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Abstract. The aim of the present study was to investigate 
the expression and role of transforming growth factor 
(TGF)‑β1/phosphatidylinositol 3‑kinase catalytic subunit 
type 3 (PI3KC3) in the peripheral blood in patients with hyper-
tension. A total of 28 patients with primary hypertension and 
20 healthy control subjects were included. Peripheral blood 
samples were collected. The mRNA and protein expression 
levels were detected by reverse transcription‑quantitative 
polymerase chain reaction and western blot analysis, respec-
tively. Cell counting kit‑8 assay, Transwell chamber assay 
and flow cytometry were performed to detect the cell prolif-
eration, migration ability and cellular apoptosis, respectively. 
Laser scanning confocal microscopy was used to detect the 
intracellular autophagosomes. The expression of TGF‑β1 was 
significantly elevated, whereas the expression of PI3KC3 was 
significantly downregulated in the patients with hyperten-
sion compared with controls. There was negative correlation 
between the TGF‑β1 and PI3KC3 expression. Following treat-
ment with TGF‑β1, the protein expression of PI3KC3 was 
significantly decreased in human umbilical vein endothelial 
cells (HUVECs), and the autophagic activity was significantly 
decreased. Furthermore, following the treatment of TGF‑β1 
the proliferation of HUVECs was significantly reduced in 
the HUVECs, the hypoxia‑induced apoptosis rates were 
significantly elevated and the number of penetrating cells were 
significantly declined (indicating declined migration ability). 
However, the overexpression of PI3KC3 significantly amelio-
rated the proliferation, migration ability and hypoxia tolerance 
of TGF‑β1‑treated HUVECs. In conclusion, the present results 
indicated that TGF‑β1 expression was elevated in the peripheral 
blood in hypertensive patients and negatively correlated with 
the PI3KC3 expression; and that TGF‑β1 regulates the PI3KC3 

signaling pathway to inhibit the autophagic activity of vascular 
endothelial cells, and regulate the cell proliferation, migration 
and anti‑apoptosis ability, thus aggregating the endothelial 
cell injuries in hypertension. The results of the current study 
revealed a novel mechanism of TGF‑β1 in the regulation of 
endothelial cell injury in hypertension, which may provide a 
potential target for disease therapy.

Introduction

Primary hypertension is a common chronic disease of 
the circulatory system, with an incidence rate of 25.2% in 
China 2017 (1), which is also a key factor in the mortality of 
patients with cardiovascular and cerebrovascular diseases. If 
not properly controlled, primary hypertension may induce 
stroke, myocardial infarction, heart failure and chronic 
kidney diseases, leading to high mortality rates and seriously 
endangering public health (2,3). It has been demonstrated 
previously that, due to population aging and living standard 
improving in China, the incidence of primary hyperten-
sion continues to rise, and the proportion of young patients 
has also been significantly increasing, which has attracted 
great attention from Scientists  (4). Continued elevation 
of blood pressure is a major feature of primary hyperten-
sion, and vascular injury is the underlying mechanism for 
the dysregulation of blood pressure (5). It has been identi-
fied that vascular injuries mainly induce the pathological 
processes including endothelial cell injury, smooth muscle 
cell proliferation and vascular remodeling (2,6). Vascular 
endothelial cells serve important roles in the regulation of 
blood pressure and the maintenance of blood vessel walls, 
and vascular endothelial cell injuries represent the important 
cause of hypertension (7). Hypertension‑induced injuries of 
vascular endothelial cells may lead to the imbalance of the 
secretion of NO and endothelin, enhance vasoconstriction, 
increase the peripheral circulation resistance and promote 
the development of hypertension (8). It has previously been 
demonstrated that vascular injuries may cause massive apop-
tosis of microvascular endothelial cells, induce damage in 
the blood parallel pathways and elevate the peripheral circu-
lation resistance, resulting in elevated blood pressure (9). 
Vascular endothelial cell injuries serve important roles in 
the development of hypertension, which is also a focus in 
medical research (10). However, the associated molecular 
mechanism has not yet been fully elucidated.
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The transforming growth factor (TGF)‑β family of 
cytokines was identified in the 1980s and comprises 
>30 members  (11,12). At present, four subtypes of TGF‑β 
have been observed in mammals, including TGF‑β1, 
TGF‑β2, TGF‑β3 and TGF‑β1β2 (13). TGF‑β1 is currently 
the most well‑studied member of the TGF family, which 
serves important regulatory roles in various pathophysi-
ological processes, such as cell proliferation, differentiation, 
migration and apoptosis  (14,15). Activated TGF‑β1 exerts 
biological functions through cell surface receptors. The 
classical TGF‑β1 signaling pathway is mainly mediated by 
the downstream mothers against decapentaplegic homolog 
(SMAD) family (16). In addition, TGF‑β1 can exert biological 
functions through a variety of non‑classical pathways, such 
as the c‑Jun N‑terminal kinase, extracellular signal‑regulated 
kinase, and p38/mitogen‑activated protein kinase path-
ways (17‑19). A previous study has demonstrated that TGF‑β1 
can regulate the synthesis of collagen and the expression of 
extracellular matrix‑related protein, thus promoting myocar-
dial fibrosis (20,21). Furthermore, in hypertension, TGF‑β1 can 
induce the proliferation of vascular smooth muscle (22). It has 
also been reported that the expression of TGF‑β1 is positively 
correlated with disease development, as detected in the periph-
eral blood and urine of patients with myocardial infarction and 
hypertensive nephropathy (23). Furthermore, peripheral blood 
tests for hypertensive patients have demonstrated that the 
concentration of TGF‑β1 is significantly increased compared 
with the healthy control group (24). These findings suggest 
that TGF‑β1 may be closely associated with vascular injuries 
in hypertensive patients.

