysis, region of interest (ROI) masks were manually drawn covering each sample in 

its entirety, and the mean intensity was used for plotting the Z-spectra as a function of 

saturation frequency offset with respect to water. The CEST contrast was quantified by 

determining the asymmetry in the magnetization transfer ratio (MTRasym) as defined by the 

following expression:

where Ssat(+Δ ω) and Ssat(−Δ ω) are the signal intensities obtained by saturating at the 

frequency of Δω downfield and upfield from the water proton resonance frequency, 

respectively.

Orthotopic MDA-MB-231 breast tumor xenografts

All animal experiments were approved by the Johns Hopkins Institutional Animal Care and 

Use Committee. Approximately, 2×106 MDA-MB-231 breast cancer cells were 

orthotopically implanted into the fourth right mammary fat pad of 6 weeks old female 

athymic nu/nu mice (NCI) as previously described by us (27, 28). Tumor growth was 

monitored with standard calipers. Tumors reached their experimental size of approximately 

600 mm3 within 8 weeks of inoculation. Three mice with one MDA-MB-231 tumor each 

were assessed with in vivo CEST-MRI as described below.
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In vivo CEST-MRI

In vivo images were acquired on a Bruker Biospec 11.7 T horizontal MR scanner. The mice 

were anesthetized by using 0.5–2% isoflurane and imaged using a 15-mm planar surface 

coil. Breath rate was monitored throughout in vivo MRI experiments using a respiratory 

probe, and animals were kept warm with a heating bed. Initially, anatomical reference 

images were acquired using rapid acquisition with relaxation enhancement (RARE), TR = 

2.5 s, TE = 4.7 ms, RARE factor = 16, and matrix size = 128×64. Then, a modified RARE 

sequence including a saturation pulse was used to acquire saturation images at different 

irradiation frequencies, to generate the Z-spectrum in each voxel. Two sets of saturation 

images were acquired as described previously (19, 31, 32). First, we acquired the frequency 

map images to map the spatial distribution of B0. In the frequency maps, WASSR mapping 

was employed (33), with a saturation pulse length of 500 ms, saturation field strength (B1) 

of 0.5 µT, and saturation frequency increment of 0.1 ppm. Secondly, we acquired the CEST 

images to characterize the CEST contrast. For CEST images, a saturation pulse length of 3 s, 

B1 of 3.6 µT, and Z-spectra acquired by incrementing saturation frequency every 0.2 ppm 

from −5 to +5 ppm; TR = 5 s, effective TE = 5 ms, matrix size = 96×48, slice thickness of 

1.0 mm. CEST images were overlaid with the anatomical reference images.

Statistical analysis

For comparison of each metabolite among the three different cell lines MCF-12A, MCF-7, 

and MDA-MB-231 in our HR-MRS data, statistical analysis was performed using a two-

tailed t-test with unequal variance (α = 0.05), and was considered significant for P-values 

less than 0.05. As discussed above, CEST MTRasym profiles were obtained for all the 

samples from each of the three cell lines. Within the CEST data, a one-way nonparametric 

ANOVA (Kruskal-Wallis test) was performed to determine whether differences in contrast 

were statistically significant among the three different cell lines (α = 0.05).

Results

CEST-MRI of triple-negative breast tumor models in vivo

We have collected in vivo CEST images of orthotopic human MBA-MD-231 tumors in mice 

(Fig. 2). As is shown, the maximum signal in this broad signal spanning 1.0 – 4.0 ppm is 

observed at 2.25 ppm from water, which does not correspond to amide proton frequencies, 

which peak at 3.6 ppm, but is typical of amine protons. Based on this observation, we were 

interested in determining the identity of the compounds responsible for this contrast and to 

evaluate if CEST-MRI can detect metabolites that are elevated or down-modulated in human 

breast cancer cells as compared to nonmalignant human breast epithelial cells. In order to 

accomplish this, we prepared dual phase extracts of breast cancer cells adjusted to pH 7.3, 

and measured the CEST spectra of the water-soluble metabolites, small peptides, and amino 

acids.

