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Abstract
HS-173 is a specific inhibitor of the Phosphoinositide 3-Kinase α (PI3Kα) subtype.
Although it was shown to potentially inhibit tumor angiogenesis, experimental validation
studies are still needed. This study provides an experimental basis for the role of HS-
173 in breast cancer. A mouse model of subcutaneous transplantation breast cancer
was constructed. The mice were treated with different concentrations of HS-173.
Immunohistochemical staining was used to detect tumor microvessel density, and the
appropriate concentration was determined. Immunofluorescence was used to detect
the morphology integrity of tumor vessels’ lumen, transmission electron microscopy
to detect tight junctions between endothelial cells and the integrity of the basement
membrane, Doppler ultrasound to detect tumor blood perfusion, and small animal live
imaging to detect the penetration of doxorubicin in the tumor tissues. After HS-173
treatment, the number of tumor interstitial microvessels decreased, the lack of tumor
vascular lumen was reduced, and the continuity and integrity of the vascular lumen
were increased. Vascular endothelial cells showed complete morphology with good tight
junctions. The extracellular matrix was rich in components and tended to form basement
membranes. HS-173 also increased the blood perfusion in the tumor tissue compared
with the doxorubicin treatment alone. Further, the fluorescence signal intensity of
the tumor tissue doxorubicin was significantly enhanced after HS-173 treatment. The
PI3K inhibitor HS-173 showed promising potential in inhibiting tumor angiogenesis and
improving the structure and function of blood vessels in the tumor microenvironment.
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1. Introduction

In 2020, there were an estimated 19.3 million new cancer cases
and nearly 10 million cancer deaths worldwide, according to
estimates of global cancer incidence and mortality published
by the International Agency for Research on Cancer. Among
them, female breast cancer surpassed lung cancer as the most
common tumor, with an estimated nearly 2.3 million new
breast cancer cases (11.7%) and 685,000 deaths, ranking fifth
in cancer-related deaths worldwide. Traditional anti-cancer
therapy, such as chemotherapy, radiotherapy, endocrine ther-
apy, targeted therapy and others, mainly achieve therapeutic
purpose by inhibiting the proliferation of tumor cells.
However, due to the abnormal formation of tumor blood

vessels, tumor cells can still obtain a continuous supply of
oxygen and nutrients and continue to grow. At the same
time, it is difficult for traditional drugs and immune cells to
penetrate the abnormal tumor blood vessels, resulting in drug
resistance and making antitumor therapy challenging, thus

prompting researchers to start investigating new perspectives
on antitumor therapy.
Tumor blood vessels are channels for malignant tumors to

provide nutrients and implement metastasis. To allow tumor
tissues to meet their blood supply demand for their exces-
sive proliferation, tumor cells secrete a large number of pro-
angiogenic factors to promote angiogenesis [1]. However, due
to the large secretion of pro-angiogenic factors and excessive
consumption of anti-angiogenic factors, the new blood vessels
may not attain maturity or may even show abnormalities [2],
including tortuous and swollen morphology, luminal intussus-
ception, thinning or missing of the tube wall, loose connections
between vascular endothelial cells, lack of pericyte coverage,
and incomplete basement membrane [3]. These abnormalities
inmorphology and structure increase the permeability of tumor
vessel walls and decrease vascular perfusion, leading to severe
ischemia, hypoxia and acidosis in tumor tissues. Further, these
abnormalities in blood vessels and the microenvironment hin-
der the delivery of cytotoxic drugs to tumoral tissues, leading
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to varied antitumor effects [4–7].
In recent years, it was found that PI3K inhibitors such as

BEZ-235 (Dactolisib) and BKM120 (Buparlisib) could inhibit
tumor neogenesis and promote the normalization of blood
vessels to increase the radiotherapy effects. However, these
PI3K inhibitors are the overall inhibitors of PI3K and its
downstream mTOR (mammalian target of rapamycin) signal-
ing pathway or the common inhibitors of all types of PI3K,
and it remains unclear whether they have any effect on the
proliferation of normal cells. HS-173, a specific inhibitor of
the PI3Kα subtype, can selectively inhibit the PI3Kα subtype
involved in regulating tumor angiogenesis. Previous studies
confirmed that HS-173 inhibited the proliferation of pancreatic
cancer cells and the migration and epithelial-mesenchymal
transition mediated by TGF-β. Park et al. [8], eported that the
inhibition of the PI3K/AKT (protein kinase B, PKB) pathway
by HS-173 significantly radiosensitized pancreatic cancer to
subsequent radiation effects, as demonstrated by an increase
in apoptosis and altered cell cycle resulting from the inhibition
of DNA repair response. A recent study by Park et al. [8]
revealed that HS-173 inhibited the proliferation of radiation-
resistant triple-negative breast cancer MDA-MB-231 cells and
induced G2/M arrest, in addition to apoptosis by inhibiting
the PI3K/AKT pathway, particularly when combined with
radiation treatment. Other researchers have also proved that
HS-173 could promote tumor cell apoptosis and inhibit angio-
genesis. However, the promoting effects of HS-173 on tumor
angiogenesis and vascular normalization are yet to be fully
clarified.
PI3K and its downstream signaling molecules have recently

