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ABSTRACT: X-ray radiotherapy has been widely used in the
treatment of cervical cancer, a common gynecologic malignant
tumor. However, the therapeutic efficacy tends to be indistinctive.
One major reason for this is amplification of the dihydrofolate
reductase (DHFR) gene, which causes an increase in DHFR
activity and attenuation of the treatment effect. To solve this
problem, we synthesized a series of DHFR inhibitors derived from
methotrexate (MTX) analogues as radiotherapy sensitizers.
Activity screening revealed that compound 2a exerted the best
inhibitory effect toward DHFR activity. In combination with X-ray
radiotherapy (4 Gy), 2a showed much more prominent
antiproliferative activity on cervical cancer cells than 2a or X-rays
alone and revealed higher selectivity and radiosensitization than
MTX. In vitro experiments showed that 2a + X-rays significantly
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induced cell apoptosis, as revealed by the increase in the Sub-G1 population and activation of caspase 3, 8, and 9. The in vivo
antitumor effect demonstrated that in the presence of X-rays, 2a effectively suppressed tumor growth and did not cause obvious side
effects. In conclusion, as a DHFR inhibitor, 2a successfully reversed the radioresistance problem induced by radiotherapy and greatly
promoted the therapeutic effect. This is a promising candidate for tumor treatment that deserves further research and development.
This study clearly demonstrates that DHFR inhibitors could be developed as promising radiosensitizers in the treatment of cervical
cancer and that further research to improve their activity and potential in future clinical use is deserved.
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ervical cancer is a common cancer among female patients

with genital diseases. Radiotherapy has become one of
the most important treatments applied in all stages." However,
radiotherapy tends to trigger amplification of the dihydrofolate
reductase (DHFR) gene,”* which enhances the DHFR
activity. DHFR is a critical enzyme for the synthesis of
thymidine, which is the precursor of DNA. Enhancement of
the DHFR activity promotes DNA replication of tumor cells,
resulting in attenuation of the treatment effect. Thus, if the
DHEFR activity is inhibited, radiotherapy effects would be
improved to varying degrees.”

Different types of tumor cells show different forms of
response to ionizin% radiation. For instance, lymphoma
responds pretty well,” whereas HeLa cells are not sensitive
to ionizing radiation.® One of the mechanisms of radiotherapy
is that the hydrolytic dissociation by high-energy rays forms
reactive oxygen species (ROS), which oxidize, attack, and
damage DNA bases and cellular structure, resulting in tumor
cell death.” The DNA replication and repair processes require
a suflicient supply of bases. Once the synthesis of bases is
impeded, DNA replication and repair are blocked."” DHFR
inhibitors, such as methotrexate (MTX), mainly impede the
synthesis of thymidine, leading to blocking of DNA synthesis.
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Thus, in the presence of X-rays, the use of MTX analogues as
sensitizers is hopeful to improve the treatment efficacy because
of their inhibitory effects toward DHFR."'~'*

Deriving from the parent structure (2,4-diaminopteridine) of
MTX, a series of 2,4-diaminopteridine analogues were
synthesized as DHFR inhibitors in this work. Their structures
are shown in Figure 1A, and their anticancer activities in the
presence or absence of X-rays (4 Gy) were compared. In the
screening of inhibitory activity toward DHFR, compound 2a
showed the highest activity among the synthetic compounds.
Meanwhile, 2a-induced cell death and ROS-mediated
mitochondrial dysfunction in the presence of X-rays and the
in vivo effects on HeLa cells were also investigated. This study
clearly demonstrates that these synthetic DHFR inhibitors
deserve further investigation as promising radiosensitizers in
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Figure 1. Structures of the synthetic 2,4-diaminopteridine derivatives and inhibitory effects of 2a on intracellular DHFR activity and enhancement
on X-ray-induced DNA damage. (A) Structures of the synthetic 2,4-diaminopteridine derivatives and MTX. (B) DHFR activities in lysates of HeLa
cells treated with 2a at a concentration of 2 yM. (C) Protein levels of DHFR from cell lysates analyzed by Western blotting. (D) Efficient activation
of ATM and H2A X by 2a and X-rays after DNA replication stress. After treatment for 48 h, cells were harvested, lysed, and subjected to Western
blotting.