Data acquisition parameters for CEST-MRI

The magnitude of the CEST contrast of exchangeable protons in -OH, -NH2, and -NH- 

groups depends on the field strength and time of the saturation pulse applied (34). We 
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therefore used a long saturation pulse of 4s and measured CEST-MRI of a model mixture of 

MCF-12A cells (Table 1) using several saturation field strengths of (ω1) = 1.6, 2.4, 3.6, 4.7, 

and 5.9 µT as shown in Figure 3. We chose ω1 = 3.6 µT for all further experiments because it 

was the highest power that showed a linear CEST response at all offsets (Fig. 3). At this 

power, the contrast for many metabolites was near maximum, entering the non-linear range 

above this power at all offsets. Note that CEST-MRI offsets are given with respect to the 

water resonance, not relative to TSP as is common with MRS.

CEST-MRI of phantom solutions of amino acids and metabolites

Solutions (20 mM in PBS) of amino acids and metabolites that are typically detected by HR-

MRS in human breast epithelial and breast cancer cells were measured individually by 

CEST-MRI and are shown as MTRasym plots in Figure 4. Figure 4A shows the chemical 

structures of all measured compounds that produced detectable CEST contrast. Chemical 

structures are displayed with the CEST-visible exchangeable protons labeled in blue, and the 

protons used for 1H HR-MRS quantification labeled in red (Fig. 4A). Figure 4B shows the 

large (MTRasym > 0.2) to intermediate (MTRasym ≥ 0.1) CEST contrast from 20 mM 

solutions of separately measured creatine (Cr), myo-inositol (mI), Glc, glutamate (Glu), 

GPC, and alanine (Ala). CEST contrast was generated from the -OHs of mI, Glc, and GPC 

at Δω = 1.0 ppm, -NH=C(NH2)2s of Cr at Δω = 2.0 ppm, and -NH2s of Glu and Ala at Δω = 

1.0 – 3.0 ppm (broad signals) (Fig. 4B). Small but detectable CEST contrast with an 

MTRasym < 0.1 was detected for the -NH=C(NH2)2s of PCr at Δω = 2.4 ppm, the -NH2s of 

Gly and Thr at Δω = 1.0 – 3.0 ppm (broad signal), and -C(O)NH-s of GSH at Δω = 3.6 ppm 

(Fig. 4). Gln, Cho, PC, Lac, and Tau resulted in negligible CEST MTRasym contrast for the 

saturation parameters used. For different sample conditions, the MTRasym profiles of Glu, 

Ala, and Tau were found to be similar previously (21).

CEST-MRI of water-soluble extracts from breast epithelial and breast cancer cells

Figure 5A displays representative 1H MR spectra of the extracted water-soluble metabolites 

from nonmalignant MCF-12A, weakly aggressive MCF-7, and highly aggressive MDA-

MB-231 cells. Metabolites were extracted using dual phase extraction, and the aqueous 

phases were first measured by HR-MRS, lyophilized after HR-MRS, and then the same 

samples were measured by CEST-MRI as depicted in the workflow diagram in Figure 1. 

Considering only CEST-active metabolites, the quantification (n=6 each) of 1H MR spectra 

revealed that the highly aggressive MDA-MB-231 cells and weakly aggressive MCF-7 cells 

contained significantly lower amounts of Cr, mI, GPC, GSH, and PCr levels than the 

nonmalignant MCF-12A cells as shown in Figures 5B, C. Glu was significantly decreased in 

MDA-MB-231 versus MCF-12A cells (Figs. 5B). CEST-MRI contrast of the same water-

soluble extracts from these breast epithelial and breast cancer cells was measured at 

physiological pH at 37°C. The average CEST-MRI contrast quantified as MTRasym per cell 

(n=6 each) at 1.0 ppm, 1.8 ppm, and 3.6 ppm was the highest in MCF-12A, intermediate in 

