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Assessment of Early Therapeutic 
Response to Nitroxoline in 
Temozolomide-Resistant 
Glioblastoma by Amide Proton 
Transfer Imaging: A Preliminary 
Comparative Study with Diffusion-
weighted Imaging
Nisha Kumari1, Nishant Thakur   1, Hye Rim Cho1,2 & Seung Hong Choi   1,2,3

Amide proton transfer (APT) imaging is a novel molecular MRI technique to detect endogenous mobile 
proteins and peptides through chemical exchange saturation transfer. In this preliminary study, the 
purpose was to evaluate the feasibility of APT imaging in monitoring the early therapeutic response 
to nitroxoline (NTX) in a temozolomide (TMZ)-resistant glioblastoma multiforme (GBM) mouse 
model, which was compared with diffusion-weighted imaging (DWI). Here, we prepared TMZ-resistant 
GBM mouse model (n = 12), which were treated with 100 mg/kg/day of NTX (n = 4) or TMZ (n = 4), 
or saline (n = 4) for 7 days for the evaluation of short-term treatment by using APT imaging and DWI 
sequentially. The APT signal intensities and apparent diffusion coefficient (ADC) values were calculated 
and compared before and after treatment. Moreover, immunohistological analysis was also employed 
for the correlation between APT imaging and histopathology. The association between the APT value 
and Ki-67 labeling index was evaluated by using simple linear regression analysis. The short-term NTX 
treatment resulted in significant decrease in APT value as compared to untreated and TMZ group, in 
which APT signals were increased. However, we did not observe significantly increased mean ADC value 
following short-term NTX treatment. The Ki-67 labeling index shows a correlation with APT value. 
APT imaging could show the earlier response to NTX treatment as compared to ADC values in a TMZ-
resistant mouse model. We believe that APT imaging can be a useful imaging biomarker for the early 
therapeutic evaluation in GBM patients.

Glioblastoma multiforme (GBM) is the most malignant primary brain tumor in adults and is uniformly fatal. 
The current standard of care for glioblastoma includes safe surgical resection, radiotherapy and temozolomide 
(TMZ) treatment1,2. The development of resistance to radiotherapy and TMZ is common3,4 and the heterogene-
ous nature of glioblastoma further complicates these therapies5. Unfortunately, average survival is still less than 
2 years1. Surveillance of the tumor response to drug treatment is essential for treatment supervision or to make 
any decision6. Magnetic resonance imaging (MRI) is a standard neuroimaging technique currently used in the 
clinical evaluation of the response to therapy based on the detection of tumor size7. However, subsidiary imaging 

1Department of Radiology, Seoul National University Hospital, Seoul National University College of Medicine, Seoul, 
03080, Republic of Korea. 2Center for Nanoparticle Research, Institute for Basic Science (IBS), Seoul, 00826, Republic 
of Korea. 3School of Chemical and Biological Engineering, Seoul National University, Seoul, 00826, Republic of 
Korea. Nisha Kumari and Nishant Thakur contributed equally. Correspondence and requests for materials should be 
addressed to H.R.C. (email: hyerimcho1030@gmail.com) or S.H.C. (email: verocay@snuh.org)

Received: 1 August 2018

Accepted: 25 March 2019

Published: xx xx xxxx

OPEN

https://doi.org/10.1038/s41598-019-42088-y
http://orcid.org/0000-0001-8761-0837
http://orcid.org/0000-0002-0412-2270
mailto:hyerimcho1030@gmail.com
mailto:verocay@snuh.org


2Scientific Reports |          (2019) 9:5585  | https://doi.org/10.1038/s41598-019-42088-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

methods that can determine the drug response and scrutinize drug-target engagement are critically needed to 
improve opportune clinical patient management.

One attainable approach is the imaging of metabolism. Altered metabolism has been considered a hallmark 
of cancer and has been recognized as an important mechanism and biomarker for cancer8. There are significant 
alterations in the metabolic profile between healthy and disease brain tissue that can be detected in patients by 
using MRI. However, monitoring the response to therapies can be challenging because tumor shrinkage is not 
always observed9. Advanced MR techniques such as diffusion-weighted MRI (DWI), perfusion MRI, and 1 H 
magnetic resonance spectroscopy (MRS) have also been used to monitor brain tumor response to therapy10–12, 
but it may take several weeks to detect the response to therapy. Therefore, it is imperative to develop novel imag-
ing modality that can easily characterize the progressive tumor and the early therapeutic effect that would help 
to make decision for ineffective and respondent treatment. Proteins perform many cellular activities, and vari-
ous lesions, such as those found in tumors, may show changes in the concentration and properties of proteins 
and peptides13. Therefore, information at the protein level may be relevant for earlier detection, better spatial 
definition, and improved characterization of diseases14,15. Amide proton transfer (APT) imaging, one subset of 
chemical exchange saturation transfer (CEST) imaging, has been introduced as a potentially useful technique 
that reflects cellular protein and the physical and chemical properties of tissue with image contrast provided by 
using endogenous mobile proteins or peptides and information on the pH of the tissue16–18 that is not available via 
conventional MRI measures. In addition, APT asymmetry values have been proposed as prognostic indicators of 
brain glioma, as they reflect the cellular proliferation levels that correlate with Ki-6719 and as sensitive biomarkers 
of treatment response in experimental and clinical studies20.