Table 1. Cytotoxic Activities of 2,4-Diaminopteridine Derivatives on HeLa Cancer Cells and Ect1/E6E7 Normal Cells with (4
Gy) or without (0 Gy) X-rays by MTT Assay

ICs, (uM)

2a 2b 2c 2d 2e 2f MTX
HeLa + 0 Gy 21 +02 >80 9.8 £ 03 326 + 1.2 245 + 12 4.6 + 03 1.5 £ 02
HeLa + 4 Gy 0.64 + 0.03 >80 6.3+ 0.2 14.8 + 0.4 14.6 + 0.8 23 +02 0.82 + 0.08
SER” 33+02 NA 1.6 + 0.1 220 + 0.2 1.7 £ 0.1 2.0 + 04 1.8 £ 0.3
Ectl/E6E7 + 0 Gy 69 + 03 >80 20.0 + 1.0 593 + 1.6 40.1 + 1.6 109 + 1.8 29+03
Ectl/E6E7 + 4 Gy 3.1+02 >80 139 + 1.0 38.1+19 19.8 + 1.2 53 +03 1.8 £ 02
SER® 22 +0.1 NA 14 +£02 1.6 £ 0.1 2.0 £ 0.1 21 +£02 1.6 £ 0.3
N 33+ 04 NA 2.0+ 0.1 1.8 + 0.1 1.6 + 0.1 25 +03 19 + 02
SI4d 4.8 + 0.5 NA 22 +0.1 2.6 + 0.1 14 + 0.1 23+ 04 22 +0.1

“Sensitivity enhancement ratio (SER) = IC¢,(HeLa + 0 Gy)/ ICSO(HeLa + 4 Gy). YSER = IC,, (Ectl/EGE7 + 0 Gy)/ICs, (Ectl/E6E7 + 4 Gy).
“Safe index for 0 Gy (SI,) = (Ectl/E6E7 + 0 Gy)/(HeLa + 0 Gy). 9Safe index for 4 Gy (SL,) = (Ectl/E6E7 + 4 Gy)/(HeLa + 4 Gy).

clinical therapy for cervical cancer to improve their treatment Moreover, in combination with X-rays, the antiproliferative
efficacy. activities of all of the compounds except 2b improved to
Synthesis. Compounds 2a—f (Figure 1A) were prepared varying degrees. It is worth noting that in the presence of X-
according to Scheme S1. The general principle for the rays, 2a (0.64 uM) surpassed MTX (0.82 uM), with a
synthetic approach to 2,4-diaminopteridine derivatives was sensitivity enhancement ratio (SER) of 3.3, which is larger

based on the condensation of pyrimidine-2,4,5,6-tetraamine than that of MTX (1.8).
with different substituted biacetyls in refluxing EtOH. Their On the other hand, the cytotoxic activities of the
structures were confirmed by NMR and MS analyses (Figures diaminopteridine derivatives against Ectl/E6E7, a normal
S1-S17). ectocervix epithelial cell line, were also determined. The results
In Vitro Antiproliferative Activities of 2,4-Diaminop- displayed that MTX exhibits high toxicity toward Ectl/E6E7
teridine Derivatives in Combination with X-rays against cells with ICg’s of 2.9 uM (+0 Gy) and 1.8 uM (+4Gy).
HelLa Cells. The antiproliferative activities of the 2,4- However, the toxicity of 2a against Ectl/E6E7 was lower than
diaminopteridine derivatives alone and in combination with that of MTX, with ICs’s of 6.9 and 3.1 uM, respectively.
X-rays (4 Gy) against HeLa cells were measured, and the Similarly, the other diaminopteridines possessed a certain
results are shown in Figure S18. The IC’s of synthetic 2,4- extent of selectivity, which were reflected by the safe indexes
diaminopteridine derivatives toward HeLa cancer cells and (SIs) with X-rays (4 Gy) (SI,) or without X-rays (SI).
Ectl/E6E7 normal cells are shown in Table 1. In general, we Especially, the SI, of 2a was 4.8, which was more than 2-fold
identified MTX > 2a > 2f > 2¢ > 2e > 2d > 2b in terms of ICy, larger compared with MTX. These results led to the
1422 https://dx.doi.org/10.1021/acsmedchemlett.0c00105
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conclusion that 2a demonstrated apparent sensitization in the
presence of X-rays (4 Gy) against HeLa cell lines and
possessed a certain extent of selectivity.