been discovered to have important effects on the blood vessels,
lymphatic vessels and immune cells in the tumor stroma. The
PI3Kα subtype is mainly involved in maintaining the stability
of endothelial cells and angiogenesis. To clarify the effects
of PI3Kα subtype inhibitors on tumor angiogenesis, vascular
structural integrity and chemotherapeutic drug delivery func-
tion, we used HS-173, a PI3Kα subtype-specific inhibitor, and
broad-spectrum chemotherapeutic drug doxorubicin (DOX)
for single or combined treatment.
Small animal ultrasound was used to monitor the growth

status of the subcutaneous xenograft tumor model after in-
oculation with 4T1, a mouse breast cancer cell line. HE
(Hematoxylin-eosin) staining, immunohistochemical staining,
immunofluorescence staining and transmission electron mi-
croscopy respectively showed that HS-173 could inhibit an-
giogenesis, reduce the tortuosity, expansion and structural
disorder of tumor blood vessels, increase the integrity of tu-
mor vascular endothelium, and enhance the tight junctions
between endothelial cells and basement membrane integrity.
Doppler ultrasound and in vivo imaging showed that HS-173
increased the blood perfusion and delivery of doxorubicin in
tumor tissues. Based on the observed tumor volume after
the combined treatment, we found that HS-173 enhanced the
treatment effects of doxorubicin.
Overall, this experimental study concluded that HS-173

could inhibit tumor angiogenesis, promote the normalization
of tumor vascular structure and function, and increase the ther-
apeutic effects of chemotherapy drugs, providing experimental
evidence for further tumor vascular normalization research.

2. Material and methods

2.1 Animals and cell culture

This study used 6–8 week old female BALB/C mice weighing
18–20 g. The experimental animals were kept in the animal
room of Jilin University School of Basic Medicine and were
provided by Beijing Huafukang Biotechnology Co., Ltd. (li-
cense number: SCXK (Ji) 2018-0001). The cell line used in
this study was 4T1, a mouse breast cancer cell line provided by
the Department of Pathology, Jilin University School of Basic
Medicine. The 4T1 cells were grown in RPMI (Roswell Park
Memorial Institute) 640 Medium (GIBCO) containing 10%
fetal bovine serum (MRC) at 37 ◦C and 5% CO2.

2.2 Drugs and reagents

The drugs used in this experiment were PI3Kα
subtype-specific inhibitor (HS-173) and broad-spectrum
chemotherapeutic drug Doxorubicin, both purchased from
Selleck (the United States). CD31 antibody was purchased
from Abcam; Goat anti-rabbit IgG-FITC was purchased from
Bioworld. Goat serum was purchased from Solarbio. DMSO
was purchased from Sigma. The immunohistochemistry kit
and DAB color developing fluid were purchased from Fuzhou
Maixin Biotech.

2.3 Experimental design

A total of 20 female BALB/C mice aged 6–8 weeks were
obtained, and each mouse was subcutaneously injected with 5
× 105 4T1 cells in 100 µL of PBS (phosphate buffer solution)
to establish a subcutaneously transplanted breast cancer model.
After inoculation, the skin condition of the mice was observed
to judge the tumor formation. The mice were randomly di-
vided into the following four study groups, with five mice in
each group: A solvent control group (control group), treated
with 5% DMSO (Dimethyl sulfoxide) + PEG (Polyethylene
glycol) 400 + 35% ddH2O (double distilled H2O); HS-173
alone administration group (HS-173 group), treated with two
concentrations of HS-173; the 30 mg/kg group, which used
a 6 mg/mL solvent-prepared working solution at a dose of
0.1 mL/only, and; the 10 mg/kg group, which used a solvent-
prepared working solution concentration of 2 mg/mL at a dose
of 0.1 mL/only. The doxorubicin alone administration group
(DOX group) was treated with doxorubicin 5 mg/kg, using a
working solution prepared with solvent at a concentration of
1 mg/mL and dose 0.1 ml/only. The HS-173 and adriamycin
combination group (H + D group) was treated similarly to the
HS-173 group, in addition to administering 5 mg/kg doxoru-
bicin. The administration started when the transplanted tumor
volume grew to 50 mm3. The intraperitoneal injection was
administered once every 2 days until the 20th day after the
tumor was implanted for a total of 6 administrations. After
the end of the administration, the tumor in each mouse was
harvested for immunohistochemistry (IHC). The lung, liver
and kidney tissues of each group of mice were separated for
HE staining.
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2.4 Small animal ultrasound
The mice underwent an ultrasound every 3 days after the start
of the administration to monitor the growth of the mouse breast
cancer xenografts. They were anesthetized with 0.8% sodium
pentobarbital intraperitoneal injection, their hair was removed
at the tumor site, and the mice were fixed on the operating
table. Using an ultrasound coupling agent at the tumor site,
we observed the echo intensity and range of the tumor site in
the ultrasound mode, determined the condition and size of the
lesion, and the same operator performed image acquisition and
measurement for each inspection.