VPS34 was initially identified in yeast, which is analo-
gous tophosphatidylinositol 3‑kinase catalytic subunit type 3 
(PI3KC3) in mammals (25). PI3KC3 has been demonstrated to 
serve an important regulatory role in autophagic processes (26). 
Autophagy is an indispensable physiological process through 
which normal cells maintain their homeostasis and activities, 
the main function of which comprises the recycling of aging 
organelles and the degradation of abnormal proteins  (27). 
Abnormal autophagic processes may lead to mitochondrial 
damages, thus resulting in cell death (28). Aberrant activity of 
autophagy has been demonstrated to serve important roles in 
vascular injuries. In diabetic patients, persistent hyperglycemia 
induces increased reactive oxygen species in endothelial cells, 
which in turn activates the endothelial cell autophagy, resulting 
in endothelial cell death and vascular injuries (29).

In recent years, a number of studies have confirmed that 
TGF‑β1 can regulate the cell autophagy activity, with differ-
ential roles in different disease processes (30,31). Whether 
TGF‑β1 participates in the vascular injury in hypertensive 
patients via autophagy remains unclear. In the present study, 
the regulating effect of TGF‑β1 on PI3KC3 and its role in 
vascular injuries were investigated.

Materials and methods

Study patients. A total of 28 patients with primary hyper-
tension, 17  males and 11  females, with a mean age of 
56.3±4.3  years, who were admitted to the Department of 
Cardiology at Zaozhuang Municipal Hospital, (Zaozhuang, 
China) from January 2016‑January 2017, were included in the 

present study. According to the Guidelines for Hypertension 
Diagnosis and Treatment in China (32), these patients were 
divided into three groups as follows: Grade I hypertension 
(n=10), grade II hypertension (n=9) and grade III hypertension 
(n=9). All patients were first diagnosis cases with no long‑term 
medication history, combined tumors or other chronic diseases, 
autoimmune diseases or family genetic diseases. Furthermore, 
20 healthy subjects were recruited as the control group. From 
each patient and healthy subject, 5 ml peripheral blood was 
collected. Prior written and informed consent was obtained 
from all subjects and the present study protocol was approved 
by the ethics review board of Zaozhuang Municipal Hospital 
(Zaozhuang, China).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Blood samples were collected and total RNA 
was extracted with TRIzol (life Technologies; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) within 30 min. The cDNA 
template was obtained via the Ipsogen RT kit (Qiagen GmbH, 
Hilden, Germany). qPCR was performed using a Fast Fire 
qPCR PreMix kit (Tiangen Biotech Co., Ltd., Beijing, China) 
with a Step one Plus PCR machine (Thermo Fisher Scientific, 
Inc.). Primer sequences were as follows: PI3KC3, forward 
5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' and reverse 5'‑AAC​GCT​
TCA​CGA​ATT​TGC​GT‑3'; GAPDH forward, 5'‑CGG​AGT​
CAA​CGG​ATT​TGG​TCG​TAT‑3' and reverse, 5'‑AGC​CTT​
CTC​CAT​GGT​GGT​GAA​GAC‑3'. The 20‑µl PCR reaction 
mixture consisted of 10 µl RT‑qPCR‑Mix, 0.5 µl primereach, 
2 µl cDNA and 7 µl ddH2O. The PCR conditions were set as 
follows: 95˚C for 5 min and 40 cycles of 95˚C for 30 sec, 60˚C 
for 45 sec and 72˚C for 30 sec; followed by 72˚C for 20 sec. 
The relative expression levels of the target genes were calcu-
lated using the 2‑ΔΔCq method (33). GAPDH was used as the 
internal control.