Evaluation of In Vitro DHFR Inhibitory Activities of
2a—f. After investigating the cytotoxic activities of 2,4-
diaminopteridine derivatives, we next wanted to determine
whether there were similar discrepancies in the inhibitory
effects of 2a—f on DHFR activity. The DHFR inhibitory
activities of 2a—f along with MTX as a comparison were
determined using a DHFR assay kit (Sigma-Aldrich, S0340);
the results are presented in Figure S19, and the IC, values are
presented in Table 2. Although 2a, 2b, and 2¢ possess a similar

Table 2. IC, Values for Inhibition of DHFR Activity by
Compounds 2a—f

compound ICs, (M)
2a 0.81 + 0.10
2b >50
2c 5.8 + 0.36
2d 13.6 + 0.59
2e 10.4 + 0.44
2f 143 + 0.19
MTX 0.083 + 0.005

planar structure, they showed significantly different inhibitory
activities against DHFR. 2a exhibited the best inhibitory
efficacy among the six compounds, with an ICsy of 0.81 uM,
followed by 2f (ICs, = 1.43 uM). 2¢c had moderate inhibitory
activity, with an ICg, of 5.8 yM. It can thus be seen that the
inhibitory activities of 2a, 2f, and 2c corresponded well with
their antiproliferative activities. On the other hand, 2b, with a
similar planar structure as 2a, exhibited the worst activity, with
ICs, > 50 uM. Besides, 2d and 2e had similar structures with
rotatable substituent groups at the 6- and 7-position and
showed relatively poor activities against DHFR, with ICsy’s of
13.6 and 10.4 uM, respectively. Together, our results showed

that 2a has the most excellent inhibitory activity against DHFR
among the six compounds.

2a Inhibits DHFR Activity and Activates ATM and
H2A.X in Response to DNA Replication Stress. As the
leading drug, 2a was used to evaluate the inhibitory effects on
intracellular DHFR on account of its best inhibitory effect
against DHFR in vitro among the six synthetic derivatives.
Meanwhile, MTX was used as a positive control. The results
showed that intracellular DHFR activity was obviously
inhibited by 2a at the cytotoxic concentrations of 10 uM
(76% inhibition compared with the control) (Figure 1B).
However, a more apparent inhibitory effect on DFHR can be
seen for MTX (91% inhibition). This corresponded well with
the ICy, values against HeLa cells. Therefore, the prominent
antiproliferative activity of 2a was mainly attributed to the
inhibitory effect on DHFR. Western blot analyses (Figure 1C)
indicated that there was obvious change in protein levels of
DHEFR in cells treated with 2a, demonstrating that the decline
of intracellular DHFR activity was regulated by 2a and not
associated with downregulation of DHFR protein levels.