Nitroxoline (NTX) is an FDA-approved antibiotic repurposed for cancer. Lazovic et al. revealed that NTX 
induces apoptosis and slows glioma growth in vivo, resulting in a significantly increased apparent diffusion coef-
ficient (ADC) value in a PTEN/KRAS glioma model as determined by DWI following NTX treatment (80 mg/
kg/day) for 14 days21. We speculated about other imaging modalities with the ability to assess early therapeutic 
effects of drugs that may help to determine whether the treatment is effective and should be continued or not. The 
purpose of this preliminary study was to evaluate the feasibility of APT imaging in monitoring the early therapeu-
tic response to NTX in a TMZ-resistant GBM mouse model, which was compared with DWI. We also correlated 
APT imaging parameters with histopathological findings.

Results
Comparison of early evaluation of NTX-mediated therapeutic effects by APT and ADC.  Figure 1 
summarizes the in vivo experiments as described in “materials and methods” section. Figure 2A shows represent-
ative T2WI, APT, and ADC maps obtained in mice with TMZ-resistant GBM in control, NTX and TMZ-treated 
groups prior to and after treatment. We observed that the tumor volume decreased without significance in post-2 
MRI compared to that in post-1 after short-term NTX therapy [6.26 (IQR, 5.31–8.04) vs 6.08 (IQR, 4.67–7.85), 
P = 0.6857], while tumor volume increased without significance in post-2 MRI compared to that in post-1 in the 
control [3.73 (IQR, 3.39–5.24) vs 5.01 (IQR, 4.69–6.27), P = 0.2000] and TMZ groups [6.02 (IQR, 5.17–6.87) 
vs 7.79 (IQR, 7.07–8.76), P = 0.1143] (Fig. 2B). In terms of DWI, we did not observe a significantly increased 
mean ADC value (showed in ×10−3 mm2/sec) in post-2 MRI following short-term NTX treatment [7.91 (IQR, 
7.07–8.15) vs 8.79 (IQR, 7.61–9.23), P = 0.2000]. In contrast, the mean ADC value was significantly decreased on 
post-2 MRI in untreated [7.97 (IQR, 7.80–8.29) vs 7.29 (IQR, 7.14–7.35), P = 0.0286] as well as TMZ-treated mice 
[8.71 (IQR, 8.54–8.72) vs 8.03 (IQR, 7.80–8.25), P = 0.0286] (Fig. 2C). Interestingly, the significantly decreased 
APT values were observed in post-2 MRI in NTX-treated mice [2.74 (IQR, 2.29–3.34) vs 0.59 (IQR, 0.50–0.85), 
P = 0.0286]. The APT value was increased in post-2 MRI compared to that in post-1 in untreated mice [2.31 (IQR, 
2.15–2.57) vs 2.88 (IQR, 2.37–3.80), P = 0.3429] as well as in TMZ mice [1.49 (IQR, 1.16–2.11) vs 2.47 (IQR, 
2.26–3.08), P = 0.1143] (Fig. 2D).

Quantification of immunohistochemistry studies.  Based on our in vivo results, we performed immu-
nohistology to identify the microscopic changes in tumors for the correlation between APT signals and histolog-
ical findings. The histological examination of H&E, Ki-67 and TUNEL stained brain sections from NTX-treated, 
TMZ-treated and untreated TMZ-resistant GBM bearing mice were used to confirm the morphology of tumors, 
proliferation, and apoptosis (Fig. 3A). The tumor proliferation index was evaluated by the protein expression 
of Ki-67, which was significantly lower in the NTX-treated group than in untreated mice [control: 8.89 (IQR, 
7.55–10.10) vs NTX: 5.14 (IQR, 4.63–5.75), P = 0.0209]. The level of cell proliferation was significantly increased 