2.5 Hematoxylin-Eosin (HE) staining,
Immunohistochemistry (IHC) staining and
immunofluorescence
The formalin-fixed breast tissues were embedded in paraffin
blocks. Sliced sections (2 µm) were deparaffinized and rehy-
drated by a xyleneethanol-water gradient system. Then, HE
staining was performed, followed by a dehydrating process.
IHC staining was performed using an IHC kit (Fuzhou

Maixin Biotech). Briefly, after deparaffinization and rehydra-
tion, 4T1 tumor tissue paraffin sections (2 µm) were subjected
to heat-induced epitope retrieval using EDTA (EthyleneDi-
amine Tetraacetic Acid). Then, the sections were treated with a
blocking buffer and subsequently incubated overnight (at 4 ◦C)
with primary Abs against CD31—1:100 dilution. Next, the
sections were incubated with HRP (Horseradish peroxidase)-
conjugated secondary Abs and diaminobenzidine was used to
visualize the immunoreaction. The nuclei were counterstained
with hematoxylin, and IHC-staining images were captured
using a microscope (OLYMPUS).
The tumor microvessel density counting method was per-

formed as follows. First, we selected CD31 positive sites under
a low-power field of view. Then, we counted a single brown-
yellow endothelial cell or a lumen surrounded by multiple
endothelial cells under a high-power microscope. However,
it should be noted that vessels with a lumen diameter greater
than the diameter of 8 red blood cells were not listed in the
count range.
For immunofluorescence labeling, BMDMs (Bone marrow

derived macrophage) were washed with PBS, fixed with 4%
formaldehyde, blocked with 10% goat serum for 1 h at room
temperature, and incubated overnight (at 4 ◦C) with a primary
antibody (CD31—1:100). Then, the cells were washed, incu-
bated with fluorescently labeled secondary antibody (goat anti-
mouse 1:300), followed by incubation at room temperature for
1 h. Next, the secondary antibody was washed off, the nucleus
was stained with DAPI (4′, 6-diamidino-2-phenylindole) for
5–8 min at room temperature, then after the DAPI staining
solution was washed, the slide was mounted with an anti-
fluorescence quencher and examined using a fluorescence mi-
croscope.

2.6 TEM (Transmission Electron Microscope)
sample preparation
The mice were sacrificed, the tumor tissue was stripped, and
fresh tissue pieces were cut into 1 mm3 square and soaked

in glutaraldehyde at 4 ◦C for 24 h. After rinsing with PBS,
they were soaked in 2% osmium acid and fixed at 4 ℃ for
24 h. After dehydration with 50%, 70%, 90% and 100%
acetone, they were left for 10 min each for three times. Then,
benzidine disulfonic acid, methyl methacrylate, epoxy resin
812 and DMP-30 were mixed to form an embedding agent and
embedded at 60 ℃ for 24 h. The tissue block was assessed
under a dissecting microscope to determine the position of the
slice. Using a microtome to semi-thinly section the surface to
be observed, the slide was stained with toluidine blue, and the
observation field was selected under a microscope. Next, an
ultra-thin microtome was used to make ultra-thin sections of
the selected field of view, double stained with uranyl acetate
and lead nitrate, and they were observed with a transmission
electron microscope.

2.7 Live imaging of animals
First, doxorubicin was diluted to 1/100 of the body concentra-
tion and added to a 96-well plate. The optimal wavelengths
for the emission/absorption of doxorubicin were determined
to be 500/600 and 500/620. Then, 5 mg/kg of adriamycin was
injected into the tail vein 24 h before imaging. A depilatory
cream was used to remove the hair at the tumor site during the
operation, following which the mice were anesthetized with
0.8% sodium pentobarbital, and the fluorescence intensity of
adriamycin was detected. After the in vivo experiment, the
tumor tissue was removed and placed in a clean petri dish to
detect the fluorescence intensity of adriamycin in tumor tissue.

2.8 Statistical processing
Data were analyzed with the SPSS 22.0 software (IBM Corpo-
ration, Armonk, NY, USA). Quantitative data were analyzed
using either t-tests (for two groups) or one-wayANOVA (Anal-
ysis of Variance) (for multiple groups). All experiments were
repeated at least thrice, and the corresponding data are shown
as mean± SEM (Structural equation modeling). * represented
p < 0.05 and ** represented p < 0.01, which indicated a
significant statistical difference.