MCF-7, and the lowest in MDA-MB-231 cell extracts, indicating that metabolite CEST-MRI 

can detect metabolite concentration differences resulting from differences in the 

aggressiveness of the tested water-soluble extracts of breast cancer cell lines. This finding 

was most likely driven by the -OHs of mI and GPC at 1.0 ppm; -NH2 of Glu and -

NH=C(NH2)2s of Cr at 2.0 ppm; and -C(O)NH-s of GSH at 3.6 ppm (Fig. 5D, E) as these 
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metabolites with high concentration and high to intermediate CEST contrast showed the 

same trend of decrease in MDA-MB-231 versus MCF-12A in our HR-MRS data (Fig. 5B, 

C). Statistical analysis of the overall CEST contrast for the three cell lines revealed a 

significant difference (p=0.02) between MCF-12A versus MDA-MB-231 cell extracts, 

indicating that the metabolite CEST contrast correlates inversely with breast cancer cell 

aggressiveness, while the differences between MCF-12A versus MCF-7, and between 

MCF-7 versus MDA-MB-231 did not reach statistical significance. Additional metabolic 

changes such as decreased levels in Tau, and increased Lac and PC levels were detected in 

MDA-MB-231 cells as compared to MCF-12A cells (Fig. 5C), but did not contribute to the 

changes in the CEST profile as these metabolites did not produce any CEST contrast (data 

not shown).

CEST-MRI of water-soluble extracts from chemotherapy-treated breast cancer cells

To test if metabolite CEST has potential for monitoring chemotherapy response in breast 

cancer, we treated the two breast cancer cell lines MCF-7 and MDA-MB-231 with 5 µM of 

doxorubicin, a drug commonly used for chemotherapy of breast cancer patients. Patient 

plasma concentrations following a doxorubicin bolus typically are in the range of 5 µM to 10 

µM (26), which informed our media concentration of 5 µM doxorubicin for our cell culture 

treatment experiments. We measured the IC50 values for 24 and 48 hours of doxorubicin 

treatment in cell culture media to be 4.0 ± 0.3 µM and 2.7 ± 0.5 µM for MCF-7 cells, 

respectively, and 4.0 ± 0.1 µM and 1.4 ± 0.2 µM for MDA-MB-231 cells, respectively, 

which is quite similar to each other, and lies within the overall range of previously reported 

values (35). Figure 6 shows the HR-MRS detected metabolic MRS and CEST-MRI changes 

(MTRasym per cell) in water-soluble cell extracts obtained following 24 h of doxorubicin 

treatment of breast cancer cells. Only viable cells were extracted by dual phase extraction 

following treatment with doxorubicin. Cells treated with doxorubicin for 24 h contained 

significantly (p<0.05) increased levels of Cr, PCr and GPC (Fig. 6A). The CEST-MRI 

contrast quantified as MTRasym profile per cell (Fig. 6B) and adjusted MTRasym profile per 

cell (Fig. 6C) significantly (p=0.03) increased following doxorubicin treatment in both 

breast cancer cell lines (Fig. 6C). This increase in the MTRasym profile upon doxorubicin 

treatment was likely driven by the -OHs of GPC at 1.0 ppm, -NH=C(NH2)2s of Cr at 2.0 

ppm, and -NH=C(NH2)2s of PCr at 2.6 ppm. Comparable results were obtained for 48 h of 

doxorubicin treatment in both cell lines as shown in Supplementary Figure 1.

Discussion

Consecutive HR-MRS and CEST-MRI of water-soluble cell extracts revealed metabolic 

differences in breast epithelial and breast cancer cell lines that can be detected by metabolite 

CEST-MRI. The CEST MTRasym profiles of these cell extracts correlated inversely with 

breast cancer aggressiveness and were driven by concentration differences in the highly to 

intermediately CEST-active metabolites Cr, mI, Glu, GPC, and GSH. Doxorubicin treatment 

resulted in consistently increased MTRasym profiles in water-soluble breast cancer cell 

extracts, which was driven predominantly by increases in Cr, PCr, and GPC following 

treatment.
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While all of the metabolites that we systematically tested possess exchangeable protons, not 

all of them generate large CEST contrast because the exchange rate (ksw) of these protons 

needs to be in the appropriate range to be detected by CEST as determined by the 

requirement Δω >> ksw for rapidly exchanging protons (14–17). In general, the CEST 

MTRasym profiles for individual metabolites depend on the type of exchangeable proton, i.e. 