Figure 1.  Experimental design for the in vivo study, showing the timeline of each group for LN229 cell 
inoculation, TMZ and NTX therapy, MR imaging, and animal sacrifice for brain harvest as described in the 
“Materials and Methods” section.
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Figure 2.  Comparison of the early evaluation of NTX-mediated therapeutic effects by APT and ADC (A) 
Representative T2WIs (1st row), APT maps (2nd row) and ADC (3rd row) for control group, T2WIs (4th row), 
APT maps (5th row) and ADC maps (6th row) for NTX group, and T2WIs (7th row), APT maps (8th row) and 
ADC maps (9th row) for TMZ group, imaged on pretreatment MRI, post-1 and post-2 MRI. (B) The tumor 
volume decreased on post-2 MRI in NTX-treated mice (P = 0.6857) without statistical significance, and the 
control (P = 0.2000) and TMZ groups showed an increase in tumor volume without statistical significance 
(P = 0.1143). (C) The ADC (mm2/sec) value increased on the post-2 MRI after NTX treatment without 
statistical significance (P = 0.2000). However, control group (P = 0.0286) and TMZ-treated mice (P = 0.0286) 
showed a significant decrease in ADC value. (D) The APT value (%) was significantly decreased after 
NTX treatment (P = 0.0286). However, the APT value was not significantly decreased in the control group 
(P = 0.3429) and TMZ-treated mice (P = 0.1143). Data are represented as median with an interquartile range of 
four independent mice in each group.
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following TMZ treatment compared to that following NTX treatment [TMZ: 7.98 (IQR, 6.46–9.38) vs NTX: 5.15 
(IQR, 4.63–5.75), P = 0.0209)]. There was no significant difference in cell proliferation between TMZ-treated 
and untreated animals [control: 8.89 (IQR, 7.55–10.10) vs TMZ: 7.98 (IQR, 6.46–9.38), P = 0.2482)] (Fig. 3B). 
Furthermore, the number of apoptotic cells were investigated by TUNEL assay staining in which a significantly 
increased number of apoptotic cells were observed following NTX treatment [control: 0.13 (IQR, 0.09–0.17) vs 
NTX: 0.30 (IQR, 0.21–0.41), P = 0.0209] compared to that following the control. However, there was no signifi-
cant difference of apoptosis between the untreated and TMZ-treated animals [control: 0.13 (IQR, 0.09–0.17) vs 
TMZ: 0.17 (IQR, 0.09–0.27), P = 0.5637] or between the NTX- and TMZ-treated mice [NTX: 0.30 (IQR, 0.21–
0.41) vs TMZ: 0.17 (IQR, 0.09–0.27), P = 0.2482] (Fig. 3C). Furthermore, we observed that the Ki-67 labeling 
index between all experimental groups showed a correlation with APT value (R2 = 0.536, P = 0.0068) (Fig. 4).

Discussion
In this preliminary study, we employed two techniques, APT imaging and DWI, to assess the early therapeu-
tic effects of NTX in a TMZ-resistant GBM mouse model. APT and ADC values were analyzed. APT imaging 
(a subtype of CEST imaging, sensitive to amide protons resonating at 3.5 ppm from water) was designed to 
detect mobile (cytosolic) proteins and peptides22. Malignant gliomas are highly cellular and have a higher cellu-
lar content of proteins and peptides than healthy tissue, as revealed by MRI-guided proteomics and in vivo MR 

Figure 3.  Quantification of immunohistochemistry studies. (A) Histological images representing hematoxylin 
and eosin staining for morphology of tumor (1st row), immunohistochemistry images of Ki-67 for cellular 
proliferation (2nd row), and TUNEL staining for DNA damage (3rd row) for control, NTX, and TMZ group, 
respectively. Scale bar is 100 µm in ×200. (B) Significantly decreased expression of Ki-67 reflects the decreased 
cell proliferation in NTX-treated animals (P = 0.0209) compared with the control. The Ki-67 expression was 
significantly increased in TMZ-treated mice (P = 0.0209) compared to that in NTX-treated mice. No significant 
difference was observed between control and TMZ-treated mice. (C) Significantly increased TUNEL positive 
cells reflects the increased DNA damage in NTX-treated animals (P = 0.0209) compared with that in the control 
animals. No significant changes in DNA damage were observed between untreated and TMZ-treated mice 
(P = 0.5637) or NTX and TMZ-treated mice (P = 0.2482). Data are represented as median with an interquartile 
range of four independent experiments.