Human umbilical vein endothelial cell (HUVEC) treatment 
and transfection. HUVECs were purchased from the Cell 
Bank, Chinese Academy of Sciences (Shanghai, China). 
TGF‑β1 recombinant protein was purchased from R&D 
Systems, Inc. (Minneapolis, MN, USA). HUVECs were 
cultured at 37˚C in a 5% CO2 incubator, in RPMI 1640 culture 
medium (Thermo Fisher Scientific, Inc.) containing 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific, Inc.). For cell 
treatment (at 37˚C in a 5% CO2 incubator), 5 µg/ml TGF‑β1 
was added into the culture medium, to incubate the HUVECs 
at 37˚C in a 5% CO2 incubator for 48 h.

For cell transfection, following the treatment with TGF‑β1 
for 48 h, HUVECs were seeded in a 24‑well plate, at a density 
of 1x105 cells/well, and cultured, at 37˚C in a 5% CO2 incu-
bator for 12 h, with RPMI‑1640 medium containing 10% FBS. 
Cells were then divided into the empty vector (0.5 µg) and 
PI3KC3 groups. When 60% confluence was reached, 0.5 µg 
PI3KC3 plasmid (Shanghai GeneChem Co., Ltd., Shanghai, 
China) and 2 µl Lipofectamine 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) were added into 50 µl OptiMem culture 
medium (Thermo Fisher Scientific, Inc.), in Eppendorf tubes, 
at room temperature for 5 min. The solution in the two sepa-
rate tubes (lipofectamine and plasmid, respectively) was then 
mixed together gently, and the mixture was placed at room 
temperature for 15 min prior to incubation at 37˚C for 6 h. 
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The incubation medium was then replaced with RPMI‑1640 
medium containing 20 ng/ml TGF‑β1, followed by incuba-
tion for 48 h at 37˚C in a 5% CO2 incubator, prior to further 
investigation.

Cell Counting Kit (CCK)‑8 assay. Proliferation of HUVECs 
was detected with the CCK‑8 assay. Briefly, cells were seeded 
onto a 96‑well plate, at a density of 2x103  cells/well, and 
cultured with 200 µl RPMI‑1640 complete medium at 37˚C in 
a 5% CO2 incubator. According to the manufacturer's protocol, 
CCK‑8 (Beyotime Institute of Biotechnology, Haimen, China) 
was added into each well to incubate the cells for 30 min, 
and the optical density values at 490 nm were detected at 24, 
48 and 72 h. The experiment was performed in triplicate, and 
cell proliferation curves were produced.

Transwell chamber assay. The migration ability of HUVECs 
was assessed using the Transwell chamber assay. A total of 
2x105 HUVECs were seeded into the upper chamber of a 
Transwell insert (8 µm; Corning Incorporated, Corning, NY, 
USA) and cultured with 200 µl serum‑free RPMI 1640 culture 
medium, while 500 µl RPMI 1640 medium containing 20% 
FBS was added into the lower chamber. Following 24 h, the 
cells in the upper chamber were fixed at room temperature 
with 4% formaldehyde for 10 min. Giemsa staining was then 
performed at room temperature for 2 min, and the cells were 
observed under a light microscope (magnification, x100). Five 
fields were randomly selected, and the number of penetrating 
cells were counted. Cell migration ability was assessed 
accordingly.