-OH, -NH2, -C(O)NH-s, or -NH=C(NH2)2, groups, its exchange rate with water, its 

concentration, and the saturation pulse parameters, e.g. saturation ω1 and duration. The 

exchangeable protons in hydroxyl (-OH), amine (-NH2, -NH-), amide (-C(O)NH-), and 

guanidyl (-NH=C(NH2)2) groups of the measured metabolites covered offset frequencies 

between 1.0 – 4.0 ppm from water depending on their chemical environment. Taken 

together, our results from metabolites, amino acids, and differentially aggressive breast cell 

extracts help shed light on contributions from CEST-active metabolites that may be an 

important part of the overall CEST-MRI signal of breast cancers obtained with CEST 

imaging in vivo.

Our in vivo CEST-MRI data of orthotopic MDA-MB-231 breast tumor xenografts show that 

the maximum CEST signal from these tumors is consistently at 2.25 ppm, within the overall 

signal spanning the range of 1.0 – 4.0 ppm from the water signal. This peak is typical of 

amines, although hydroxyls can also resonate at this position. CEST-MRI of cell extracts 

from MDA-MB-231 breast cancer cells, in which all proteins, DNA, RNA, lipids, and pH 

effects have been removed, showed a similar MTRasym profile, covering 1.0 – 4.0 ppm as 

well, with peaks at 1.0 ppm, 2.0 ppm, and 3.5 ppm. Our comparative phantom data revealed 

that these signals in cell extracts originated from Cr, mI, Glc, Glu, GPC, Ala, and GSH, 

which was also confirmed with comparative MTRasym profiles and metabolite 

concentrations determined by 1H HR-MRS in two additional breast cell line extracts. While 

it is well known that water-soluble proteins generate CEST contrast in vivo, we are the first 

to demonstrate that the above metabolites and amino acids most likely contribute to the 

CEST-MRI signal of breast tumors in vivo. A recent study suggested that CEST-MRI in 

breast tumors may detect NADH, which may involve redox states coupled to NADH-

dependent cellular redox reactions (36). This study relied on a limited number of phantoms 

and in vivo CEST-MRI of breast tumor xenografts (36). Based on our quantitative, combined 

HR-MRS and CEST results from cell extracts of the same breast cancer cell lines MCF-7 

and MDA-MB-231, we conclude that detecting [NADH] or the NADH redox ratio in these 

breast tumor models through CEST-MRI might be challenging because metabolites such as 

Cr, mI, Glc, and GPC, which are not directly coupled to NADH redox reactions, also 

generate significant contrast. Tumor cell density and other factors as discussed below are 

also expected to contribute to the observed contrast changes.

While HR-MRS uses spectrally isolated, non-exchangeable protons for detection and 

quantification (marked in red in Fig. 4), several CEST-active metabolites that dominate the 

MTRasym profile of the tested breast cell extracts give signals at overlapping offset 

frequencies. For example, the -OHs of Glc, mI, and GPC overlap at 1.0 ppm, and the -NH2 

of Glu and -NH=C(NH2)2 of Cr overlap at 2.0 ppm. A somewhat more isolated effect 

detected in our study was caused by -C(O)NH-s of GSH at 3.6 ppm, however, the broad 

signal from -NH2 of Glu may also have overlapped with GSH at 3.6 ppm. These overlaps in 

exchangeable proton frequencies reduce the specificity of metabolite CEST-MRI. 
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Nevertheless, the evaluation of the MTRasym profile in its entirety may be of value in cases 

where several CEST-active metabolites show the same trend of change, as was the case in 

our study.

In vivo 1H MRS and MRSI currently suffer from some lack of specificity as it is not possible 

to resolve certain overlapping metabolites such as tCho and total creatine (11). Consecutive 

or simultaneous in vivo CEST-MRI and 1H MRSI may provide complementary information 

about metabolite concentrations in tumors. It is also possible to make CEST-MRI 

measurements exchange rate specific, and thereby increase the CEST-MRI detection 

specificity to only one or a few metabolites with a particular exchange rate, using for 

example the recently suggested Frequency Labelled Exchange (FLEX) (37), Chemical 

Exchange Rotation Transfer (CERT) (38), or Variable Delay Multi-Pulse (VDMP) (39) 

schemes. In addition, while MTRasym is used in this study due to the absence of 

conventional magnetization transfer contrast (cMTC) in our samples, for in vivo 
measurements where cMTC effects play a role it is possible to use lineshape analysis instead 

to extract CEST contrast (40, 41).

