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Candesartan induces tumor vascular normalization to improve the
efficacy of radiotherapy in the therapeutic window
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Background: This study sought to examine whether candesartan induces tumor vascular normalization
in a narrow therapeutic window to increase perfusion and oxygen content, and thus enhance the effect of
radiotherapy (RT).

Methods: Candesartan was administered to tumor-bearing mice to induce the normalization of tumor
vessels, and the time window for normalization was determined. Then, tumor vascular density, perfusion,
pericyte coverage, hypoxia of tumor-bearing mice was detected at 3, 6, 9, 12 days, respectively. In the
treatment window, RT was administered to enhance the anti-tumor effect, which was evaluated based on
relevant anti-tumor indicators. The tumor volume and tumor weight were recorded. Next, tumor growth
inhibition rate was calculated according to the tumor weight. The Tunnel and Ki-67 expression of the tumor
tissues of every group was measured to evaluate the effects on tumor proliferation and apoptosis.

Results: Based on tumor vascular density, perfusion, pericyte coverage, hypoxia, and other indicators, the
tumor vascular normalization window occurred 9 days after the administration of candesartan. The anti-
tumor results showed that administering RT during the therapeutic window enhanced anti-tumor efficacy,
with a tumor growth inhibition rate of 66.67%. The results of Tunnel and Ki-67 expression showed that
window-period RT significantly promoted tumor cell apoptosis and limited proliferation compared to the
control group (P<0.05 in Tunnel expression and P<0.01 in Ki-67 expression).

Conclusions: Candesartan regulates the normalization of tumor vessels and increases the sensitivity of RT

in the therapeutic window.
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Introduction

Radiotherapy (RT), which is one of the most common and
effective methods for treating cancer, has been administered
to about 70-80% of tumor patients at different stages of
treatment, and is essential for the comprehensive treatment
of tumors (1,2). However, in RT, there is a curative-effect
bottleneck that is difficult to breakthrough due to the
radiation resistance of solid tumors (3). A Clinical study has
confirmed that the oxygen content of tumor cells has a great
effect on the killing effect of radiation (4). This is because
the high-energy ionizing radiation generated during RT
can produce reactive oxygen species (ROS) in the aerobic
microenvironment, which in turn damage the normal
structure of tumor deoxyribonucleic acid (DNA) and cause
tumor cell death (4,5). Thus, the therapeutic effect of RT
is positively correlated with the partial pressure of oxygen
inside the solid tumor.

The current clinical cause of RT resistance is that tumor
cells are located in a state of hypoxia for a long time, which
affects the curative effect of radiation (6). The main reasons
for the hypoxic state are immature new blood vessels
and the tumor extracellular matrix in the tissues (7). The
morphology and structure of tumor neovascularization
are mostly abnormal, and manifest as curling, expansion,
interlacing, different diameters, and increased branches.
The density of the blood vessels is abundant; however,
most tumor neovascularization is malformed, ineffective,
and unevenly distributed (6,7). About 50% of tumor
neovascularization do not possess the function of normal
blood vessels, and the blood flow is locally stagnated or
disordered, preventing them from effectively delivering
oxygen (8). Additionally, the dense extracellular matrix
of the tumor tissue significantly increases the interstitial
fluid pressure (IFP) inside the tumor (9), which causes
the tumor neovascularization passing through the matrix
to be squeezed, resulting in the heterogeneity of blood
flow distribution. It further reduces the total perfusion in
tumor neovascularization, resulting in a reduction in the
amount of oxygen reaching the deep tissues of the tumor,
aggravating the hypoxia state of tumor tissues, and affecting
the efficacy of RT and chemotherapy. Researchers have
proposed the use of anti-tumor angiogenesis to achieve
the goal of “starving the tumor” (10). However, further
research in this area needs to be conducted and significant
therapeutic effects have not yet been achieved. Even the
local microenvironment is more hypoxic due to the vascular
blocking drugs (11), which accelerate the growth of new
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blood vessels and tumors.