DHER is indispensable for the synthesis of nucleic acids.
Therefore, the inhibition of DHFR activity gives rise to DNA
replication stress. Persistent replication stress results in
phosphorylation of DNA-damage-dependent kinases such as
ATR, ATM, and DNA-PK. Western blotting results (Figure
1D) showed that no distinct phosphorylation of ATR can be
seen in the treatment groups compared with the control group.
However, an obvious increase in ATM phosphorylation
following treatment with 2a or X-rays alone can be observed.
Meanwhile, the phosphorylation level of ATM increased much
more significantly in the 2a + X-rays group than in the groups
with 2a or X-rays alone. Furthermore, we also examined the
level of y-H2AX, which is the phosphorylated form of H2A.X
produced by ATR, ATM, and DNA-PK. Meanwhile, y-H2A.X
is essential for checkpoint-related cell-cycle arrest and DNA
repair resulting from ionizing radiation or chemotherapeutic
agent, which leads to rapid phosphorylation of H2AX at
Ser139. Our results showed that X-rays alone did not cause
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Figure 2. 2a combines with X-rays to promote apoptosis of HeLa cells. (A) Flow cytometry analysis indicated the distribution of cell cycle in HeLa
cells. Cells were treated with 2a (1 uM) without or with X-rays (4 Gy) for 48 h. (B) Percentages of Sub-G1 phase population. (C) Activities of
caspase 8, 9, and 3 on HeLa cells after treatment with 2a (1 M) without or with X-rays (4 Gy) for 12 h. Values are shown as mean =+ SD for three

independent experiments. Bars are statistically different at *p < 0.0S.
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Figure 3. Synergistic effect of 2a and X-rays on induction of mitochondrial dysfunction and ROS generation. (A) Fluorescent micrographs of
mitochondrial fission induced by 2a (1 M) in the absence or presence of X-rays (4 Gy). The photomicrographs were detected using Mitotracker
and DAPI costaining. (B) Flow cytometry analysis of the changes in A¥m on HeLa cells treated with 2a (1 M) without or with X-ray treatment.
(C) Fluorescence images of intracellular ROS detected by DHE probe on HeLa cells. (D) Fluorescence microplate readings for intracellular ROS
measured by DHE probe on HeLa cells.
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H2A.X phosphorylation but that 2a alone or combined with X-
rays resulted in distinct phosphorylation of y-H2A.X. This
demonstrates that phosphorylation of ATM and H2A X plays a
critical role in the response of 2a-induced DNA replication
stress.

2a Combines with X-rays to Promote Apoptosis of
Hela Cells. Anticancer drugs typically exert their cytotoxic
effects by triggering cell-cycle arrest or apoptosis in susceptible
cells.">'® To understand the mechanism of drug action
induced by 2a in the absence or presence of X-rays, cell-
cycle assays were performed. Figure 2A shows that X-rays
alone caused apparent G2/M phase arrest in HeLa cells from
17.7% (control) to 40.4%. Besides, cells treated with 2a
showed a moderate level of G2/M arrest accompanied by a rise
in the Sub-G1 peak, accounting for 6.9%, demonstrating that
apoptosis is involved in 2a-triggered cell death. Interestingly,
cells treated with 2a and X-rays together exerted a remarkable
synergistic effect, as the Sub-G1 peak shot up to 30.2% (Figure
2B), indicating a marked increase of apoptosis. These data
showed that apoptosis was mainly involved in the synergistic
action of 2a and X-rays on HeLa cells.

The caspase cascade system is closely related to the
intracellular apoptosis signals, such as signal induction,
transduction, and amplification.'”'® Since apoptosis-inducing
effects and anticancer activity of X-rays were significantly
amplified by 2a, detection of caspase activity was subsequently
conducted. As shown in Figure 2C, the activation of caspase 8,
9, and 3 by X-rays alone was limited, whereas they were
effectively activated to various degrees by 2a (caspase 3 >
caspase 8 > caspase 9). Moreover, the activation was
apparently improved by the addition of 2a to X-rays, and the
improvement was more distinct for caspase 3 and 8, from
121% to 150% and 110% to 129%, respectively. These data
demonstrated that 2a was able to activate caspase 8 and

1424

caspase 9, which gave rise to the activation of executor caspase
3 and resulted in apoptosis. The activation was apparently
improved and apoptosis was obviously promoted when 2a was
used in combination with X-rays.

