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Abstract

Background: Hypoxia is an important cause of recurrence and metastasis of malignant tumors. Noninvasive detection of the ex-
tent of hypoxic areas of tumors is essential for delineation of radiotherapy target areas and dose.
Objectives: To investigate the feasibility of 99Tcm-2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl dihydrogen phosphate (99Tcm-MNLS) hy-
poxic imaging to monitor the tumor hypoxic state in tumor-bearing mice after radiotherapy.
Materials and Methods: Tumor-bearing mice were divided into eight groups: imaged 24 hours before radiotherapy (A24 h before),
imaged immediately after radiotherapy (Aimmediately), imaged 24 hours after radiotherapy (A24 h), imaged 48 hours after radiother-
apy (A48 h), and the corresponding control groups. Mice in each group received hypoxia imaging at the corresponding time point to
calculate the radioactivity ratio of tumor/non-tumor (T/NT). Hypoxia inducible factor-1α (HIF-1α) was determined by immunohisto-
chemistry to investigate the relationship between T/NT ratio and HIF-1α expression in radiotherapy and control groups.
Results: T/NT ratio and the expression of HIF-1α in A24 h group were not significantly different from those in A24 h before and control
groups, but lower than those in the Aimmediately group and higher than those in the A48 h group. T/NT ratio and the expression of
HIF-1α in the A24 h before group had no significant difference compared with those in its control group, while those in the Aimmediately
group were remarkably higher than those in its control group. On the other hand, those in A48 h group were lower than those in its
control group. There was a positive correlation between T/NT ratio and HIF-1α expression in radiotherapy group and control group
at different time points.
Conclusion: 99Tcm-MNLS tumor hypoxic imaging can evaluate the tumor hypoxic status of tumor-bearing mice after radiotherapy.
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1. Background

Hypoxia is a ubiquitous phenomenon in most malig-
nant tumors, which is the main reason for the tumors re-
fractory and resistance to chemoradiotherapy (1, 2). Non-
invasive detection of the extent of hypoxic areas of tumors
is essential for delineation of radiotherapy target areas
and dose. In the oxygen-enriched area, enough radiation
doses could be given to kill malignant tumor cells. Then,
oxygen-enriched cells experience an apoptotic die and hy-
poxic cells get enough oxygen and transform into oxygen-
enriched cells, in which, enough doses could be given too.
Therefore, monitoring the range and extent of hypoxic
area can guide the radiation dose segmentation and the
timing of radiotherapy. At present, there are many meth-
ods for the detection of tumor hypoxia, but most of them
are invasive. Thus, their applications are restricted. Non-

invasive detection of hypoxic areas has been improved con-
tinuously, and radionuclide hypoxic imaging is currently
one of the most concerned detection methods of tumor
hypoxia (3), which is beneficial to the diagnosis and treat-
ment of tumor (4).

In 2009, Zha et al. (5) reported a new synthetic hypoxic
imaging agent 99Tcm-metronidazole phosphate ester [2-
(2-methyl-5-nitro-1H-imidazol-1-yl) phosphate ethyl ester],
also namely 99Tcm-MNLS. A preliminary animal study has
shown 99Tcm-MNLS has rapid clearance in blood and early
tumor imaging. It is mainly excreted through the kidneys.

2. Objectives

The aim of this study was to investigate the feasibility
of 99Tcm-MNLS in monitoring the hypoxic status of tumor
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after radiotherapy and to confirm whether it could accu-
rately reflect the tumor hypoxic status by immunohisto-
chemical staining of hypoxia-inducible factor 1α (HIF-1α)
in tumor cells.

3. Materials and Methods

3.1. Quality Control 99Tcm-MNLS

A freshly rinsed 99Tcm liquid adjusted to 7.4 MBq/0.1mL
with saline was added into a MNLS lyophilized product
(Beijing Xinkesida Pharmaceutical Technology Co., Ltd.,
China), and then shaken manually and stood at room tem-
perature for 10 minutes. Polyamide as the stationary phase
and 10% hydrochloric acid solution as a developing sol-
vent, the radiochemical purity of 99Tcm-MNLS kept at room
temperature and 37°C for 30 minutes, 1, 2, 3, 4, 6 and 8 hours
was determined.