Importantly, the exchange of protons between metabolites, which are present in cells in 

millimolar concentrations, and the water pool, which has a 110 molar proton concentration, 

can enhance the sensitivity of detecting these metabolites using CEST by factors up to 

several hundredfold (16). This enhancement in CEST-MRI provides the potential to assess 

MTRasym profiles in tumors in vivo with increased sensitivity to aid cancer diagnosis and 

treatment monitoring. It is well known that for example brain tumors in vivo display CEST 

contrast from amide proton transfer (APT) at 3.5 ppm when using relatively weak saturation 

pulses (ω1 ~ 2 µT), which is produced from intracellular proteins and peptides (22, 23), and 

that this contrast can change in response to treatment (42, 43). In breast tumors, APT 

contrast was recently demonstrated as well (44). In the in vivo setting, additional CEST 

contributions such as from APT may further reduce the specificity of metabolite CEST, 

unless specialized MR sequences as discussed above are applied. We optimized the 

saturation pulse parameters for detecting metabolites and also removed larger proteins, 

DNA, RNA, and lipids by dual phase extraction, and therefore APT should not contribute 

significantly to the MTRasym profiles observed in our study. When moving CEST-MRI to the 

in vivo setting, additional complexity may be added to the MTRasym profile if the same 

metabolites occupy two or more different compartments with a different pH or different 

ionic strength, which would affect their exchange rates. Such compartments could be 

different cellular organelles, different cell types within the tumor, or different tumor 

microenvironments such as acidic, hypoxic, or necrotic tumor regions.

We observed that a reduction in the metabolite concentrations of Cr, mI, Glc, Glu, GPC, Ala, 

and GSH resulted in a decrease in the MTRasym profile. Highly aggressive MDA-MB-231 

breast cancer cells contained significantly lower concentrations of these metabolites than 

nonmalignant MCF-12A breast epithelial cells, because they were possibly not imported 

into the cell, not synthesized, broken down at a greater rate, or excreted at a higher rate due 

to changes in the expression and activity of the respective transporters, catabolic or anabolic 

enzymes, or membrane pumps. Some of our findings are consistent with several previous 
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reports about the aberrant Glc (1, 2, 6), Gln (3, 6, 7), and phospholipid (4) metabolism in 

cancer.

Cr uptake and levels (45) were increased in tumor cells in some studies. Other studies 

demonstrated decreased tumoral Cr and PCr levels in rectal cancers (46) and glioblastomas 

(47). In breast cancer, Cr concentrations did not correlate with prognosis, but with 

progesterone receptor status (48). We observed in our study that Cr and PCr were 

significantly decreased in MCF-7 and MDA-MB-231 breast cancer cells compared to 

nonmalignant MCF-12A cells, which is not consistent with progesterone receptor status 

dependence as both MCF-7 and MCF-12A cells are progesterone receptor positive, and 

MDA-MB-231 cells are triple-negative. Cr CEST has been previously developed in a 

feasibility study (20).

In breast cancer, tumor mI levels were previously shown to be significantly decreased in 

HER2-negative versus HER2-positive breast cancer (48). This is in partial agreement with 

our findings, as MDA-MB-231 and MCF-7 breast cancer cells are HER2-negative, and 

displayed significantly decreased mI compared to nonmalignant MCF-12A breast epithelial 

cells, which, however, are also HER2-negative (49). CEST measurement of endogenous mI 

has previously been performed in human brain, where mI is an abundant metabolite, glial 

marker, and osmolyte that is altered in brain disorders including Alzheimer's disease and 

brain tumors (50).

The presence of Glc in our cell culture studies was much higher than that in tumors in vivo 
because there was a constant supply of 25 mM Glc in the cell culture medium available to 

the cells. However, in densely packed tumors in vivo, Glc concentrations will typically vary 

between 0–1 mM, and negatively correlate with proliferation rate, as highly proliferating 

cancer cells use more Glc as shown by high-resolution magic angle spinning (HR MAS) 

MRS of breast cancer biopsies (51). Decreased Glc levels in the more aggressive breast 

cancer cell line MDA-MB-231 were consistent with a higher glycolytic rate and increased 

Lac production through lactate dehydrogenase in aggressive breast cancer cells, which is in 

agreement with previous HR MAS MRS findings (52). Different types of glucose infusion 

protocols have already been reported to obtain the Glc-based CEST (glucoCEST) signal 

from breast and colorectal tumor models (19, 21).