Tumor vascular normalization could improve the
structure of tumor blood vessel wall and the function of
peripheral cells, making the tumor microenvironment
tend to be normal and increasing the oxygen content in
the tumor. Thus, it sensitizes the tumor to radiotherapy.
In recent years, tumor vascular normalization has
been widely studied as a new type of tumor treatment
(12,13). Combined with chemotherapy drugs or RT, the
reasonable application of certain anti-angiogenetic drugs,
chemotherapy drugs, or Chinese medicine ingredients,
could induce tumor vessels to “normalize”, and thus
temporarily improve tumor vascular system function,
reduce tumor tissue hypoxia, enhance oxygenation, and
promote the therapeutic effect (11,13). As Angiotensin
IT (Angll) is known to stimulate neovascularization in
the tumor microenvironment, the inhibition of tumor-
induced neovascularization has been considered a possible
mechanism for achieving these effects (14).

Angiotensin receptor blockers (ARBs) have been widely
used in the treatment of cardiovascular diseases and have
considerable potential in the treatment of tumors (15).
ARBs have been found to affect tumor growth and
metastasis directly and indirectly by reshaping the tumor
microenvironment (16,17). Studies have shown that ARBs
reduce the production of matrix collagen and hyaluronic
acid by affecting the AngII/AT1R (angiotensin II type 1
receptor) signaling pathway, thereby reducing IFP and
increasing vascular perfusion, which in turn increases the
infusion of anti-tumor drugs in tumor tissues and increases
the oxygen content of tumor tissues (9,17). Further, the
expression of vascular endothelial growth factor (VEGF)
in vivo is decreased after ARB treatment, which reduces
immature blood vessels to reduce tumor microvessel density,
induces tumor vessels to “normalize”, and temporarily
improves tumor vascular system function (18). Subsequently,
reduced hypoxia and enhanced oxygenation improve the
sensitization effect of tumor RT and chemotherapy.

Our research team investigated the clinical data of 381
patients with gastric malignant tumors and hypertension
in the early stage, and found that angiotensin-converting
enzyme inhibitors (ACEI)/ARBs treatment significantly
increased the efficacy of 1st-line chemotherapy (19).
Additionally, a recent clinical study showed that the
recurrence rate of prostate cancer patients receiving ACEIs/
ARBs after adjuvant RT was significantly reduced, especially
among patients with hypertension (20). However, there are
also problems, such as a narrow treatment time window
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and the aggravation of hypoxia in tumor tissues, which
make it difficult for it to be widely used in clinical practice
(13,21). This study further verified that candesartan, an
ARB drug, promotes the temporary normalization of tumor
neovascularization and improves the hypoxic environment
of tumor tissues to enhance the efficacy of RT. Further,
we confirmed the treatment window for tumor vascular
normalization, and found that if administered during this
period, RT has an enhancing anti-tumor effect. We present
the following article in accordance with the ARRIVE
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-2108/rc).

Methods
Materials

Candesartan was obtained from Adamas Co., Ltd.
(Shanghai, China). Dulbecco’s modified Eagle medium
and fetal bovine serum were purchased from Gibco BRL
(Gaithersburg, USA). Dimethyl sulfoxide was obtained
from Sigma Aldrich (St. Louis, USA).

Cells and animals

The MDA-MB-231 cells were purchased from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). BALB/c female nude mice (weighing
20+2 g) were supplied by the Laboratory Animal Center of
Zhejiang University. Animal experiments were performed
under a project license (No. ZJU20210092) granted
by laboratory animal welfare and ethics committee of
Zhejiang University. All the experiments were performed
in accordance with the guidelines for the care and use of
animals established by Zhejiang University. A protocol was
prepared before the study without registration.

Determination of the normalization window of tumor
vessels

The BALB/c female nude mice were subcutaneously
injected with breast cancer MDA-MB-231 cells into the
right axillary vein, and the needle was subcutaneously
inserted about 2 cm; the dose was 3x10°/100 pL/mouse.
When the tumor grew to 80-100 mm’, the animals were
randomly divided into the following groups: (I) the control
group (normal saline); and (II) the candesartan group
(20 mg/kg, according to the literature which converted
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from clinical doses) (18,19). Depending on the group, the
mice were given intravenous injections once every other
day. The administration cycle was 14 days.