3. Result

3.1 Establishment of subcutaneous
transplanted tumor tissue of mouse breast
cancer and detection of its growth status
The mouse breast cancer cell line 4T1 was cultivated and
inoculated on the back of female BABL/C mice. Then, the
health of the mice and the growth of subcutaneous transplanted
tumors after inoculation were observed. The formation of solid
tumors could be seen by the naked eyes, which showed the
tumors to demonstrate nodular or lobulated morphology, with
a fiber envelope around them (Fig. 1A). The tumor-bearing
mice were randomly divided into 3 groups (5 mice/group),
were given the same dose of solvent, low-dose HS-173 (10
mg/kg) and high-dose HS-173 (30 mg/kg), and therapeutic
research on each group of mice were conducted (one mouse
died in the control group). The tumor volume changes were
measured with a vernier caliper every day after the treatment
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FIGURE 1. Breast cancer tissue after HS-173 treatment. (A) General view of breast cancer tissue after HS-173 treatment.
The tumor-bearing mice were randomly divided into 3 groups, 5 in each group, and were given the same dose of solvent, low-dose
HS-173 (10 mg/kg) and high-dose HS-173 (30 mg/kg). One mouse died in the control group. The tumor volume changes were
measured using a vernier caliper every day after the administration. (B) After HS-173 treatment, the tumor volume increased
more slowly than in the control group. The tumor volume of the mice in the low-dose and high-dose HS-173 administration group
was significantly smaller than in the control group (*p < 0.05). (C) Statistical graph of tumor volume change after 12 days of
treatment revealed that the rate of tumor volume increase in the low-dose and high-dose administration groups was decreased
compared with the control group (*p < 0.05).

administration. At the end of the administration, the lungs,
liver and kidneys of each group of mice were taken for HE
staining. The results showed that after HS-173 treatment,
the tumor volume increased slower than in the control group.
After treatment, the tumor volume of the mice in the low-dose
and high-dose HS-173 administration group was statistically
smaller than that of the control group (p < 0.05) (Fig. 1B).
During the administration process, compared with the control
group, the rate of tumor volume increase in the low-dose and
high-dose administration groups decreased (Fig. 1C). The HE
staining results of the liver, kidney and lung tissues of the mice
in each group showed that the liver, kidney and lung tissues of
the mice in the different administration groups were intact and
had no tumor metastasis (Fig. 2).

FIGURE 2. HE staining images of the main organs
in each group after treatment (200×). The HE staining
results of the liver, kidney and lung tissues of mice from each
group showed that the corresponding tissues of the mice in
the different administration groups were intact, and no tumor
metastasis was found.

3.2 Detection of the number of new blood
vessels in breast cancer tissue
To explore the promoting effects of HS-173 on the “normal-
ization of blood vessels” of tumors, it was necessary to detect
whether tumor tissue angiogenesis was inhibited. First, the
mice were taken 12 days after the administration, the tumor
tissues were stripped, and paraffin sections were prepared.
Second, immunohistochemical staining was used to detect the
expression of vascular endothelial cell marker CD31. The
results showed that compared with the control group, the
number of microvessels in the tumor tissues tended to decrease
after HS-173 administration (Fig. 3A–C). After counting the
microvessel densityMVD (microvessel density) of each group,
we found that the MVD of tumor tissues was reduced after
HS-173 administration at different doses (10 mg/kg and 30
mg/kg) compared with the control group (Fig. 3D). There was
a statistical difference between the 10 mg/kg administration
group and the control group (p < 0.05). In addition, the 30
mg/kgHS-173 administration groupwas significantly different
from the control group (p < 0.01).

3.3 Animal ultrasound detection of tumor
volume after a single application of
doxorubicin and its combination with PI3K
treatment
The tumor-bearing mice were randomly divided into 4 groups
and were given solvent, adriamycin, HS-173 and adriamycin
combined with HS-173 intraperitoneally for 12 days. After the
treatment, the tumor volume of each group was detected by a
small animal ultrasound instrument. The results showed that
after treatment with doxorubicin alone or HS-173 alone, the
tumor volume was smaller than the control group (p < 0.05)
(Fig. 4A). In addition, the tumor volume of the combined drug
group was significantly smaller than the single drug group (p
< 0.01) (Fig. 4B).
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FIGURE 3. CD31 expression in each group by immunohistochemical staining (400×). (A) Control group (B) 10 mg/kg
group (C) 30 mg/kg group (D) MVD statistics of tissues (*p < 0.05, **p < 0.01). Compared with the control group, the number
of microvessels in tumor tissues tended to decrease after HS-173 administration. There was a statistical difference between the 10
mg/kg administration group and the control group (*p < 0.05), and the 30 mg/kg HS-173 administration group was significantly
different from the control group (**p < 0.01).