3.2. Establishment of Tumor-Bearing Mouse Model

Ninety Kunming mice (clean grade, half male and half
female), aged 6 - 8 weeks old and weighing 20 - 25 g, were
provided by the Experimental Center. 0.1 mL H22 hep-
atoma cells (provided by the Experiment Center) were sub-
cutaneously inoculated in the right forelimb armpit of
each mouse at a concentration of 2 × 108/mL. Then, the
mice were fed in a clean environment for eight days. The
size of the tumor was measured each day. The largest diam-
eter of the tumor was about 1 cm at the last observing day.
The tumor-bearing mice with well-growing, regular shape
and almost similar size of tumors were selected for further
experiments.

3.3. 99Tcm-MNLS Imaging and Biological Distribution in Tumor-
Bearing Mice

Forty-two tumor-bearing mice were equally divided
into seven groups according to the imaging time after the
injection by random number table: 30 minutes, 1 hour,
2 hours, 3 hours, 4 hours, 6 hours and 8 hours groups.
Mice were treated with tail vein injection of 7.4 MBq/0.1
mL 99Tcm-MNLS and received single photon emission com-
puted tomography (SPECT) (Millennium VG Hawkeye, GE
Company, the United States) imaging at the corresponding
time point of each group. The image acquisition parame-
ters were set as: SPECT equipped with high resolution colli-
mator with low energy, each frame image acquisition was
200 K and the matrix was 256 × 256 with 4 times magni-
fication. The region of interest (ROI), such as the tumor
site and the contralateral site, was sketched out on the im-
ages obtained from each group to get their respective ra-
diocounting. The ratio of the radiocounting in tumor and
non-tumor (T/NT) was calculated. Immediately after the

imaging, the eyeballs of each tumor-bearing mouse were
taken out for collecting blood and then the mouse was
killed by dislocating the neck. Tissues such as tumor, heart,
lung, liver, stomach and hind limb muscles were taken out
for measuring the radiocounting per minute of each tissue
usingγ-counting instrument (ZD-6000 well type counting
technetium analyzer, Xi’an Zhida Company, China) and the
percent of injected dose per gram (% ID/g) of each tissue
at each time point was calculated. The standard source of
99Tcm-MNLS was reserved.

3.4. 99Tcm-MNLS Imaging on Tumor-Bearing Mice

Forty-eight successfully established tumor-bearing
mice were randomly divided into eight groups according
to random number table: imaged at 24 hours before
radiotherapy group (A24 h before) and its control (C24 h before),
imaged immediately after radiotherapy (Aimmediately) and
its control (Cimmediately), imaged at 24 hours after radio-
therapy (A24 h) and its control (C24 h) and imaged at 48 h
after radiotherapy (A48 h) and its control (C48 h). Radio-
therapy was given to the mice in Aimmediately, A24 h and A48 h

groups, but not to A24 h before and all the control groups.
After radiotherapy, mice in each group were injected with
99Tcm-MNLS at the corresponding time points and imaged
at 2 hours after the injection. The ROIs of the tumor region
and its counter-lateral region were sketched out on the
images obtained from each group to obtain their own
radiocounting. Then the radiocounting ratio between
tumor and non-tumor (T/NT) was calculated. Two doctors
with over 10-year experience delineated the coverage of
ROI independently and compared. If the ROIs were mis-
matched between the two doctors, they would discuss and
reach a consensus about the ROI; then one of the doctors
re-delineated the ROI according to the consensus.

3.5. Immunohistochemistry (IHC)

Immediately after the imaging, mice were sacrificed
by dislocating the neck. The tumor tissues were isolated
and made into paraffin sections. The expression of HIF-1α
was determined by IHC using HIF-1αprimary antibody and
streptavidin-peroxidase ligation kit (BIOWORLD Co., USA).
The cytoplasm of tumor cells stained brown-yellow was
positive for HIF-1α. The percentage of positive cells in each
field of vision was regarded as the HIF-1α expression in this
field of vision. Five non-overlapping fields of vision at 400
× magnification were selected on each slice from top to
bottom and from left to right to calculate the average per-
centage of HIF-1α positive cells, which was taken as the ex-
pression of HIF-1α in this slice. Every field was counted
twice, and the average percentage of HIF-1α positive cells
was taken as the expression of HIF-1α in this field.
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3.6. Statistical Analysis

Data were expressed as mean ± standard deviation
(SD) and analyzed using statistical software SPSS version
17.0. The normality of data were assessed before analysis.
If the data were normality, comparisons of measurement
data were carried out using one-way ANOVA, pairwise com-
parison least significant difference (LSD) -t test, two inde-
pendent sample t-test and non-parametric Spearman anal-
ysis. If not, the Rank sum test was used. The difference was
statistically significant if P < 0.05 was considered.