Figure 4.  Correlation between the APT and Ki-67 labeling index. Ki-67 showed a positive correlation 
(R2 = 0.536) (P = 0.0068) (n = 4, per group) with the APT value in all experimental groups.
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spectroscopy23,24 and it has been assumed that amide proteins of endogenous mobile proteins and peptides in the 
cytoplasm are the major source of the APT signals22. In our study, we determined that APT imaging can detect 
metabolites that are elevated or down-modulated after NTX treatment. Short-term NTX treatment resulted in a 
substantial reduction in APT signals, although the tumor volume and ADC value did not detectably change by 
T2WI and DWI. The subsequent increase in APT value in the untreated group and TMZ-treated mice indicates 
the further progression of the tumor.

Generally, successful treatment may cause necrosis or apoptotic processes, leading to a reduction in cell den-
sity, which would increase the ADC values. Several studies have reported that the ADC is useful to estimate the 
aggressiveness of many cancers and correlates with progression-free survival25,26. However, in other reports, ADC 
was limited to malignancy evaluation, because a minimal change of ADC value cannot reflect the metabolic 
changes or changes in cellularity after early exposure to chemotherapeutic agents27–29. In our study, ADC value 
did not detectably change after NTX treatment by DWI. However, the ADC value was significantly decreased 
in the control and TMZ groups, which suggests increased cellular proliferation in the tumor and possibility of 
ADC value application for non-responder. The undetectable change in ADC value was not sufficient to evaluate 
the early response to NTX, while the APT value was dramatically decreased after NTX therapy. The undetectable 
change in mean tumor volume following short-term NTX treatment indicates that compared to no treatment and 
TMZ treatment, NTX slows down tumor growth. This result was similar to that of a previous study21.

Although TMZ, a second-generation alkylating agent, is considered one of the best choices for standard adju-
vant treatment for GBM, it is a DNA-damaging agent and induces apoptosis. One might assume that the 1-week 
exposure may be sufficient to induce the APT changes in the NTX-treated group, which could be associated with 
apoptosis within the 7 days. To further scrutinize this possibility, we investigated the TMZ group in which we 
observed the increased tumor volume and APT values after 2 weeks of TMZ treatment. Moreover, the change 
in ADC value was subsequently investigated in which we observed significantly decreased ADC values after 
TMZ treatment. This finding clearly reflects the further progression and the development of resistance to TMZ 
treatment.

Histological examination of the tissue showed that the 2-week TMZ treatment induced a marked increase in 
Ki-67 expression, which results from increased mitosis. According to the relevant literature, the APT signals of 
brain tumors are positively correlated with cellular density and proliferation, arising from intracellular mobile 
proteins and peptide19,30. Similar to previous reports, we showed the positive correlation between APT signals and 
cellular proliferation as evaluated by Ki-67 staining. This observation suggests that APT signals reflect the pro-
duction of endogenous mobile proteins and peptides, which is associated with tumor cell proliferation. Therefore, 
from this observation, we concluded that the decrease in APT values observed in NTX-treated mice reflects the 
proliferation arrest of tumor cells responding to chemotherapy well before the tumor volume and cellular density 
begins to decrease. As molecular changes occur early in the time course of chemotherapy, preceded by morpho-
logic changes, which cannot be detected by conventional MRI; thus, APT signals may serve as an early biomarker 
of the degree of tumor progression or treatment response. Increased APT signals following TMZ treatment indi-
cates the aggressiveness of recurrent GBM even after chemotherapy with TMZ. In relation to TMZ-resistance, the 
enhanced tumor area increased drastically after 1 week of TMZ treatment compared to that at baseline, indicating 
that TMZ-resistance was acquired as showed by the post-1 MRI. The results also demonstrate that APT signal 
does not decrease when the treatment is ineffective in case of TMZ-treated animals.

The limitations of this study should be mentioned. First, we included only four mice in all experimental 
groups. Our institutional policy is to minimize enrolled animal numbers; thus, we decided to conclude our study 
after observing statistical significance. Second as APT imaging is a rapidly developing field, the imaging proto-
cols have not yet been fully standardized, and it is warranted to confirm the reproducibility of APT imaging of 
brain tumor. Thus, the future studies regarding these issues should be performed. Third, we used six b-values for 
DWI in this study, which need longer time than the common clinical DWI based on two b-values, because we 
wanted to analyze other DWI-related parameters such as perfusion values, which were not shown in this study. 
We believe that DWI using two b-values can be enough for future study to minimize scan time without any com-
promised data quality. Fourth, we used T2WI to define the tumor areas, which has limitation to differentiate the 
peritumoral edema from tumor invasion. However, we think that the high intensity change on T2WI is mainly 
from the tumor growth, which was correlated with the histopathology.