FIGURE 4. Ultrasound examination results of each group of tumors after treatment. (A) The tumor-bearing mice
were randomly divided into 4 groups and were given solvent, adriamycin, HS-173 and adriamycin combined with HS-173
intraperitoneally for 12 days. After the treatment, the tumor volume of each group was detected by a small animal ultrasound
instrument. (B) The results showed that after treatment with doxorubicin alone or HS-173 alone, the tumor volume was smaller
than the control group (*p < 0.05). In addition, the tumor volume of the combined drug group was significantly smaller than the
single drug group (**p < 0.01). DOX: doxorubicin; HS-173: PI3Kα subtype-specific inhibitor; D + H: adriamycin combination
group.
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3.4 Immunofluorescence staining to detect
the distribution and integrity of vascular
endothelial cells

We selected 30 mg/kg HS-173 as the dose for subsequent ex-
periments based on previous experimental observations. The
micewere inoculated according to the above-mentioned subcu-
taneous transplantation tumor inoculationmethod. After tumor
formation, the mice were randomly divided into 4 groups, with
5 mice in each group. The average tumor volume was the
same as the average weight of the mice, and the same dose of
solvent, doxorubicin (DOX), HS-173 and the combination of
doxorubicin and HS-173 were administered to each group of
mice for therapeutic research. To further explore the effects
of HS-173 on tumor vascular structure, we made paraffin
sections of tumor tissues from 4 groups of mice treated with
different administrations. Immunofluorescence staining was
used to detect the vascular endothelial cell marker CD31 and
the continuity and integrity of tumor vascular endothelium in
each group of tumor-bearing mice. The results showed that
the control and adriamycin groups had different degrees of
vascular endothelium loss, the vascular lumen was discontin-
uous, and the integrity was reduced. The HS-173 group and
the combination group had better endothelial cell integrity and
continuity (Fig. 5).

3.5 Transmission electron microscopy to
observe the integrity of vascular
endothelial cell tight junctions and
basement membrane

To explore the effects of HS-173 on the structural integrity
of tumor blood vessels, we used transmission electron mi-
croscopy to observe the tight junctions between the tumor
vascular endothelial cells and integrity of vascular basement
membrane in the control group, adriamycin group, HS-173
group, and the combination medication group. The results are
shown in Fig. 6. Under the electron microscope, the blood ves-
sels in the interstitial tissue of the tumor tissues demonstrated
luminal-like structures, which were mostly surrounded by one
or two endothelial cells and red blood cells (R) in the middle of
part of the lumens. In the control group, the vascular lumens
of tumor tissues were enlarged and twisted. The endothelial
cells showed abnormal morphology and incomplete structure,
with poor tight junctions between the endothelial cells. The
extracellular matrix components were fewer, and no basement
membrane was formed. The tumor vessel lumen in the dox-
orubicin administration group was incomplete or missing, and
its characteristics were similar to those in the control group.
In the HS-173 administration and the combination medication
groups, the tumor vascular lumens were relatively regular, the
endothelial cell structure was complete, the connection be-
tween the endothelial cells was tight, and the number was large.
In addition, their extracellular matrix was rich in components
and tended to form a basement membrane.

3.6 Color Doppler ultrasound dynamic
monitoring of tumor vascular perfusion
The perfusion of blood vessels represents its delivery function,
and the performance of cytotoxic drugs depends on the delivery
function of blood vessels. The small animal ultrasound system
used in this experiment had its own color Doppler mode. In
this mode, the blood flow in the tissue was marked by red
and blue color signals, representing the blood flow signal in
the opposite direction. It also detected the current local blood
perfusion volume and location distribution of the tumor over
time. In this experiment, ultrasound images at different time
points in the same time period were selected for each group
of mice. The average blood flow signal area in the tumor
tissue of each group of mice was calculated to compare the
blood perfusion volume of each group. As shown in Fig. 7A–D
the results indicated that the blood perfusion volume of tumor
tissue in the HS-173 administration group and the combination
medication group was significantly higher than in the solvent
control group and the adriamycin administration group. In the
control group and the DOX treatment group alone, the tumor
blood perfusion only appeared around the tumor and did not
enter the tumor tissues. After HS-173 treatment, we observed
varying degrees of increasing blood perfusion trends in the
tumor tissue (Fig. 7E).

3.7 Application of small animal live imaging
to detect the delivery of doxorubicin in
tumor tissues
Doxorubicin is a broad-spectrum chemotherapeutic drug with
its own fluorescent signal, which can show red fluorescence
under a certain wavelength of excitation light source. After
pre-experimental testing, we selected two groups of doxoru-
bicin optimal excitation/absorption wavelengths as 500/600
nm and 500/620 nm. Afterward, a small animal live imaging
device was used to detect the fluorescence signal intensity
of doxorubicin in the tumor tissue in the optimal wavelength
range to obtain the delivery amount of doxorubicin in the tumor
tissue. The result showed that compared with the treatment
with doxorubicin alone, the fluorescence signal of doxoru-
bicin in the tumor tissue was stronger after HS-173 treatment
(Fig. 8A). Statistical analysis of the measured ROI (region
of interest) of doxorubicin in the tumor tissues indicated that
the results were statistically significant (p < 0.01) (Fig. 8B).
Altogether, these findings show that HS-173 could increase the
delivery efficiency of doxorubicin in tumor tissues.