4. Results

4.1. Quality Control of 99Tcm-MNLS and Tumor-Bearing Mice

The labeled 99Tcm-MNLS was a colorless and transpar-
ent solution. Its radiochemical purity at room tempera-
ture for 10 minutes was 97%. Moreover, it could be stable for
at least 8 hours after it was labeled. Its radiochemical pu-
rities were all greater than 90% at room temperature and
37°C for 30 minutes, 1, 2, 3, 4, 6 and 8 hours (5). There was
no significant difference in the weight and diameter of tu-
mors among the groups (F = 4.539, t = 1.980, P > 0.05).

4.2. 99Tcm-MNLS Imaging and Its Biological Distribution in
Tumor-Bearing Mice

All tumor-bearing mice developed clear tumor images
at the right forelimb armpit. The retention of imaging
agents in tumors (T) and non-tumorous tissues (NT) was
highest at 1 hour, and excreted with time, which was more
significant in non-tumorous tissues, T/NT ratio was the
highest and the imaging was the best at 2 hours after the
injection of 99Tcm-MNLS.

99Tcm-MNLS could be absorbed quickly by tumor (0.243
± 0.026 % ID/g at 30 minutes). The percentages of injected
dose per gram tumor (% ID/g) at different time points were
compared with that at 2 hours (Table 1). 99Tcm-MNLS was
mainly excreted via the kidneys. The ratio of % ID/g in
tumor and muscle (T/M) was increased significantly over
time within 2 hours, and reached 5.368 ± 2.624 %ID/g at 2
hours, then it began to decrease gradually over time from
3 hours.

4.3. 99Tcm-MNLS Imaging

The 99Tcm-MNLS imaging of tumor-bearing mice after
radiotherapy showed that the T/NT ratio changed with a
trend of Aimmediately > A24 h > A48 h (F = 16.031, t = 5.640 and
7.674, P < 0.05). No statistical significance was found in
the T/NT ratio between A24 h before and A24 h or its control
group (t = 1.967 or t = 0.635, P > 0.05), but it changed follow-
ing the trend of Aimmediately > A24 h before > A48 h (F = 15.481,
t = 6.732 and 7.589, P < 0.05) (Figure 1). The T/NT ratio in

Aimmediately group was significantly higher than that in its
control group Cimmediately (3.38 ± 0.23 vs. 2.78 ± 0.29, t =
4.125) (P < 0.01), but there was no significant difference in
T/NT ratio between A24 h and C24 h (2.78 ± 0.37 vs. 2.98 ±
0.16, t = 0.546, P > 0.05), while that in A48 h group was lower
than that in C48 h group (2.22±0.43 vs. 3.17±0.76, t = 7.893,
P < 0.05, Table 2).

4.4. Expression of HIF-1α

The expression of HIF-1α in A24 h before, Aimmediately, A24 h

and A48 h groups was 45.43 ± 2.35%, 87.52 ± 0.84%, 49.12
± 3.78%, and 21.58 ± 0.89%, respectively; while in the
C24 h before, Cimmediately, C24 h and C48 h groups, it was 40.52 ±
3.24%, 48.26 ± 1.70%, 62.38 ± 0.89%, and 74.57 ± 2.98%, re-
spectively (Table 2 and Figure 2). The comparisons of the
expression of HIF-1α among the groups after radiotherapy
displayed that Aimmediately > A24 h > A48 h (F = 28.056, t = 6.701
and 4.911, P < 0.05). No statistical significance in the ex-
pression of HIF-1α was found between A24 h before and A24 h

or its control group (t = 0.935 or t = 2.513, P > 0.05), but its
changes showed a trend of Aimmediately > A24 h before > A48 h

(F = 29.189, t =6.693, 4.877, P < 0.05). The expression of
HIF-1α in Aimmediately was remarkably higher than that of
Cimmediately (t = 3.563, P < 0.05), but there was no signifi-
cant difference in the expression of HIF-1α between A24 h

and C24 h (t = 2.125, P > 0.05), while that in A48 h group was
markedly lower than that in C48 h group (t = 3.279, P < 0.05)
(Table 2).

4.5. Correlation Between 99Tcm-MNLS Hypoxia Imaging and the
Expression of HIF-1α

There was a positive correlation between T/NT ratio and
the expression of HIF-1α in the radiotherapy groups (Rs =
0.793, P < 0.05). The correlation was also found in the con-
trol groups (Rs = 0.756, P < 0.05).

5. Discussion

99Tcm-MNLS is a positive hypoxic imaging agent. Its
imaging mechanism, similar to other nitroimidazole hy-
poxic imaging agents (6, 7), is associated with its high per-
meability and high redox potential. High permeability is
conducive to its rapid access to mitochondria within the
cell, while high redox potential is to promote its redox re-
action. Thus, it is an ideal positive hypoxic imaging agent.