In each group (n=12), 3 the nude mice were respectively
injected with Fluorescein Isothiocyanate (FITC)-conjugated
lectin at a dose of 10 mg/kg on the 3rd, 6th, 9th, and 12th
day. Next, the tumor tissue was collected and frozen sections
prepared. Anti-CD31 antibody (1:500) was used to label the
microvessels in the frozen sections, and the corresponding
fluorescently labeled secondary antibody developed color.
The fluorescence intensity of FITC in the CD31 positive
area was calculated using Image J software to determine the
perfusion of the tumor vessels (22).

On the 3rd, 6th, 9th, and 12th day, 3 nude mice were
taken from each group, and the tumor tissues were cut out
after sacrifice. The tumor tissues were fixed in formalin and
sliced to a thickness of 20 pm. CD31 and o smooth muscle
actin (a-SMA) staining were used to show tumor vessel
density and the tumor perivascular cells, respectively. Next,
hypoxia-inducible factor 1o (HIF-1a) staining was used to
evaluate the hypoxia of the tumor tissues. Subsequently, the
integral optical density (IOD) of CD31 (22), a-SMA (23),
and HIF-1a were calculated for further evaluation (24).

Promoting the synergistic effect of RT

The breast cancer xenograft mice with MDA-MB-231
were randomly divided into 4 groups (n=5). The model
(control) group was given a normal diet and sacrificed on
the 14th day. The candesartan group was given 20 mg/kg
of candesartan by gavage every 2 days and sacrificed on the
14th day. The RT group was given 5 Gay intensity RT on
the 9th day and sacrificed on the 14th day. The window-
period RT group was given 20 mg/kg of candesartan by
gavage every 2 days, and then, given 5 Gay intensity RT
on the 9th day, and sacrificed on the 14th day. Body weight
and tumor size were measured before administration. After
being sacrificed, the weight, tumor size, and tumor weight
of the mice in each group were recorded. The tumor
volumes and tumor growth inhibition rate (IR%) were
calculated using Egs. [1] and [2] as follows:

- (a*xb) 1]
2

IR = [1 - WLJ x 100% (2]
W

c

where a, b, W, and W, refer to the maximum diameter
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of the tumor, minimum diameter of the tumor, the mean
tumor weight of treated groups and the mean tumor weight
of the control group, respectively.

The tumor tissues were fixed with 10% neutral
formaldehyde for 24 h, and then the tumor pieces of each
group were taken and embedded in paraffin. The expression
levels of Tunnel and Ki-67 in the tumor tissues were
detected via immunohistochemistry to evaluate the effects
on tumor proliferation and apoptosis.

Statistical analysis

All data is presented as the mean = SD. Statistical
significance was determined by one-way analysis of variance
used SPSS software (IBM Inc., Chicago, IL, USA). P<0.05
was considered statistically significant, and extreme
significance was set at P<0.01.

Results

Determination of the normalization window of the tumor
vessels

Reducing tumor vessel density

As a marker of vascular endothelial cells, CD31 can be
used to monitor the morphological and quantitative
changes of blood vessels (22). In the model group, CD31
immunostaining (Figure I) showed that the expression of
CD31 continued to increase. In the candesartan group,
the expression began to decrease on the 6th day after anti-
tumor vascular treatment, and returned to its initial level
on the 12th day (6th and 9th day, P<0.01). Thus, the tumor
vessel density was temporarily decreased after candesartan
administration. However, the inhibition of tumor vascular-
related factors might lead to the strengthening expression of
other signal pathways and a compensatory increase in tumor
angiogenesis. In addition, the mechanism of action needs to

be further studied.