4. Discussion

Breast cancer is currently the most serious malignant tumor
threatening women’s health and is ranked first in the incidence
of female malignant tumors. It greatly threatens women’s
health, especially when it has metastasized. Although differ-
ent treatments such as chemotherapy, endocrine therapy and
targeted therapy are used to control the pathogenesis of breast
cancer more effectively, breast cancer metastasis and recur-
rence still account for a large number of cancer-related deaths
[7]. Angiogenesis is an important process for tumor growth
and proliferation. The new blood vessels provide channels



61

FIGURE 5. CD31 immunofluorescence expression in each group (400×). (A) Control group (B) DOX group (C) HS-
173 group (D) H + D group Immunofluorescence staining was used to detect the vascular endothelial cell marker CD31 and
to detect the continuity and integrity of tumor vascular endothelium in each group of tumor-bearing mice. The results showed
that the (A) control group and (B) adriamycin group had different degrees of vascular endothelium loss, and the vascular lumen
was discontinuous, and the integrity was reduced; (C) the HS-173 group and (D) combination group had better endothelial cell
integrity and continuity.

FIGURE 6. Transmission electron microscopy to observe the changes in blood vessel structure in each group (A, C,
E, G: ×1000; B, D, F, H: ×5000). (A) Control group, (C) DOX group, (E) HS-173 group, and (G) H + D group under
electron microscopy. The blood vessels in the interstitial tissue of the tumor tissues demonstrated luminal-like structures, mostly
surrounded by one or two endothelial cells and red blood cells (R) in the middle of part of the lumens. (A, B) In the control
group, the vascular lumens of tumor tissues were enlarged and twisted. Endothelial cells had abnormal morphology, incomplete
structure and poor tight junctions between endothelial cells. Extracellular matrix components were fewer, and no basement
membrane was formed. (C, D) The tumor vessel lumen in the doxorubicin administration group was incomplete or even missing,
and its characteristics were similar to those in the control group. (G, H) In the HS-173 administration group and the combination
medication group, the tumor vascular lumens were relatively regular, the endothelial cell structure was complete, the connection
between the endothelial cells was tight, and the number was large. The extracellular matrix was rich in components, and there
was a tendency to form a basement membrane.
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FIGURE 7. Doppler ultrasound detection of blood flow changes in each group after treatment. (A) Control group, (B)
DOX group, (C) HS-173 group, (D) H + D group, and (E) statistics chart of blood perfusion of tumor tissue (**p < 0.01). The
blood perfusion volume of tumor tissue in the HS-173 administration group and the combination treatment group was significantly
higher than the solvent control group and the adriamycin administration group. In the control group and the DOX treatment
group alone, the tumor blood perfusion only appeared around the tumor and did not enter the tumor tissue. After using HS-173
treatment, we observed varying degrees of increasing blood perfusion trends in the tumor tissue. DOX: doxorubicin; HS-173:
PI3Kα subtype-specific inhibitor.

FIGURE 8. Fluorescence signal intensity of adriamycin in tumor tissues. (A) Fluorescence signal intensity map of
adriamycin in tumor tissues. (B) Statistic graph of fluorescence intensity of doxorubicin in tumor tissue (**p < 0.01) compared
with the treatment with doxorubicin alone, the fluorescence signal of doxorubicin in the tumor tissue is stronger after HS-173
treatment. We conducted statistics on themeasured ROI of doxorubicin in tumor tissues and found that the results were statistically
significant (**p < 0.01). It shows that HS-173 could increase the delivery efficiency of doxorubicin in tumor tissues. DOX:
doxorubicin; HS-173: PI3Kα subtype-specific inhibitor; ROI: region of interest.
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for tumor cells and participate in the formation of abnormal
microenvironments such as hypoxia and acidosis, which affect
the therapeutic effects of cytotoxic drugs [9, 10]. However,
simply inhibiting tumor angiogenesis has been shown insuffi-
cient in curbing the development of tumors. Jain et al. [11]
reported that angiogenesis inhibitors could moderately inhibit
angiogenesis, “normalize” tumor blood vessels and restore the
structure and function of blood vessels. In addition, it can
provide suitable treatment time and dose reference for other
cytotoxic treatments [11, 12].
The mouse breast cancer 4T1 cell line used in this exper-