In summary, we concluded that compared to ADC values, APT imaging could show an earlier response to 
NTX treatment in a TMZ-resistant mouse model. APT imaging is a safe, completely noninvasive technology and 
we believe that APT imaging can be a useful imaging biomarker for the early therapeutic evaluation in GBM 
patients.

Material and Methods
Study design.  The animal experiments were approved by the Institutional Animal Care and Use Committee 
of Seoul National University Hospital and used minimum number of mice to conclude with statistical analysis. 
All research was performed in accordance with relevant guidelines/regulations in our institute (16–0130-C1A0). 
The in vivo experiments were performed according to Fig. 1. To prepare for the orthotopic GBM mouse model, 
6-week-old male BALB/c nude mice (n = 12, 4 in each group) were anesthetized by means of intraperitoneal 
injection of a mixture of Zoletil (zolazepam) and Rompun (xylazine) and were placed in a stereotaxic device. The 
mice were inoculated with LN229 (ATCC, CRL-2611) human glioma cells (3 × 106 cells). The cells were injected 
in the caudate/putamen region of the brain by using a Hamilton syringe fitted with a 28-gauge needle, which 
was positioned with a syringe attachment fitted to the stereotaxic device. The required tumors were confirmed 
by pretreatment T2WI 2-weeks after tumor implantation. TMZ-resistant models were developed by subjecting 
mice with GBM to successively high doses of TMZ (100 mg/kg/day) until tumor growth showed no inhibition 
by TMZ for 7 days, as described in previous studies3,31,32. The models were further confirmed by T2WI, referred 
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to as the post-1 MRI. The animals were intraperitoneally treated with 100 mg/kg/day of NTX or saline for 7 days 
in the NTX and control groups, respectively. In the TMZ group, the animals were treated with 100 mg/kg/day of 
TMZ for 7 days after post-1 MRI. The post-2 MRI was conducted after drug treatment to evaluate the therapeutic 
effects on tumor growth. APT imaging and DWI were also acquired sequentially with T2WI in pretreatment, 
post-1 and post-2 MRIs.

MR imaging protocol.  For the in vivo animal MRI, animals were anesthetized with 1.5–2% isoflurane/
oxygen (v/v), and then scanned using a 9.4 T MR scanner (Agilent Technologies, Santa Clara, CA, USA). 
Throughout each imaging session, the animals were wrapped in warm water blankets, and their oxygen satu-
ration and heart rates were monitored. In anatomic T2WI in the coronal plane, fast spin-echo multiple slices 
were employed with the following parameters: [TR = 3000 ms, effective TE = 31.18 ms, ETL = 4, averages = 2, 
data matrix size = 256 × 256, and field of view (FOV) = 25.0 × 25.0 mm2]. APT imaging with coronal plane 
was performed by using a prototype 2-dimensional saturation pulse target frequency 3.5 ppm, saturation 
pulse duration 5 s, slice thickness 1.00 mm, saturation pulse power 20 Hz followed by four-shot, spin-echo, 
echo-planar imaging acquisition [TR = 5500 ms, TE = 9.34 ms, ETL = 4, averages = 1, data matrix = 128 × 128, 
field of view (FOV) = 25.0 × 25.0 mm2]. The echo-planar DWI with coronal plane was obtained as followings: 
[TR = 4000 ms, TE = 60.04 ms with shots 2, repetitions = 1, average = 2, data matrix = 128 × 128, field of view 
(FOV) = 24.0 × 24.0 mm2, b-value = 0, 100, 200, 400, 700 and 1000 s/mm2, and slice thickness = 1 mm]. The APT 
and ADC maps were generated, and image analysis was performed by using our in-house software developed 
with a commercial analysis package (Matlab version R2007b, MathWorks Inc., Natick, MA, USA).

Image analysis.  To quantify the tumor volume, the areas on the ADC and APT maps corresponding to the 
T2W images were first manually segmented by two investigators (N.K. and N.T.). The segmentations of ADC and 
APT maps were performed for all the slices showing T2 hyperintensity. The identification of corresponding area 
with T2 hyperintensity on ADC and APT maps was performed by visual inspection, and then polygonal ROIs 
were placed on coregistered ADC and APT maps for corresponding area with T2 hyperintensity. Drawing ROIs 
were performed with MATLAB (Matlab version R2007b, MathWorks Inc., Natick, MA, USA) and systematically 
placed. Then, we calculated tumor volume, and mean APT and ADC values from each tumor. The change in 
mean ADC values was included in the analysis.