Increasing pericyte coverage

Pericytes, which are a sign of vascular stability and maturity,
are one of the important manifestations of blood vascular
normalization (23). The a-SMA immunostaining (Figure 2)
showed that the expression of 0-SMA in the model group
continued to decrease. Conversely, the expression of
a-SMA in the candesartan group rose again after a brief
decline, which increased the wrapping of the pericytes

around the blood vessels (9th and 12th day, P<0.01). Thus,
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the anti-vascular treatment increased the coverage of the
perivascular cells and the tumor blood vessels were more
mature than control group. The mechanism of pericyte
change was not clear before and after the normalization
window. Thrombospondin-1 (TSP-1) and angiopoietin 1
(Ang-1) are known to play important roles in the vascular
recruitment of pericytes; however, this process involves
complex factor regulation, which requires further study.

Increasing the blood perfusion of tumor tissue

The abnormality of tumor vessels is manifested in blood
perfusion disorders. The high permeability of blood vessels
increases the extravasation of plasma components, resulting
in increased IFP, vascular compression, and decreased
blood perfusion (24). An increase in blood perfusion is an
important indicator of the recovery of vascular function. In
this study, FITC-labeled lectin was injected intravenously.
Next, the distribution of green fluorescence was observed
under a fluorescence microscope to determine the amount
of perfusion. The results illustrated that the intensity of
green fluorescence distribution in the tumor tissues of the
candesartan administration group was significantly higher
than that of the control group on the 6th day (P<0.01;
Figure 3), and this phenomenon continued until the
12th day (P<0.01). However, there was a downward trend
over time between the 9th and 12th day in the candesartan
group (P<0.01), proving that the excessive anti-vascular
effect reduced blood vessel density, leading to a decrease
in the blood perfusion of the tumor tissues. The results
revealed that perfusion was significantly correlated with
time, which was consistent with the change in permeability.
It further established that the induction of tumor vascular
normalization required the rational application of anti-
vascular drugs rather than high-dose or long-term
application, both which cause vascular damage.

Decreasing the expression of HIF-1a

The rapid growth of tumors leads to hypoxia. As a central
indicator of hypoxia, increased HIF-1a expression has
become the initiating factor for the expression of a variety
of pro-angiogenic factors, promoting angiogenesis and
tumor progression (25). As Figure 4 shows, the expression
of HIF-1a in the tumor tissues of the candesartan group
showed a significant decline (6th, 9th, and 12th day,
P<0.01). However, there was an upward trend between
the 9th and 12th day in the candesartan group (P<0.01),
indicating that hypoxia gradually recovered over time after
the window period. The change trend was also in line with
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Figure 1 The CD31 expression (immunohistochemical staining by related antibody) of the tumor tissues of the mice bearing MDA-MB-231

after treatment with candesartan (20 mg/kg) or normal saline every day at the 3rd, 6th, 9th, and 12th days. (A) Representative photographs

of CD31 expression of the control and candesartan groups. Scale bar =100 pm. (B) The quantitative analysis of CD31 in the tumor tissues

after treatment. The results are expressed as the mean = SD (n=3). **P<0.01. IOD, integral optical density.

the permeability and perfusion trends. Thus, changes in
vascular morphology and function improved the hypoxia of
the tumors after a short period of anti-vascular treatment.

Promoting the synergistic effects of RT

The results of the time window study indicated that RT
should commence on the 9th day. As Figure 5 shows, the
tumor volume of the control group was significantly larger

© Annals of Translational Medicine. All rights reserved.

than that of the RT group (P<0.05) and the window-period
RT group (P<0.01). Further, the anti-tumor effect was
the best when RT was administered in the normalization
window. As Table 1 shows, the tumor weight of the window-
period RT group was lighter than that of the control group
(P<0.01) and the RT group (P<0.05). According to the
formula, the tumor IR% of the candesartan group, RT
group and window-period RT group were 35.04%, 41.88%,
and 66.67%, respectively. Thus, during the window period,
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Figure 2 The a-SMA expression (immunohistochemical staining by related antibody) of the tumor tissues of the mice bearing MDA-

MB-231 after treatment with candesartan (20 mg/kg) or normal saline every day at the 3rd, 6th, 9th, and 12th days. (A) Representative

photographs of a-SMA expression of the control and candesartan groups. Scale bar =100 pm. (B) The quantitative analysis of a-SMA in the

tumor tissues after treatment. The results are expressed as the mean + SD (n=3). **P<0.01. IOD, integral optical density.

candesartan enhanced the sensitivity of RT and produced
the highest IR%.