iment is a highly metastatic breast cancer cell line which is
originated from BABL/C mice; thus, it can avoid immune
rejection caused by human tumor cells. It also has low allograft
immunogenicity and a high tumor formation rate. The tumor
formation rate is 100% as measured by preliminary experi-
ments, which provides a good experimental animal model for
follow-up research. In this study, we used light microscopy
to observe the breast cancer tissues of transplanted tumor
mice, which showed that the tumor cells proliferated rapidly
and new blood vessels were abundant. The blood vessels in
the tumor stroma were mostly immature blood vessels with
abnormal structure and function. The tube wall was tortuous
and irregular, endothelial cells were loosely connected, tumor
cells and red blood cells could be seen in the tube cavity, and a
tube-like structure surrounded by suspected tumor cells could
be seen. In this experiment, color Doppler ultrasonography
was used to dynamically observe the blood perfusion in the
tumor tissues of living mice. The testing instrument used
was a small animal high-frequency ultrasound system. The
operation method was to fix the mouse under the ultrasound
probe and collect the contrast image of the tumor site with
the ultrasound coupling agent. Therefore, the subcutaneous
vaccination method used in this experiment could avoid the
blood flow interference signal generated by the chest cavity
and the large blood vessels of the abdomen that may be caused
by in situ vaccination. In addition, the blood perfusion of
the tumor tissues was more clearly observed. We visually
and accurately monitored tumor growth images 3 days after
inoculation. The tumor tissue recognition was high, the image
was clear, the lesion area could be observed, the operation
was simple, and special consideration was taken to reduce
animal suffering. Overall, the images represent reliable data
for monitoring tumor volume changes.
A tumor is a complex organ-like structure. Compared with

normal tissues, tumor cells need more blood vessels to trans-
port oxygen and nutrients to maintain their rapid proliferation
needs. Tumor tissues are rich in new blood vessels, but their
structure and function are immature and do not have normal
perfusion and delivery functions. The increased permeability
of the blood vessel wall causes plasma extravasation, which
not only causes local hypoxia and ischemia of the tumor tissue
but also leads to the formation of an abnormal tumor microen-
vironment. All these may aggravate the immune escape and
drug resistance of tumors, making it difficult for cytotoxic
drugs to be delivered to the deep tumor tissues, thus, reducing
therapeutic efficacy.
In this experiment, we first administered HS-173 at a dose of

30 mg/kg to mice that underwent subcutaneous transplantation

of tumors for therapeutic research. The results showed that
HS-173 inhibited tumor growth and angiogenesis. Further, im-
munofluorescence and transmission electron microscopy were
used to observe the effects of HS-173 on the integrity and
continuity of tumor vascular endothelial cells. The results
confirmed that compared with the control group, the integrity
and continuity of tumor vascular endothelial cells increased
after HS-173 treatment, the tumor vascular lumen leaks were
reduced, the diameter was uniform, the endothelial cell struc-
ture was complete, the morphology was good, and the vascular
structures were mature. In addition, after HS-173 treatment,
the number of tight junctions between vascular endothelial
cells increased, the degree of connection was better, and the
formation of the vascular basement membrane was more obvi-
ous. These findings indicated that HS-173 could increase the
tight junctions of vascular endothelial cells, reduce vascular
permeability, and create favorable conditions for the delivery
of doxorubicin to deep tumor tissues. Because doxorubicin has
its own fluorescence, small animal live imaging can be used to
dynamically monitor the delivery of doxorubicin. We moni-
tored the tumor’s blood perfusion using Doppler ultrasound.
The results showed that after the use of doxorubicin combined
with HS-173 treatment, tumor vascular perfusion increased,
and the doxorubicin content in tumor tissues was increased. At
the same time, compared with the control group and the other
two groups alone, the tumor cell apoptosis in the combined
drug group was obvious (data not shown), and the tumor
growth status was significantly inhibited. Altogether, the
combined administration of HS-173 and doxorubicin increased
the delivery of doxorubicin and improved its therapeutic effect.
Cell proliferation in tumor tissues is not proportional to the

speed of vascular network formation. Therefore, malignant
tumor cells often secrete pro-angiogenic factors such as vas-
cular endothelial growth factor VEGF (Vascular Endothelial
Growth Factor) to promote angiogenesis. However, the anti-
angiogenic factors were not excessively consumed due to the
increased secretion of pro-angiogenic factors. The unbalanced
secretion of the two angiogenic factors led to disorder in
tumor neovascularization, causing a series of metabolic ab-
normalities in the microenvironment. Therefore, tumor tissue
has abundant new blood vessels but immature structure and
function, which does not have normal perfusion and delivery
functions. The “tumor vascular normalization” theory suggests
that proper inhibition of the secretion of pro-angiogenic factors
can inhibit tumor angiogenesis and restore the balance of anti-
/pro-angiogenic factors, allowing the structure and function of
tumor blood vessels to mature [13, 14].
As cell proliferation in tumor tissues is not proportional

to the speed of vascular network formation, malignant tumor
cells often secrete pro-angiogenic factors such as vascular
endothelial growth factor VEGF to stimulate angiogenesis.
However, due to the increase in the secretion of pro-angiogenic
factors, the anti-angiogenic factors were not over-consumed,
resulting in an unbalanced secretion of two angiogenic factors
and leading to the structural disorder of tumor neovasculariza-
tion and a series of metabolic abnormalities in the microenvi-
ronment. Therefore, tumor tissue is rich in new blood vessels
but immature in structure and function and does not have
normal perfusion and delivery functions. The theory of “tumor