In this study, the distribution of 99Tcm-MNLS in tumor-
bearing mice showed that the uptake of 99Tcm-MNLS by
the tumor was higher at early stage. Its distribution was
mainly in the blood, liver and kidney but less in the brain,
spleen, stomach and intestine. With extension of time,
radioactivity was gradually increased in the tumor, while
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Figure 1. 99Tcm -2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl dihydrogen phosphate (99Tcm -MNLS) imaging in each group. A - D, Radiotherapy groups [Aimmediately (A), A24 h before

(B), A24 h (C), and A48 h (D)]; E - H, Control groups [Cimmediately (E), C24 h before (F), C24 h (G), and C48 h (H)]. Arrow shows the tumor location.

Figure 2. The expression of hypoxia inducible factor-1α (HIF-1α) in each group determined by immunohistochemistry (IHC) (SP method, 400×). A - D, Radiotherapy groups
[Aimmediately (A), A24 h before (B), A24 h (C) and A48 h (D)]; E - H, Control groups [Cimmediately (E), C24 h before (F), C24 h (G) and C48 h (H)].
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Table 1. In Vivo Biological Distribution of 99Tcm -MNLS in Tumor-Bearing Mice (% ID/g, N = 6)a

Tissues 30 min 1 h 2 h 3 h 4 h 6 h 8 h

Brain 0.004 ± 0.001 0.003 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.004 ± 0.001 0.018 ± 0.003 0.036 ± 0.001

Heart 0.037 ± 0.051 0.026 ± 0.009 0.016 ± 0.003 0.014 ± 0.002 0.019 ± 0.006 0.018 ± 0.013 0.009 ± 0.001

Liver 0.503 ± 0.191 0.491 ± 0.051 0.336 ± 0.151 0.289 ± 0.150 0.168 ± 0.138 0.115 ± 0.053 0.038 ± 0.009

Spleen 0.072 ± 0.051 0.044 ± 0.011 0.079 ± 0.021 0.083 ± 0.018 0.025 ± 0.009 0.115 ± 0.064 0.033 ± 0.167

Lung 0.072 ± 0.152 0.070 ± 0.016 0.043 ± 0.008 0.056 ± 0.005 0.062 ± 0.020 0.085 ± 0.010 0.029 ± 0.015

Kidney 3.562 ± 0.410 5.929 ± 1.028 6.071 ± 0.765 2.938 ± 0.931 2.104 ± 0.651 2.885 ± 0.959 0.350 ± 0.074

Stomach 0.037 ± 0.003 0.029 ± 0.009 0.073 ± 0.022 0.089 ± 0.050 0.093 ± 0.019 0.053 ± 0.027 0.034 ± 0.007

Intestines 0.059 ± 0.136 0.120 ± 0.034 0.094 ± 0.029 0.085 ± 0.173 0.039 ± 0.009 0.026 ± 0.022 0.020 ± 0.014

Blood 0.629 ± 0.020 0.504 ± 0.146 0.286 ± 0.051 0.081 ± 0.009 0.070 ± 0.013 0.052 ± 0.093 0.018 ± 0.014

Muscle 0.091 ± 0.008 0.084 ± 0.007 0.067 ± 0.002 0.052 ± 0.001 0.036 ± 0.002 0.029 ± 0.006 0.020 ± 0.001

Tumor 0.243 ± 0.026* 0.365 ± 0.144* 0.359 ± 0.033 0.279 ± 0.060* 0.178 ± 0.075* 0.125 ± 0.035* 0.043 ± 0.012*

Bone 0.278 ± 0.099 0.051 ± 0.009 0.062 ± 0.014 0.081 ± 0.014 0.082 ± 0.005 0.050 ± 0.004 0.033 ± 0.002

Abbreviations: SD, standard deviation; h, hours; 99Tcm -MNLS, 99Tcm -2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl dihydrogen phosphate; %ID/g, percentage injected dose
per gram.
aValues are expressed as mean ± SD.
* P < 0.05 vs. 2 hours.