Synergistic Effect of 2a and X-rays Improved
Mitochondrial Dysfunction and ROS Generation. Mito-
chondrial dysfunction has been demonstrated to be closely
related to cellular apoptosis and plays a vitally important in the
apoptotic pathway.'”*° Mitochondria are typically strewn
through the whole cytoplasm, and the structures are mostly
long, tubular, or filamentous. Mitochondrial fission has vital
implications in stress response and apoptosis. Herein, the
change in mitochondrial morphology was also studied. As
shown in Figure 3A, treatment of cells with X-rays or 2a alone
gave rise to slight mitochondrial fission. Moreover, the fission
became significantly apparent when cells were treated with the
combination of 2a and X-rays (4 Gy).

The loss of mitochondrial membrane potential (MMP) has
been proved to be an early event during the apoptotic
process.”’ To evaluate the role of the MMP in 2a-treated cells,
the status of AWm was studied by JC-1 flow cytometric
analysis (Figure 3B). Our results indicated that cells treated
with 2a (1 uM) or X-rays (4 Gy) alone displayed only limited
depletion of A¥m (6.8% and 4.9%, respectively; the green
fluorescence represents the proportion of loss of A¥m).
However, the combination of 2a and X-rays induced a
significant rise in the proportion of depolarized mitochondria
(up to 32.3%), demonstrating that in the presence of X-rays, a
low 2a concentration gave rise to rapid dissipation of A¥m
compared with 2a alone. These data showed that mitochon-
drial dysfunction contributed to 2a-induced apoptosis on HeLa
cells and that the dysfunction was apparently amplified in the
presence of X-rays.

https://dx.doi.org/10.1021/acsmedchemlett.0c00105
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Figure 4. Synergistic inhibition of migration by 2a and X-rays and cellular localization of 2a in HeLa cells. (A) Cancer cell migration was inhibited
by treatment with 2a in the absence or presence of X-rays (4 Gy). Wound closure was recorded under phase-contrast microscopy at the indicated
times. (B) Quantitative analysis of the migrated cells by manual counting. Values are expressed as mean + SD of three independent experiments.
(C) Intracellular trafficking of 2a in individual HeLa cells. The cells were pretreated with 2a (20 4M) in a 2 cm dish and then stained with
LysoTracker 2 h before the point in time and DAPI 30 min before the point in time, and then the fluorescence was captured under a fluorescence

microscope.

Reactive oxygen species (ROS) is a collective term for
various oxygen-containing reactive and short-lived molecules.””
Ionizing radiation has been shown to typically generate ROS in
a variety of cell types.”> ROS-induced oxidative injury causes
DNA damage (mutations), protein oxidation, and lipid
peroxidation. Under the circumstance of redox imbalance,
cells react rapidly to give a plethora of biological responses.
Rapid responses include cell-cycle-specific growth arrest, gene
transcription, activation of signaling pathways, and repair of
damaged DNA, which determine cell fates such as necroses,
senesce, apoptosis, and proliferation. Therefore, we inves-
tigated ROS generation in HeLa cells by the use of the
fluorescent probe dihydroethidium (DHE). Chemically
reduced and acetylated forms of DHE are nonfluorescent.
Upon reaction with superoxide anions, DHE forms a red
fluorescent product (2-hydroxyethidium). Oxidation of these
probes can be detected by monitoring the increase in
fluorescence using a microplate reader or fluorescence
microscope.