To further explore the therapeutic effects of RT on
tumor cells in the window period, the Tunnel and Ki-67
staining methods were used to analyze the effects on tumor
cell apoptosis and proliferation. The results (Figure 6)
showed that window-period RT significantly promoted
tumor cell apoptosis and limited proliferation compared to
the control group (P<0.05 in Tunnel expression and P<0.01
in Ki-67 expression). The significant difference in value

© Annals of Translational Medicine. All rights reserved.

was small, but the overall efficacy of the window-period
RT group tended to be better. This may be due to the
insufficient amount of staining (n=3), which meant that the
significance was not reflected. Thus, further research needs
to be conducted on the effects on tumor cell apoptosis and
proliferation.

Discussion

Angiogenesis is pivotal in tumor metastasis. Hypoxia is a
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Figure 3 The blood perfusion of the tumor tissues of the mice bearing MDA-MB-231 after treatment with candesartan (20 mg/kg) or
normal saline every day. FITC-conjugated lectin, which would label microvessels in frozen sections (immunohistochemical staining), were
injected into the mice on the 3rd, 6th, 9th, and 12th days at a dose of 10 mg/kg. Representative photographs of fluorescence intensity of the
control (A) and candesartan groups (B). Scale bar =100 pm. (C) The quantitative analysis of a-SMA in the tumor tissues after treatment. The

results are expressed as the mean + SD (n=3). **P<0.01.
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Figure 4 The HIF-1a expression (immunohistochemical staining by related antibody) of the tumor tissues of the mice bearing MDA-

MB-231 after treatment with candesartan (20 mg/kg) or normal saline every day at the 3rd, 6th, 9th, and 12th days. (A) Representative

photographs of HIF-1a expression of the control and candesartan groups. Scale bar = 100 pm. (B) The quantitative analysis of HIF-1o in the

tumor tissues after treatment. The results are expressed as the mean = SD (n=3). **P<0.01 vs. control groups; "P<0.01 vs. candesartan groups

in different times. IOD, integral optical density.

common regulatory target between tumor angiogenesis
and metastasis (26). Tumor cells secrete a variety of pro-
angiogenic factors to induce angiogenesis, extending in a
“sprouting” manner to create their own escape route (27).
Due to the weak vascular structure, incomplete basement
membrane, large endothelial cell space, and incomplete
pericyte coverage, tumor neovascularization is highly
permeable, which provides a good channel for tumor

© Annals of Translational Medicine. All rights reserved.

cells to invade the circulatory system. Thus, moderate
anti-tumor angiogenesis therapy could induce the
normalization of tumor vessels and temporarily improve
abnormal blood vessel structure and function. This makes
the vessels more mature, enhances the integrity of the tube
wall, improves blood perfusion, and increases the oxygen
partial pressure of the tumor tissue. The improvement of
the hypoxic microenvironment makes tumor cells more
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Figure 5 The tumor volume of the mice bearing MDA-MB-231 after treatment with normal saline, candesartan (20 mg/kg every day), RT

(5 Gay at the 9th day) or window-period RT (20 mg/kg candesartan every day and 5 Gay RT at the 9th day). (A) Images of the tumor tissues

obtained from each group after the mice were sacrificed at 14 days. (B) Average tumor volumes of the mice bearing MDA-MB-231 during

the experimental period. The results are expressed as the mean = SD (n=5). *P<0.05, **P<0.01. RT, radiotherapy.