Table 2. T/NT of 99Tcm -MNLS Hypoxic Imaging and Expression of Hypoxia Inducible Factor-1α in Different Subgroupsa

99Tcm -MNLS hypoxic imaging Hypoxia inducible factor-1α

Radiotherapy group Control group P value Radiotherapy group, % Control group, % P value

24 h before 2.17 ± 0.19 2.68 ± 0.12 > 0.05 45.43 ± 2.35 40.52 ± 3.24 > 0.05

Immediately 3.38 ± 0.23 2.78 ± 0.29 < 0.05 87.52 ± 0.84 48.26 ± 1.70 < 0.05

24 h 2.78 ± 0.37 2.98 ± 0.16 > 0.05 49.12 ± 3.78 62.38 ± 0.89 > 0.05

48 h 2.22 ± 0.43 3.17 ± 0.76 < 0.05 21.58 ± 0.89 74.57 ± 2.98 < 0.05

Abbreviations: T/NT, tumor/non-tumor, SD, standard deviation; h, hours; 99Tcm -MNLS, 99Tcm -2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethyl dihydrogen phosphate.
aValues are expressed as mean ± SD.

that in other organs (except kidneys and bladder) and tis-
sues was gradually decreased. The T/NT ratio was increased
gradually with time and reached the highest level at 2
hours. The reason may be that 99Tcm-MNLS is continuously
diffused from the blood to the hypoxic area and absorbed
by the hypoxic cells, and the background in blood is gradu-
ally cleared with time. In contrast, the low T/NT ratio in the
tumor, kidney and bladder may result from the excretion
99Tcm-MNLS mainly by the kidneys and bladder.

99Tcm-MNLS hypoxia imaging showed that the tumor
site could be visualized as early as within 30 minutes, and
clearly at 2 hours with low background and high T/NT ratio.
Then, the imaging of the tumor site and background were
both reduced with time, so was the T/NT ratio. No obvi-
ous imaging was found in the abdomen of tumor-bearing
mice except the kidneys, suggesting that 99Tcm-MNLS can
display tumor lesions well and may have greater advan-
tages on displaying the abdominal neoplasms than other
hypoxia imaging agents (such as 99Tcm–HL91, which dis-

plays enriched radioactivity in all the abdomen). However,
it needs more studies to confirm.

After single high-dose radiotherapy, apoptosis occurs
in most of the oxygen-rich tumor cells, but the functional
blood vessels of the tumor were less affected. Cells in
part of the hypoxic tissue were relieved from the hypoxic
state and transferred into oxygen-rich cells. Such process
is called re-oxygenation of the hypoxic tumor cells. Re-
searches (8) have reported hypoxic fraction of radiation-
sensitive solid tumors is close to 100% immediately after
radiotherapy due to the rapid reduction of oxygen-rich
cells, and then it is gradually decreased to the initial value
after a period of time. In this study, the T/NT ratio at 24
hours before radiotherapy was significantly lower than
that immediately after radiotherapy because the killing of
oxygen-rich cells is an oxygen consumption process, which
increases the degree of tumor hypoxia, and the death of
oxygen-rich cells leads to the relative increase of the pro-
portion of hypoxic cells. The changes of T/NT ratio in the ra-
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diotherapy groups showing a trend of increasing first and
then decreasing gradually were the re-oxygenation pro-
cess of the hypoxic cells in the tumor.

Different types of tumors have different sensitivity to
radiotherapy. For instance, lymphomas and seminoma
are sensitive to radiotherapy with significant effect, while
melanoma and glioma are not sensitive to radiotherapy
with poor curative effect. Nevertheless, most of the re-
maining malignant solid tumors have moderate sensitiv-
ity to radiotherapy and easily relapse and metastasize (9).
Hypoxic cells in the tumors mainly contribute to this phe-
nomenon because the percentage of hypoxic cells deter-
mines the sensitivity of the tumor to radiotherapy. The ion-
izing radiation of radiotherapy induces DNA to generate
free radicals, combining with oxygen to form peroxides,
which cause strand break of DNA and lipid peroxidation
of the cell membrane, thereby leading to tumor cell death
(10). Low oxygen content in hypoxic cells leads to insuffi-
cient combination with free radicals generated after radio-
therapy to cause tumor cells death, thus, the dose of radio-
therapy should be improved. Studies have shown that if
the tumors are all hypoxic cells, the radiation dose should
be three times of aerobic cells to kill most of the cells (>
90%), but a simple increase of the radiation dose will in-
evitably increase the chance of damaging the surrounding
normal tissues (11). Therefore, assessing the proportion of
hypoxic to oxygen-rich cells in the tumor is of great sig-
nificance for determining the appropriate timing of radio-
therapy. Adjusted fractionated irradiation should be con-
sidered basing on the extent of tumor re-oxygenation. The
re-oxygenation time of hypoxic tumor cells provides a ba-
sis for clinicians to make a decision of re-radiation (12). In
this experiment, the degree of hypoxia in the tumor site of
48 hours group was lower than that of Aimmediately and A24 h

groups, indicating that re-oxygenation occurred in the hy-
poxic cells of the tumor. Regarding this, one more radio-
therapy for the tumor site at this time can achieve better
results than at 24 hours after the first radiotherapy.