We observed in our study that highly aggressive MDA-MB-231 cells contained significantly 

decreased Gln and Glu concentrations compared to nonmalignant MCF-12A cells, whereas 

less aggressive MCF-7 cells exhibited increased Gln and only slightly decreased Glu 

concentrations compared to MCF-12A cells. Previous studies have shown that several cancer 

cell lines heavily rely on glutamine uptake (7). In many cancer cells, glutamine is a 

necessary carbon source and supports NADPH production for redox control (7). Moreover, 

previous reports have shown that breast cancer cells exhibit elevated glutaminase activity, 

which can be targeted to inhibit oncogenic transformation (53). Our findings are consistent 

with a recent publication, demonstrating that patients (n=136) with low tumor Gln levels 

exhibited poor outcome compared to patients with high tumor Gln levels (54). CEST of Glu 

following systemic Glu injection has previously been used for detecting brain tumor models 

as Glu only crosses the compromised blood brain barrier in the tumor, but not in healthy 
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brain (20). Our findings indicate that endogenous Glu significantly contributes to the CEST 

profile in breast cancers.

The increases in GPC, Cr, and PCr following doxorubicin chemotherapy treatment of 

MCF-7 and MDA-MB-231 breast cancer cells resulted in a significant increase in the 

MTRasym profile following treatment in water-soluble extracts of the breast cancer cells. A 

previous report showed that an increase in the relative peak area of PCr was seen in breast 

cancer patients who responded to treatment (55), which is in good agreement with our study. 

Similar to our observation of a GPC increase following doxorubicin treatment, docetaxel 

(56), the anti-inflammatory agent indomethacin (57), and some targeted chemotherapeutic 

agents (58) have also been shown to increase cellular GPC levels in breast cancer cells. A 

recent feasibility study of detecting APT during the chemotherapy response of breast 

cancers in vivo indicated that APT increased in one patient with progressive disease and 

decreased in two patients with a partial or complete response (44). The significant increase 

in the MTRasym profile following doxorubicin treatment of breast cancer cells may be 

further developed for CEST-MRI monitoring of chemotherapy response in breast cancer 

patients.

In summary, we have characterized the CEST-MRI profiles of metabolites and amino acids, 

which have been shown with HR-MRS to be able to discriminate between nonmalignant 

human breast epithelial cells, weakly aggressive, and highly aggressive human breast cancer 

cells. By comparing the water-soluble extracts of this panel of human breast cell lines using 

consecutive HR-MRS and CEST-MRI, we were able to semi-quantitatively assess the levels 

of metabolites by CEST-MRI as a profile, which was able to serve as readout for 

malignancy. We detected significant increases in Cr, PCr, and GPC along with an increased 

metabolite CEST profile following doxorubicin chemotherapy treatment of breast cancer 

cells in water-soluble extracts. Hence, CEST-MRI could potentially be a good approach for 

detecting breast cancer aggressiveness and response to therapy based on altered metabolite 

and amino acid profiles if it will be possible to develop specialized metabolic CEST profile 

detection in vivo. The presented results help shed light on possible contributions from 

CEST-active metabolites in the overall CEST signal of breast cancers.
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Abbreviations

HR-MRS high resolution magnetic resonance spectroscopy

CEST chemical exchange saturation transfer

Cho choline
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Gln glutamine

Glu glutamate

mI myo-inositol

Glc glucose

Cr creatine

Ala alanine

Thr threonine

Gly glycine

Tau taurine

PCr phosphocreatine
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Figure 1. 
Schematic depicting the work flow starting with cell culture and dual phase extraction of 

metabolites from breast epithelial and breast cancer cell lines. The water and methanol 

(CH3OH) phases containing the metabolites were measured consecutively, first by HR-MRS 

and then by CEST-MRI.
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Figure 2. 
In vivo CEST-MRI of MDA-MB-231 breast tumor xenografts. (A) Representative CEST 