Histology analysis.  At the end of the post-2 MRI studies, all animals were sacrificed and perfused with nor-
mal saline, and brains were harvested for histological analysis. All coronal sections were stained with hematoxylin 
and eosin (H&E) for tumor morphology. For immunohistochemical analysis, the primary antibody and their 
dilutions were as follows: mouse monoclonal antibody to Ki-67 (1:200, no. UM 8033, UltraMab) was used for 
1 hour at room temperature. Then, the sections were rinsed with washing buffer and incubated with horseradish 
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) for 30 minutes at room temperature. 
Staining for the detection of bound antibodies was evaluated by DAB. Ki-67-positive cells and TUNEL-positive 
cells were calculated by ImageJ software. Additionally, brain tumor sections were subjected to TUNEL assay to 
measure apoptotic tumor cells.

Statistical Analysis.  All statistical analyses were performed using a commercial software program 
(MedCalc version 13.1.0.0, MedCalc Software). A P value of <0.05 was considered statistically significant. 
Kolmogorov-Smirnov’s test was used to determine whether the noncategorical variables were normally distrib-
uted. Nonparametric data are presented as the median and interquartile range (IQR, range from the 25th to the 
75th percentile), and parametric data are shown as the mean ± standard deviation. According to the results of 
the Kolmogorov-Smirnov’s test, paired or unpaired Student’s t-test, Wilcoxon test or Mann-Whitney U-test was 
performed where appropriate to compare the values between the two groups. The comparison between the three 
experimental groups was calculated by the Kruskal-Wallis test. The association between the APT value and Ki-67 
labeling index was evaluated by using simple linear regression analysis.

References
	 1.	 Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med 352, 987–996, https://doi.

org/10.1056/NEJMoa043330 (2005).
	 2.	 Sengupta, S., Marrinan, J., Frishman, C. & Sampath, P. Impact of temozolomide on immune response during malignant glioma 

chemotherapy. Clin Dev Immunol 2012, 831090, https://doi.org/10.1155/2012/831090 (2012).
	 3.	 Lee, S. Y. Temozolomide resistance in glioblastoma multiforme. Genes & Diseases 3, 198–210, https://doi.org/10.1016/j.

gendis.2016.04.007 (2016).
	 4.	 Johannessen, T. C. & Bjerkvig, R. Molecular mechanisms of temozolomide resistance in glioblastoma multiforme. Expert Rev 

Anticancer Ther 12, 635–642, https://doi.org/10.1586/era.12.37 (2012).
	 5.	 Inda, M. M., Bonavia, R. & Seoane, J. Glioblastoma multiforme: a look inside its heterogeneous nature. Cancers (Basel) 6, 226–239, 

https://doi.org/10.3390/cancers6010226 (2014).
	 6.	 Macdonald, D. R., Cascino, T. L., Schold, S. C. Jr. & Cairncross, J. G. Response criteria for phase II studies of supratentorial malignant 

glioma. J Clin Oncol 8, 1277–1280, https://doi.org/10.1200/JCO.1990.8.7.1277 (1990).
	 7.	 Chinot, O. L. et al. Response assessment criteria for glioblastoma: practical adaptation and implementation in clinical trials of 

antiangiogenic therapy. Curr Neurol Neurosci Rep 13, 347, https://doi.org/10.1007/s11910-013-0347-2 (2013).
	 8.	 Pavlova, N. N. & Thompson, C. B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab 23, 27–47, https://doi.org/10.1016/j.

cmet.2015.12.006 (2016).
	 9.	 Courtney, K. D., Corcoran, R. B. & Engelman, J. A. The PI3K Pathway As Drug Target in Human Cancer. Journal of Clinical Oncology 

28, 1075–1083, https://doi.org/10.1200/Jco.2009.25.3641 (2010).
	10.	 Tomura, N. et al. Diffusion changes in a tumor and peritumoral tissue after stereotactic irradiation for brain tumors: possible 

prediction of treatment response. J Comput Assist Tomogr 30, 496–500 (2006).
	11.	 Leimgruber, A. et al. Perfusion and diffusion MRI of glioblastoma progression in a four-year prospective temozolomide clinical trial. 