HIF-1α is an important transcription factor in tissues
that responds to the hypoxia microenvironment. HIF-1α
can let tumor cells adapt to hypoxia microenvironment
formed due to the rapid proliferation by regulating vari-
ous biological processes including glycolysis, angiogene-
sis factor, vascular endothelial growth factor (VEGF) and
3-(5’-hydroxymethyl-2’-furyl)-1-benzylindazole (YC-1) (13-17).
Its content can also predict the efficacy of radiotherapy on
tumor (18, 19). HIF-1α has an oxygen-dependent degrada-
tion region in the polypeptide region and is strongly de-
pendent on oxygen. HIF-1α is easily degraded in oxygen-
rich condition, so it is almost undetectable in normal cells.
But the hypoxia condition increases the protein stability
of HIF-1α, resulting in the block of HIF-1α degradation and

its continuous accumulation in tumor hypoxic cells. Re-
oxygenation of hypoxic cells can effectively inhibit HIF-
1α production, thus the amount of HIF-1α can also reflect
the re-oxygenation state of hypoxia within tumor (20, 21).
In conclusion, our results showed that most of the hy-
poxic tissues in tumor had different levels of HIF-1α expres-
sion, and its expression was significantly different with the
different treatments; HIF-1α expression had good correla-
tion with tumor hypoxia imaging. Our findings strongly
proved that 99Tcm-MNLS tumor hypoxic imaging is likely to
accurately predict the changes of the hypoxic state of the
tumor.

As the main point of the study findings, we can say
that 99Tcm-MNLS tumor hypoxic imaging can truly and ac-
curately reflect the changes of tumor hypoxia.

99Tcm-MNLS tumor hypoxic imaging suitable for de-
tecting the tumor hypoxia and monitoring the changes of
tumor hypoxic state after radiotherapy.

99Tcm-MNLS tumor hypoxic imaging expected to be-
come a non-invasive method for the detection of the extent
and scope of tumor hypoxia, and to provide a strong ba-
sis for the determination of tumor fractionated radiation
time.

Footnotes

Authors’ Contributions: Yujing Hu performed the exper-
iments, analyzed the data and wrote the paper. Dayong
Wu and Congna Tian contributed to experimental design
and paper discussion. Wenyan Zhang and Qiang Wei con-
tributed to the data analyses. Yanzhu Bian conceived and
directed the research. All authors read and approved the
final manuscript.

Conflict of Interests: It is not declared by the authors.

Ethical Considerations: This study was carried out in
strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health. The animal use protocol has been re-
viewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of [blinded] Hospital (No.201807).

Financial Disclosure: There are no financial conflicts of
interest to disclose.

Funding/Support: This work was funded by Key Topics
in Medical Sciences Research of Hebei province, China
(20110206).

References

1. Melsens E, De Vlieghere E, Descamps B, Vanhove C, Kersemans K,
De Vos F, et al. Hypoxia imaging with (18)F-FAZA PET/CT predicts
radiotherapy response in esophageal adenocarcinoma xenografts.

6 Iran J Radiol. 2019; 16(4):e86127.

http://iranjradiol.com


Hu Y et al.

Radiat Oncol. 2018;13(1):39. doi: 10.1186/s13014-018-0984-3. [PubMed:
29514673]. [PubMed Central: PMC5842657].

2. Voss MJ, Niggemann B, Zanker KS, Entschladen F. Tumour
reactions to hypoxia. Curr Mol Med. 2010;10(4):381–6. doi:
10.2174/156652410791317020. [PubMed: 20455853].

3. Kelada OJ, Carlson DJ. Molecular imaging of tumor hypoxia with
positron emission tomography. Radiat Res. 2014;181(4):335–49.
doi: 10.1667/RR13590.1. [PubMed: 24673257]. [PubMed Central:
PMC5555673].

4. Vaupel P, Mayer A. Hypoxia in cancer: Significance and impact
on clinical outcome. Cancer Metastasis Rev. 2007;26(2):225–39. doi:
10.1007/s10555-007-9055-1. [PubMed: 17440684].

5. Zha Z, Wang J, Zhu L. Preparation of hypoxic imaging agents 99Tc m-
MNLS and 99Tc m-MLS and their biodistribution in mice. J Isot.
2009;22(4):197–203.