Table 1 The tumor weight and IR% of the tumor tissues of the
mice bearing MDA-MB-231 after treatment with normal saline,
candesartan (20 mg/kg every 2 days), RT (5 Gay at the 9th day), or
window-period RT (20 mg/kg candesartan every 2 days and 5 Gay
RT at the 9th day)

Groups Tumor weight IR%
Control 1.17+0.37 -
Candesartan 0.76+0.44 35.04
RT 0.68+0.20* 41.88
Window-period RT 0.39:+0.09** 66.67
The results are expressed as the mean + SD (n=5). *P<0.05,

**P<0.01 vs. control group; *P<0.05 vs. RT group. RT,
radiotherapy; IR, inhibition rate.

sensitive to RT (28).

In this study, we found that a series of changes took
place in the structure and function of the tumor vessels
after candesartan administration. First, it caused a decrease
in vessel density; however, this was only a temporary
decrease. Conversely, blood perfusion was increased.
Second, pericyte coverage was more extensive. The
pericytes wrapped the endothelial cells and coordinated
signal transduction between cells to establish complete cell
contact and participated in physiological and pathological
vascular stability and permeability (23). In the process
of tumor angiogenesis, the recruitment of pericytes is
a key link in the maturation of tumor vessels, which is
regulated by complex signal pathways. In the early stage
of tumor angiogenesis, the dissociation of pericytes and
endothelial cells is a critical event. A lack of pericytes,

© Annals of Translational Medicine. All rights reserved.

which is one of the causes of tumor vascular abnormalities,
increases vascular permeability, IFP, and tissue edema (29).
Accordingly, pericytes are the target of vascular
normalization. The results showed that after a short-
term anti-vascular treatment, the expression of a-SMA
around the blood vessels was increased, indicating that the
perivascular pericyte coverage was increased, and the blood
vessels were more mature than before.

Hypoxia is a predictive factor for angiogenesis, invasion,
metastasis, and the effects of RT or chemotherapy, and
plays a central role in tumor progression (30). Hypoxia is
the result of tumor development to a certain extent, and
promotes tumor progression and metastasis through a
variety of direct and indirect mechanisms. Additionally,
tumor cells are resistant to RT and chemotherapy in a
hypoxic environment. Thus, hypoxia is an important
obstacle in tumor treatment. In a tumor site, oxygen within
70-150 pm from blood vessels is consumed by rapidly
proliferating tumor cells, limiting its spread to greater
distances. Thus, hypoxia usually occurs at a distance of
100-200 pm from blood vessels, exposing different
proportions of tumor cells (<1% to >50%) to a low-oxygen
environment (pO, <10 mmHg) (31). HIF-1a is the main
transcriptional regulator of tumor cell response to hypoxia,
which can promote tumor invasion, interfere with glucose
metabolism, maintain the characteristics of tumor stem
cells, and induce multi-drug resistance. HIF-10, which is
the central link in stimulating the growth of tumor vessels,
also promotes the expression of VEGEF, Angll, fibroblast
growth factor 2 (FGF2), and other factors (25).

We found that the expression of HIF-1a in tumor tissues
was significantly reduced on the 6th and 9th days after

Ann Transl Med 2022;10(10):581 | https://dx.doi.org/10.21037/atm-22-2108
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Figure 6 The Tunnel and Ki-67 expression (immunohistochemical staining) of the tumor tissues of the mice bearing MDA-MB-231 after

treatment with normal saline, candesartan (20 mg/kg every day), RT (5 Gay at the 9th day), or window-period RT (20 mg/kg candesartan
every day and 5 Gay RT at the 9th day). Representative images of tumor stained with Tunnel (A) and Ki-67 (B). Scale bar =100 pm. The

quantitative analysis of Tunnel (C) and Ki-67 (D) in the tumor tissues after treatment. The results are expressed as the mean =

*P<0.05, **P<0.01. RT, radiotherapy; IOD, integral optical density.

treatment (P<0.05). This may be due to tumor vascular
normalization induced by candesartan, which resulted
in secondary changes of increased vascular perfusion
and oxygenation. However, HIF-1o began to increase
significantly on the 12th day. As the time window for tumor
vascular normalization receded, further anti-vascularization
led to a decrease in oxygen content. According to the results

© Annals of Translational Medicine. All rights reserved.