The fluorescence microscopy results (Figure 3C) showed
that HeLa cells pretreated with X-rays (4 Gy) or 2a alone and
then incubated with DHE for 30 min turned red,
demonstrating the generation of a certain level of ROS. This
fluorescence still remained in the next 30 min. Notably, the
brightness of the DHE probe became higher when cells were
treated with 2a and X-rays (4 Gy) together at the same time
point. Meanwhile, microplate reader results (Figure 3D)
showed that exposing HeLa cells to X-rays (4 Gy) alone
triggered a 150% increase of ROS generation compared with
nonirradiated cells. Treatment with 2a alone caused only a
132% increase in ROS. Interestingly, the ROS level of 2a-
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treated cells increased significantly in the presence of X-rays,
rising to 205%. These results revealed that the synergistic effect
of X-rays and 2a in inducing extensive accumulation of ROS is
important and mediates the apoptosis of HeLa cells.

2a and X-rays Synergistically Inhibit the Migration of
HelLa Cells. On many occasions, tumor metastasis is the major
cause of higher death rates.”* Tumor cells tend to spread from
the original site to adjacent sites and form secondary tumors.
Metastasis occurs via immigration and infiltration of the
original tumor to distant organs and tissue. For most clinical
drugs, prevention of metastatic diseases becomes rather
important beyond killing the tumor cells in the therapeutic
process. Thus, a wound-healing migration assay was performed
on HeLa cells. Figure 4A shows that the average cell migration
velocity was reduced by X-rays or 2a alone (2a > X-rays) in
comparison with the control, indicating that the ability of cell
movement was suppressed. Notably, combination treatment of
2a and X-rays resulted in a significant decrease in the spreading
rate. The level of cell migration into the wound scratch was
quantified and is shown in Figure 4B. To be specific, X-rays
and 2a alone suppressed 35% and 46% of migration of HeLa
cells, respectively. The migration was suppressed up to 81%
when cells were treated with X-rays and 2a together.

On the basis of the fluorescence spectrum of 2a, in which
the maximum emission wavelength is about 510 nm, the
fluorescence color should be green. To further confirm
intracellular localization, DAPI and LysoTracker (red) were
used to stain the nucleus and lysosomes, respectively. As
shown in Figure 4C, after incubation of 2a for 4 h, the green
fluorescence of 2a was well-overlapped with the red
fluorescence, whereas this overlap was not so apparent in the
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Figure 6. Acute toxicity evaluation of 2a. (A) H&E staining sections of main organs from nude mice after treatment with 2a in the absence or
presence of X-rays. (B) Record of the body weight over 21 days. (C—E) Blood biochemistry analyses of ALT (C), AST (D), and UA (E) in mice

after different treatments.

next 4 h, demonstrating that 2a accumulated in lysosomes at
first and then diffused into the cytoplasm.

In Vivo Anticancer Activity of 2a and in Combination
with X-rays. The therapeutic efficacy of compound 2a in the
absence or presence of X-rays was also measured in HeLa-
tumor-bearing nude mice. Nude mice bearing HeLa tumors
were treated with 2a through tail intravenous injection every 3
days during the 21-day period at a dose of 4 mg/kg. As shown
in Figure SA, X-rays exerted a certain degree of inhibitory
effect on tumor growth, as demonstrated by the decreased
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growth in tumor volume in comparison with the control group
(Figure SB). 2a, which had obvious antiproliferative activity
compared with X-rays in vitro, exerted similar inhibitory effects
on tumor growth throughout the 21-day period. It is worth
noting that when 2a was combined with X-rays, their
inhibitory effect on tumor growth was significantly improved,
as the relative tumor growth ratio decreased to 32%. This was
confirmed by the tumor photographs from different groups
(Figure SC). In addition, histological section analysis (Figure
SD) also displayed that the combination treatment induced
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much more remarkable tumor destruction than X-rays or 2a
alone. These data indicated that in combination with X-rays,
2a significantly inhibited tumor growth.