6. Van De Wiele C, Versijpt J, Dierckx RA, Moerman M, Lemmerling M,
D’Asseler Y, et al. 99Tc m labelled HL91 versus computed tomography
and biopsy for the visualization of tumour recurrence of squamous
head and neck carcinoma. Nucl Med Commun. 2001;22(3):269–75. doi:
10.1097/00006231-200103000-00002. [PubMed: 11314758].

7. Angusti T, Porpiglia F, Bertolo R, Fiori C, Morra I, Pilati E, et al. 99Tc m-
MAG3 dynamic renal scintigraphy (DRS): A tool for short a long-term
monitoring for ischemic damage after laparoscopic partial nefrec-
tomy. Eur J Nucl MedMol Imaging. 2013;40(S2):105.

8. Blake P, Johnson B, VanMeter JW. Positron emission tomography
(PET) and single photon emission computed tomography (SPECT):
Clinical applications. J Neuroophthalmol. 2003;23(1):34–41. [PubMed:
12616088].

9. Vordermark D, Horsman MR. Hypoxia as a biomarker and for person-
alized radiation oncology. Recent Results Cancer Res. 2016;198:123–42.
doi: 10.1007/978-3-662-49651-0_6. [PubMed: 27318684].

10. Gao W, Li JZ, Ho WK, Chan JY, Wong TS. Biomarkers for use in moni-
toring responses of nasopharyngeal carcinoma cells to ionizing ra-
diation. Sensors (Basel). 2012;12(7):8832–46. doi: 10.3390/s120708832.
[PubMed: 23012520]. [PubMed Central: PMC3444078].

11. Wardman P. Chemical radiosensitizers for use in radio-
therapy. Clin Oncol (R Coll Radiol). 2007;19(6):397–417. doi:
10.1016/j.clon.2007.03.010. [PubMed: 17478086].

12. Okamoto S, Shiga T, Yasuda K, Ito YM, Magota K, Kasai K, et al. High re-
producibility of tumor hypoxia evaluated by 18F-fluoromisonidazole
PET for head and neck cancer. J Nucl Med. 2013;54(2):201–7. doi:
10.2967/jnumed.112.109330. [PubMed: 23321456].

13. Generali D, Berruti A, Cappelletti MR, Zanotti L, Brugnoli G, Forti M,
et al. Effect of primary letrozole treatment on tumor expression of
mTOR and HIF-1alpha and relation to clinical response. J Natl Cancer
Inst Monogr. 2015;2015(51):64–6. doi: 10.1093/jncimonographs/lgv018.
[PubMed: 26063890].

14. Ikezawa Y, Sakakibara-Konishi J, Mizugaki H, Oizumi S, Nishimura M.
Inhibition of notch and HIF enhances the antitumor effect of radia-
tion in Notch expressing lung cancer. Int J Clin Oncol. 2017;22(1):59–69.
doi: 10.1007/s10147-016-1031-8. [PubMed: 27553958].

15. Chan MC, Holt-Martyn JP, Schofield CJ, Ratcliffe PJ. Pharma-
cological targeting of the HIF hydroxylases–A new field in
medicine development. Mol Aspects Med. 2016;47-48:54–75. doi:
10.1016/j.mam.2016.01.001. [PubMed: 26791432].

16. He W, Huang L, Shen X, Yang Y, Wang D, Yang Y, et al. Relationship be-
tween RSUME and HIF-1alpha/VEGF-A with invasion of pituitary ade-
noma. Gene. 2017;603:54–60. doi: 10.1016/j.gene.2016.12.012. [PubMed:
27989771].

17. Feng CC, Lin CC, Lai YP, Chen TS, Marthandam Asokan S, Lin JY,
et al. Hypoxia suppresses myocardial survival pathway through
HIF-1alpha-IGFBP-3-dependent signaling and enhances cardiomy-
ocyte autophagic and apoptotic effects mainly via FoxO3a-
induced BNIP3 expression. Growth Factors. 2016;34(3-4):73–86. doi:
10.1080/08977194.2016.1191480. [PubMed: 27366871].

18. Cai C, Wang J, Zhong Z, Dai Z, Wang Q, Dong W, et al. [Hypoxia-
inducible factor-1alpha and CD133 predicts pathological complete re-
sponse and survival for locally advanced rectal cancer patients after
neoadjuvant chemoradiotherapy].ZhejiangDaXueXueBao Yi XueBan.
2017;46(1):36–43. Chinese. [PubMed: 28436629].