SD (n=5).

of the anti-tumor studies, the tumor IR% given by RT
during the window period was the highest. Additionally,
the immunohistochemical results showed that tumor cell
apoptosis was the highest and the proliferation ability was
significantly inhibited. Thus, alleviating hypoxia is beneficial
to improving sensitivity to RT, increasing the effect of RT,
inhibiting tumor growth, and improving the survival rate.
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Notably, there is a significant correlation between the
normalization of blood vessels and the dosage and the
treatment time of anti-vascular drugs (32). Any increase in
anti-vascular therapy would reduce the time window for
tumor vascular normalization, thereby achieving tumor
vascular inhibition. This aggravates hypoxia and induces the
formation of cancer stem cells. For example, high-dose anti-
VEGEF/VEGFR (VEGF receptor) could block excessive
blood vessels, reducing tumor vascular perfusion rapidly,
and hindering the therapeutic effect. Conversely, lower
doses may improve perfusion and treatment results. Indeed,
low-dose anti-VEGFR2 antibodies (10 or 20 mg/kg) were
shown to increase blood vessel perfusion in breast cancer
models compared to high-dose (40 mg/kg) anti-VEGFR2
antibodies or control immunoglobulin G (18,33).

As a typical drug of ARBs, candesartan has been
extensively studied in relation to the anti-angiogenesis of
various tumors (18,34-37). Although candesartan is effective
in inducing tumor vascular normalization in preclinical
studies, it still faces many challenges in clinical application.
In addition, only a minority of patients treated with
candesartan achieved significantly enhanced therapeutic
effects during radiotherapy, mainly due to radiotherapy
given outside the therapeutic window of tumor vascular
normalization (19,34). However, the therapeutic window
for vascular normalization must be precisely detected before
clinical application. Based on these studies (18,34-37)
and our previous work (19), this study further explored and
determined the normalization window period of tumor
blood vessels after candesartan administration in tumor-
bearing mice. We found that administering RT improved
the curative effect during the therapeutic window. The
normalization time of tumor vessels is short and there are
individual differences. Thus, the question of how to find
an effective monitoring method is particularly important.
This study provided ideas and methods for monitoring the
normalization-time window of tumor vessels. Unfortunately,
due to the problem of traumatic sampling, it may not be
effectively promoted in clinical practice. Recently, magnetic
resonance imaging technology was applied to monitor
the morphology and function of tumor vessels, and it is
expected that this will be further promoted in clinical
practice (38). Once the time window is accurately identified
in clinical settings, timely combined RT and chemotherapy
technology could significantly improve the curative effect
and reduce the organ toxic side effects caused by the
overdose of cytotoxic drugs. Further clarification of the
sensitivity of anti-vascular drugs would help patients obtain
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more precise treatment. Further, loading nanocarriers with
candesartan could improve the tumor targeting effect,
which in turn could improve the therapeutic effect and
reduce the toxic and side effects (39-41). However, changes
in the therapeutic effect need to be further explored to
determine the therapeutic window. It is worth mentioning
that, according to our previous study, the application of
candesartan during tumor treatment did not increase the
incidence of adverse reactions, including systemic (vomiting,
dizziness) and local (erythema, blisters, and itching) adverse
effects of radiation therapy (19,42).

Conclusions

To improve the RT effect, an ARB (i.e., candesartan)
was used to induce tumor vascular normalization, which
temporarily matured the vascular structure, increased blood
perfusion, and relieved the hypoxic state. On the 9th day of
RT, high-energy ionizing radiation generated ROS in the
aerobic microenvironment, damaging the DNA structure of
the tumor cells and causing tumor cell death. In summary,
candesartan exerted a synergistic effect on RT by inducing
tumor vascular normalization in the therapeutic window.
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