In Vivo Toxicity of 2a. Folic acid analogues such as
methotrexate and trimethoprem typically have potential
hepatotoxicity (fatty liver disease and even cirrhosis), renal
toxicity, and neurovirulence.”> To evaluate the systemic
toxicities of compound 2a in vivo, mice were euthanized 24
h after the last injection. Hematoxylin and eosin (H&E)
staining was conducted on major organs, and the blood was
collected for biochemistry analysis. The results showed that the
heart, liver, lungs, kidneys, and spleen all witnessed no evident
damage after irradiation with X-rays or treatment of 2a (4 mg/
kg), as reflected by the observation that X-ray-irradiated or 2a-
treated mice did not show a significant difference with control
group (Figure 6A). Meanwhile, the synergistic effect of X-rays
and 2a together also showed no apparent damage to these
organs.

Drug toxicity typically brings about a variation in body
weight (mostly weight loss). Figure 6B shows the records of
body weight throughout the treatment period between the first
day and the 21st day. In the control group, there was a slight
increase in body weight after 21 days of treatment, and there
was not much change in 2a-treated mice. X-rays, with similar
tumor inhibitory rate compared with 2a, resulted in moderate
weight loss. However, in the presence of X-rays, the
therapeutic effect of 2a was greatly improved but did not
bring about further apparent weight loss compared with X-rays
alone.

Furthermore, blood biochemistry analysis, including liver
function indicators (alanine aminotransferase (ALT) and
aspartate aminotransferase (ALT)) and kidney function
indicators (blood urea nitrogen (BUN) and uric acid (UA))
showed that 2a-treated or X-ray-irradiated nude mice as well as
mice that received the combination treatment of X-rays and 2a
did not exhibit acute or further adverse effects in the liver and
kidney, indicating that the therapy did not mess up the normal
function of the liver (Figure 6C,D) and kidneys (Figures 6E
and S20). This was different from most classical folic acid
analogues, which typically induce different levels of liver and
kidney toxicity.”® Even in combination with X-rays, 2a posed
no apparent side effects on nude mice. These data indicated
the remarkable tumoricidal efficacy and limited side effects of
compound 2a in the presence of X-rays and its clinical
potential and promising application prospects.

We next investigated the cellular uptake of 2a and MTX.
The results showed that the cellular uptake rate of 2a was
much higher than that of MTX (Figure S21), indicating that
the increased antiproliferative effects could be due to the
increased cellular uptake rate.

Furthermore, the pharmacokinetic parameters, including
elimination-phase half-life period of medicine (t,/,), area
under the concentration versus time curve from 0 to 48 h
(AUC,_yqp,), maximum concentration observed (C,,,,), clear-
ance of medicine (Cl), and mean retention time (MRT) were
also tested. These results demonstrated the moderate blood
circulation of 2a.

Conclusions. Amplification of the DHFR gene may make
radiotherapy for cervical cancer indistinctive. As a conse-
quence, the increase in DHFR activity causes attenuation of
the treatment effect. In this study, we synthesized a series of
DHFR inhibitors derived from methotrexate analogues as
radiotherapy sensitizers to reverse the radiotherapy resistance
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in cervical cancer. Our results revealed the following: (i)
among the compounds synthesized, the leading compound 2a
exerted the best inhibitory effects toward the activity of DHFR;
(ii) the combination of 2a and X-ray radiotherapy exerted
much stronger effects in killing cervical cancer cells than 2a or
X-rays alone, with higher selectivity and radiosensitization
activity than MTX; (iii) the combination of X-rays and 2a
effectively caused cell death by triggering cell apoptosis
through activation of caspase 8, 9, and 3 and ROS-mediated
mitochondria dysfunction; (iv) in combination with X-rays, 2a
notably suppressed the migration capacity of HeLa cells; and
(v) in the presence of X-rays, 2a effectively suppressed tumor
growth and did not cause obvious side effects in vivo. In
conclusion, as a DHFR inhibitor, 2a successfully reversed the
radioresistance of cervical cancer cells and greatly promoted
the therapeutic effect. The combination of the DHFR inhibitor
and radiotherapy proved to be a promising strategy in cervical
cancer therapy.
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