Int J Radiat Oncol Biol Phys 64, 869–875, https://doi.org/10.1016/j.ijrobp.2005.08.015 (2006).

https://doi.org/10.1038/s41598-019-42088-y
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1155/2012/831090
https://doi.org/10.1016/j.gendis.2016.04.007
https://doi.org/10.1016/j.gendis.2016.04.007
https://doi.org/10.1586/era.12.37
https://doi.org/10.3390/cancers6010226
https://doi.org/10.1200/JCO.1990.8.7.1277
https://doi.org/10.1007/s11910-013-0347-2
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1200/Jco.2009.25.3641
https://doi.org/10.1016/j.ijrobp.2005.08.015


7Scientific Reports |          (2019) 9:5585  | https://doi.org/10.1038/s41598-019-42088-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	12.	 Balmaceda, C. et al. Multisection 1H magnetic resonance spectroscopic imaging assessment of glioma response to chemotherapy. J 
Neurooncol 76, 185–191, https://doi.org/10.1007/s11060-005-5261-2 (2006).

	13.	 Ward, P. S. & Thompson, C. B. Metabolic reprogramming: a cancer hallmark even warburg did not anticipate. Cancer Cell 21, 
297–308, https://doi.org/10.1016/j.ccr.2012.02.014 (2012).

	14.	 Cairns, R. A., Harris, I. S. & Mak, T. W. Regulation of cancer cell metabolism. Nat Rev Cancer 11, 85–95, https://doi.org/10.1038/
nrc2981 (2011).

	15.	 Srinivas, P. R., Srivastava, S., Hanash, S. & Wright, G. L. Jr. Proteomics in early detection of cancer. Clin Chem 47, 1901–1911 (2001).
	16.	 van Zijl, P. C. & Yadav, N. N. Chemical exchange saturation transfer (CEST): what is in a name and what isn’t? Magn Reson Med 65, 

927–948, https://doi.org/10.1002/mrm.22761 (2011).
	17.	 Zhou, J. Y., Payen, J. F., Wilson, D. A., Traystman, R. J. & van Zijl, P. C. M. Using the amide proton signals of intracellular proteins 

and peptides to detect pH effects in MRI. Nat Med 9, 1085–1090, https://doi.org/10.1038/nm907 (2003).
	18.	 Zhou, J. Y. et al. Differentiation between glioma and radiation necrosis using molecular magnetic resonance imaging of endogenous 

proteins and peptides. Nat Med 17, 130–U308, https://doi.org/10.1038/nm.2268 (2011).
	19.	 Togao, O. et al. Amide proton transfer imaging of adult diffuse gliomas: correlation with histopathological grades. Neuro Oncol 16, 

441–448, https://doi.org/10.1093/neuonc/not158 (2014).
	20.	 Sagiyama, K. et al. In vivo chemical exchange saturation transfer imaging allows early detection of a therapeutic response in 

glioblastoma. Proc Natl Acad Sci USA 111, 4542–4547, https://doi.org/10.1073/pnas.1323855111 (2014).
	21.	 Lazovic, J. et al. Nitroxoline induces apoptosis and slows glioma growth in vivo. Neuro-Oncology 17, 53–62, https://doi.org/10.1093/

neuonc/nou139 (2015).
	22.	 Zhou, J., Lal, B., Wilson, D. A., Laterra, J. & van Zijl, P. C. Amide proton transfer (APT) contrast for imaging of brain tumors. Magn 

Reson Med 50, 1120–1126, https://doi.org/10.1002/mrm.10651 (2003).
	23.	 Hobbs, S. K. et al. Magnetic resonance image-guided proteomics of human glioblastoma multiforme. J Magn Reson Imaging 18, 

530–536, https://doi.org/10.1002/jmri.10395 (2003).
	24.	 Howe, F. A. et al. Metabolic profiles of human brain tumors using quantitative in vivo H-1 magnetic resonance spectroscopy. Magnet 

Reson Med 49, 223–232, https://doi.org/10.1002/mrm.10367 (2003).
	25.	 Tamai, K. et al. Diffusion-weighted MR imaging of uterine endometrial cancer. J Magn Reson Imaging 26, 682–687, https://doi.

org/10.1002/jmri.20997 (2007).
	26.	 Sunwoo, L. et al. Correlation of apparent diffusion coefficient values measured by diffusion MRI and MGMT promoter methylation 

semiquantitatively analyzed with MS-MLPA in patients with glioblastoma multiforme. J Magn Reson Imaging 37, 351–358, https://
doi.org/10.1002/jmri.23838 (2013).

	27.	 Surov, A., Meyer, H. J. & Wienke, A. Correlation Between Minimum Apparent Diffusion Coefficient (ADC(min)) and Tumor 
Cellularity: A Meta-analysis. Anticancer Res 37, 3807–3810, https://doi.org/10.21873/anticanres.11758 (2017).