19. Aquino-Galvez A, Gonzalez-Avila G, Delgado-Tello J, Castillejos-Lopez
M, Mendoza-Milla C, Zuniga J, et al. Effects of 2-methoxyestradiol
on apoptosis and HIF-1alpha and HIF-2alpha expression in lung can-
cer cells under normoxia and hypoxia. Oncol Rep. 2016;35(1):577–83.
doi: 10.3892/or.2015.4399. [PubMed: 26548300]. [PubMed Central:
PMC4699616].

20. Xia Y, Choi HK, Lee K. Recent advances in hypoxia-inducible
factor (HIF)-1 inhibitors. Eur J Med Chem. 2012;49:24–40. doi:
10.1016/j.ejmech.2012.01.033. [PubMed: 22305612].

21. Staab A, Fleischer M, Loeffler J, Said HM, Katzer A, Plathow C, et
al. Small interfering RNA targeting HIF-1alpha reduces hypoxia-
dependent transcription and radiosensitizes hypoxic HT 1080 hu-
man fibrosarcoma cells in vitro. Strahlenther Onkol. 2011;187(4):252–9.
doi: 10.1007/s00066-011-2167-0. [PubMed: 21437769].

Iran J Radiol. 2019; 16(4):e86127. 7

http://dx.doi.org/10.1186/s13014-018-0984-3
http://www.ncbi.nlm.nih.gov/pubmed/29514673
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5842657
http://dx.doi.org/10.2174/156652410791317020
http://www.ncbi.nlm.nih.gov/pubmed/20455853
http://dx.doi.org/10.1667/RR13590.1
http://www.ncbi.nlm.nih.gov/pubmed/24673257
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5555673
http://dx.doi.org/10.1007/s10555-007-9055-1
http://www.ncbi.nlm.nih.gov/pubmed/17440684
http://dx.doi.org/10.1097/00006231-200103000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11314758
http://www.ncbi.nlm.nih.gov/pubmed/12616088
http://dx.doi.org/10.1007/978-3-662-49651-0_6
http://www.ncbi.nlm.nih.gov/pubmed/27318684
http://dx.doi.org/10.3390/s120708832
http://www.ncbi.nlm.nih.gov/pubmed/23012520
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3444078
http://dx.doi.org/10.1016/j.clon.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17478086
http://dx.doi.org/10.2967/jnumed.112.109330
http://www.ncbi.nlm.nih.gov/pubmed/23321456
http://dx.doi.org/10.1093/jncimonographs/lgv018
http://www.ncbi.nlm.nih.gov/pubmed/26063890
http://dx.doi.org/10.1007/s10147-016-1031-8
http://www.ncbi.nlm.nih.gov/pubmed/27553958
http://dx.doi.org/10.1016/j.mam.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26791432
http://dx.doi.org/10.1016/j.gene.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/27989771
http://dx.doi.org/10.1080/08977194.2016.1191480
http://www.ncbi.nlm.nih.gov/pubmed/27366871
http://www.ncbi.nlm.nih.gov/pubmed/28436629
http://dx.doi.org/10.3892/or.2015.4399
http://www.ncbi.nlm.nih.gov/pubmed/26548300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4699616
http://dx.doi.org/10.1016/j.ejmech.2012.01.033
http://www.ncbi.nlm.nih.gov/pubmed/22305612
http://dx.doi.org/10.1007/s00066-011-2167-0
http://www.ncbi.nlm.nih.gov/pubmed/21437769
http://iranjradiol.com

	Abstract
	1. Background
	2. Objectives
	3. Materials and Methods
	3.1. Quality Control 99Tcm-MNLS
	3.2. Establishment of Tumor-Bearing Mouse Model
	3.3. 99Tcm-MNLS Imaging and Biological Distribution in Tumor-Bearing Mice
	3.4. 99Tcm-MNLS Imaging on Tumor-Bearing Mice
	3.5. Immunohistochemistry (IHC)
	3.6. Statistical Analysis

	4. Results
	4.1. Quality Control of 99Tcm-MNLS and Tumor-Bearing Mice
	4.2. 99Tcm-MNLS Imaging and Its Biological Distribution in Tumor-Bearing Mice
	Table 1

	4.3. 99Tcm-MNLS Imaging
	Table 2
	Figure 1

	4.4. Expression of HIF-1α
	Figure 2

	4.5. Correlation Between 99Tcm-MNLS Hypoxia Imaging and the Expression of HIF-1α

	5. Discussion
	Footnotes
	Authors' Contributions
	Conflict of Interests
	Ethical Considerations
	Financial Disclosure
	Funding/Support

	References