64

blood vessel normalization” suggests that proper inhibition of
the secretion of pro-angiogenic factors can inhibit tumor an-
giogenesis, restore the balance of anti-/pro-angiogenic factors,
and allow the structure and function of tumor blood vessels to
mature.
The study of vascular normalization targeting VEGF and its

receptors has been widely recognized. In a study by Tolaney
et al. [15], the authors found that inhibiting the expres-
sion of VEGF increased pericyte coverage, reduced vascular
permeability and matured tumor blood vessels [15, 16]. In
addition, studies have shown that VEGFR-2 (Vascular en-
dothelial growth factor receptor 2) inhibitors can increase the
tight junctions between endothelial cells and promote vascular
maturation [17, 18]. Although the study of VEGF inhibitors
has achieved encouraging results, there are still many limita-
tions. For example, anti-VEGF therapy can increase the risk of
bleeding or venous thromboembolism, cause severe vascular
recessions, and increase the incidence of tumor metastasis
[19, 20]. Therefore, people are more inclined to look for
alternative targets for the “normalization” of tumor blood ves-
sels, for example, by improving the coverage of pericytes and
restoring cell connections to promote blood vessel maturation,
thereby increasing tumor perfusion, limiting tumor hypoxia,
and improving the effects of antitumor treatment [21–23].
The effects of PI3K on the components of the tumor mi-

croenvironment, especially on blood vessels, have attracted
increasing attention in recent years. The involvement of PI3K
in regulating tumor angiogenesis and inhibiting tumor metas-
tasis has been confirmed in several studies. PI3K inhibitors
can reduce the expression of VEGF, which may be one of its
mechanisms for promoting the normalization of tumor blood
vessels. The PI3K signaling pathway is also necessary for
the proliferation of endothelial cells. Soo Jung Kim et al.
[8] showed that HS-173 could inhibit the sprouting of vascu-
lar endothelial cells and maintain the stability of endothelial
cells by inhibiting the PI3K/AKT/NOTCH1 (Neurogenic locus
notch homolog protein 1) signaling pathway. The effects of
PI3K inhibitors on the proliferation and migration of vascular
endothelial cells, that is, the direct effect on tumor blood
vessels, still require further validation via molecular biol-
ogy experiments. Based on the above research, we showed
that the PI3K inhibitor HS-173 promoted the normalization
of tumor vascular structure and function by inhibiting the
PI3K/AKT/VEGF signaling pathway in mice models. It also
increased the delivery of doxorubicin in tumor tissues, which
was associated with an enhancement of the antitumor effects
of doxorubicin.
To clarify the effects of PI3Kα subtype inhibitors on tumor

angiogenesis, vascular structural integrity and chemotherapy
drug delivery function, we used HS-173, a PI3Kα subtype-
specific inhibitor, and broad-spectrum chemotherapy drug
doxorubicin (DOX) alone or combined treatment in mice.
Using small animal ultrasound to monitor the growth
of a subcutaneous xenograft model after inoculation
with the mouse breast cancer cell line 4T1, HE staining,
immunohistochemical staining, immunofluorescence staining
and transmission electron microscopy showed that HS-173
inhibited angiogenesis, reduced the tortuosity, swelling
and structural disorder of tumor blood vessels, increased

the integrity of tumor vascular endothelium, and enhanced
endothelial cells tight junctions and basement membrane
integrity. Doppler ultrasound and small animal in vivo
imaging experiments confirmed that HS-173 increased blood
perfusion and the delivery of doxorubicin in tumor tissues.
In addition, the tumor volume after the combined treatment
further proved that HS-173 could enhance the treatment
effects of doxorubicin.
In summary, we conclude that HS-173 may inhibit tumor

angiogenesis, promote the normalization of tumor vascular
structure and function and increase the therapeutic effect of
chemotherapy drugs, providing experimental evidence for the
normalization of tumor blood vessels.

5. Conclusions

In conclusion, our results demonstrated that PI3K inhibitors
increased the integrity of tumor vascular endothelial cells,
enhanced endothelial cell-to-cell junctions and basementmem-
brane integrity, increased tumor blood perfusion and the de-
livery efficiency of doxorubicin, and enhanced the antitumor
effect of doxorubicin. Thus, HS-173 may have promising
efficacy in inhibiting tumor angiogenesis and improving the
structure and function of blood vessels in the tumor microen-
vironment.
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