	28.	 Bharwani, N. et al. Diffusion-weighted imaging in the assessment of tumour grade in endometrial cancer. Brit J Radiol 84, 997–1004, 
https://doi.org/10.1259/bjr/14980811 (2011).

	29.	 Yoshikawa, M. I. et al. Relation between cancer cellularity and apparent diffusion coefficient values using diffusion-weighted 
magnetic resonance imaging in breast cancer. Radiat Med 26, 222–226, https://doi.org/10.1007/s11604-007-0218-3 (2008).

	30.	 Zhou, J. et al. Practical data acquisition method for human brain tumor amide proton transfer (APT) imaging. Magn Reson Med 60, 
842–849, https://doi.org/10.1002/mrm.21712 (2008).

	31.	 Oliva, C. R. et al. Acquisition of Temozolomide Chemoresistance in Gliomas Leads to Remodeling of Mitochondrial Electron 
Transport Chain. Journal of Biological Chemistry 285, 39759–39767, https://doi.org/10.1074/jbc.M110.147504 (2010).

	32.	 Clarke, M. J. et al. Effective sensitization of temozolomide by ABT-888 is lost with development of temozolomide resistance in 
glioblastoma xenograft lines. Molecular Cancer Therapeutics 8, 407–414, https://doi.org/10.1158/1535-7163.Mct-08-0854 (2009).

Acknowledgements
This study was supported by grants from the Korea Healthcare Technology R&D Projects of the Ministry for 
Health, Welfare & Family Affairs (HI16C1111); the Bio & Medical Technology Development Program of the NRF 
funded by the Korean government, MSIP (NRF-2015M3A9A7029740); the Brain Research Program through 
the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning 
(2016M3C7A1914002); the Creative Pioneering Researchers Program through Seoul National University (SNU); 
and Project Code (IBS-R006-D1). The authors would like to thank Jeong-Min Kwon (MR Researcher) for 
conducting the MR analysis and for technical assistance.

Author Contributions
H.R.C. and S.H.C. conceived the study. N.T. and N.K. conducted and analyze all experiments. N.K., N.T., H.R.C. 
and S.H.C. are responsible for interpretation of data. N.K. wrote the main manuscript text. All authors discussed 
and reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-42088-y
https://doi.org/10.1007/s11060-005-5261-2
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1038/nrc2981
https://doi.org/10.1038/nrc2981
https://doi.org/10.1002/mrm.22761
https://doi.org/10.1038/nm907
https://doi.org/10.1038/nm.2268
https://doi.org/10.1093/neuonc/not158
https://doi.org/10.1073/pnas.1323855111
https://doi.org/10.1093/neuonc/nou139
https://doi.org/10.1093/neuonc/nou139
https://doi.org/10.1002/mrm.10651
https://doi.org/10.1002/jmri.10395
https://doi.org/10.1002/mrm.10367
https://doi.org/10.1002/jmri.20997
https://doi.org/10.1002/jmri.20997
https://doi.org/10.1002/jmri.23838
https://doi.org/10.1002/jmri.23838
https://doi.org/10.21873/anticanres.11758
https://doi.org/10.1259/bjr/14980811
https://doi.org/10.1007/s11604-007-0218-3
https://doi.org/10.1002/mrm.21712
https://doi.org/10.1074/jbc.M110.147504
https://doi.org/10.1158/1535-7163.Mct-08-0854
http://creativecommons.org/licenses/by/4.0/

	Assessment of Early Therapeutic Response to Nitroxoline in Temozolomide-Resistant Glioblastoma by Amide Proton Transfer Ima ...
	Results

	Comparison of early evaluation of NTX-mediated therapeutic effects by APT and ADC. 
	Quantification of immunohistochemistry studies. 

	Discussion

	Material and Methods

	Study design. 
	MR imaging protocol. 
	Image analysis. 
	Histology analysis. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Experimental design for the in vivo study, showing the timeline of each group for LN229 cell inoculation, TMZ and NTX therapy, MR imaging, and animal sacrifice for brain harvest as described in the “Materials and Methods” section.
	Figure 2 Comparison of the early evaluation of NTX-mediated therapeutic effects by APT and ADC (A) Representative T2WIs (1st row), APT maps (2nd row) and ADC (3rd row) for control group, T2WIs (4th row), APT maps (5th row) and ADC maps (6th row) for NTX g
	Figure 3 Quantification of immunohistochemistry studies.
	Figure 4 Correlation between the APT and Ki-67 labeling index.