MRI maps, (B) T1-weighted RARE MRI, and (C) MTRasym for three individual mice with 

orthotopic human MDA-MB-231 breast tumor xenografts, which were labeled M1 for 

mouse 1, M2 for mouse 2, and M3 for mouse 3. CEST shifts of amide, amine, and hydroxyl 

resonances are highlighted in C.
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Figure 3. 
Optimization of saturation parameters using an MCF-12A model mixture showing the power 

dependence of MTRasym (%) at 1.0, 1.4, 1.6, and 1.8 ppm and its linearity at B1 < 3.6 µT.
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Figure 4. 
CEST contrast as MTRasym,, and chemical structures of metabolites as detected in breast 

cell lines, which were measured at 20 mM, pH 7.3, and 37°C. (A) CEST-visible 

exchangeable protons of -OH, -NH-, and -NH2 groups are shown in blue and the protons 

used for the HR-MRS quantification are shown in red. (B) MTRasym of cellular metabolites 

with strong CEST contrast of MTRasym > 0.2 and intermediate CEST contrast of 0.1 < 

MTRasym < 0.2. (C) MTRasym of cellular metabolites with weak CEST contrast of MTRasym 

≤ 0.1.
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Figure 5. 
HR-MRS and CEST-MRI of human breast epithelial and breast cancer cell extracts. (A) HR-

MR spectra of extracts from nonmalignant MCF-12A breast epithelial cells, weakly 

aggressive MCF-7 breast cancer cells, and highly aggressive MDA-MB-231 breast cancer 

cells. (B) HR-MRS quantification of metabolites with strong CEST contrast and (C) weak 

CEST contrast in water-soluble extracts from nonmalignant MCF-12A breast epithelial 

cells, and MCF-7 and MDA-MB-231 breast cancer cells (n=6 each). (D) CEST-MRI Z-

spectra for the same cell extracts as in A–C. (E) CEST contrast in MTRasym per cell (n=6 

each), with MCF-12A showing significantly (p=0.02) higher CEST contrast than MDA-

MB-231. Values are mean ± standard error. * p < 0.05, ** p < 0.01 versus MCF-12A. # p < 

0.05, ## p < 0.01 versus MCF-7.
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Figure 6. 
HR-MRS and CEST-MRI of cell extracts from doxorubicin treated MCF-7 and MDA-

MB-231 breast cancer cells compared to the respective vehicle controls. (A) HR-MRS 

quantification (n=3 each) shown as difference between doxorubicin treated cell extracts 

minus untreated vehicle controls (dotted horizontal line at 0) in fmol per cell following 

treatment with 5 µM doxorubicin for 24 hours in MCF-7 (gray bars) and MDA-MB-231 

(white bars) cells. (B) CEST-MRI of MDA-MB-231 cell extracts showing doxorubicin 

treated cells (gray squares, n=3) versus vehicle controls (black circles, n=3). (C) CEST-MRI 

quantified as adjusted MTRasym, which is defined as MTRasym per cell of treated cells minus 

vehicle controls (n=3 each), in MCF-7 (blue triangles) and MDA-MB-231 (red squares) 

cells. Values are mean ± standard error. * p< 0.05, treated versus control.
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Table 1

Concentrations of individual metabolites in the MCF-12A model mixture as used for the optimization of 

saturation parameters in Figure 3.

Metabolites Concentration [mM]

Cr 0.66

mI 1.79

Glc 3.54

Glu 2.51

GPC 0.70

Ala 0.60

Gly 0.09

Thr 0.44

PCr 0.22

Gln 1.82

Cho 0.09

PC 0.16

Lac 1.89

Tau 0.25

reference TSP 0.55

NMR Biomed. Author manuscript; available in PMC 2017 June 01.


	Abstract
	Graphical abstract
	Introduction
	Materials and Methods
	Phantom preparations
	Cell culture
	Doxorubicin treatment
	Dual-phase extraction
	High-resolution MRS
	CEST-MRI acquisition of phantoms and extracts
	Data analysis for CEST-MRI
	Orthotopic MDA-MB-231 breast tumor xenografts
	In vivo CEST-MRI
	Statistical analysis

	Results
	CEST-MRI of triple-negative breast tumor models in vivo
	Data acquisition parameters for CEST-MRI
	CEST-MRI of phantom solutions of amino acids and metabolites
	CEST-MRI of water-soluble extracts from breast epithelial and breast cancer cells
	CEST-MRI of water-soluble extracts from chemotherapy-treated breast cancer cells

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