Flow cytometry. Cellular apoptotic processes were assessed 
with flow cytometry. HUVEC apoptosis was induced by 
hypoxia, as follows: Following transfection, HUVECs were 
cultured in RPMI‑1640 culture medium containing TGF‑β1 
(20 ng/ml) at 37˚C for 48 h, and then cultured in a 1% O2, 
5% CO2, 37˚C incubator for 4  h. Following washing, the 
cells were collected, and the cell density was adjusted to 
1x106 cells/100 µl. Flow cytometry was performed with the 
Annexin V/FITC Apoptosis Detection kit I (BD Biosciences, 
Franklin Lakes, NJ, USA), according to the manufacturer's 
instructions, using a flow cytometer. Annexin V single‑posi-
tive cells were undergoing early apoptosis, propidium iodide 
(PI; provided by the kit) single‑positive cells were undergoing 
necrosis, and PI and Annexin V double‑positive cells were 
undergoing late apoptosis. For the detection of Ki67, cells were 
incubated with 20 µl of the PE‑labeled Ki67 (BD Biosciences) 
in the dark at room temperature for 10 min. Analyses was 
performed with the ModFit LT 5.0 software (BD Biosciences).

Ad‑GFP‑LC3 adenovirus transfection and detection of 
autophagosomes. Following treatment with TGF‑β1, HUVECs 
were seeded onto a culture dish at a density of 1x105 cells/well. 
The mRFP‑GFP‑LC3 adenovirus (Hanbio Biotechnology Co., 
Ltd., Shanghai, China) was used to transfect the cells at multi-
plicity of infection=20 for 48 h. The cells were then washed 
with pre‑chilled PBS twice, and fixed at room temperature 
with 4% formaldehyde for 15 min. Following washing, the 
autophagosomes were observed under laser confocal micros-
copy (magnification, x400; SP8; Leica Microsystems GmbH, 

Wetzlar, Germany). Five fields were randomly selected, and 
the autophagic process was assessed.

Western blot analysis. Cells were lysed with radio immuno-
precipitation assay lysis containing 1% PMSF. Total protein 
concentration was determined using the BCA method. Protein 
samples (20  µg) were separated by SDS‑PAGE, and then 
electronically transferred onto a polyvinylidene difluorude 
membrane. Following blocking with 5% non‑fat milk at 
room temperature for 1 h, the membrane was incubated with 
the rabbit anti‑human anti‑LC3B primary antibody (1:1,000; 
cat.  no.  AL221; Beyotime Institute of Biotechnology), 
rabbit anti‑human anti‑PI3KC3 primary antibody (1:1,000; 
cat. no. ab124905; Abcam, Cambridge, UK), rabbit anti‑human 
anti‑p62 primary antibody (1:1,000; cat.  no.  ab155686; 
Abcam) and mouse anti‑human anti‑GAPDH primary 
antibody (1:5,000; cat. no. AF0006; Beyotime Institute of 
Biotechnology) at 4˚C overnight. Following washing with 
TBST, the membrane was incubated with horseradish perox-
idase‑conjugated goat anti‑mouse (1:4,000; cat. no. A0192; 
Beyotime Institute of Biotechnology) or goat anti‑rabbit 
(1:4,000; cat. no. A0208; Beyotime Institute of Biotechnology) 
secondary antibody, at room temperature for 1 h. Following 
washing with TBST, protein bands were developed using the 
P0018 enhanced chemiluminescence kit (Beyotime Institute 
of Biotechnology). Analysis was performed using quantityone 
software (V4.62; Bio‑Rad Laboratories, Hercules, CA, USA).

ELISA. TGF‑β1 levels were detected using the Human 
TGF‑beta 1 Quantikine ELISA kit (cat. no. DB100B; R&D 
Systems, Inc.), according to the manufacturer's protocol. 
Peripheral blood (5 ml) was collected and incubated at 4˚C 
overnight. Serum was obtained via centrifugation at 12,000 x g 
at 4˚C for 10 min, to detect TGF‑β1.

lactate dehydrogenase (LDH) detection. LDH levels were 
detected using the LDH Cytotoxicity Assay kit (cat. no. C0016) 
from Beyotime Institute of Biotechnology. The culture super-
natant was collected and centrifuged at 12,000 x g at 4˚C for 
10 min. Detection was performed according to the manufac-
turer's protocol.

Statistical analysis. Data were expressed as the mean ± stan-
dard deviation. SPSS 17.0 software (SPSS, Inc., Chicago, IL, 
USA) was used for statistical analysis. Student's t‑test was 
performed for comparison between two groups, and one‑way 
analysis of variance was performed for multiple group 
comparisons, with a Student‑Newman‑Keuls post hoc test. 
Spearman's rank correlation analysis was used to measure the 
correlation between PI3KC3 and TGF‑β1. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

PI3KC3 is negatively correlated with TGF‑β1 in peripheral 
blood of hypertensive patients. Previous studies have demon-
strated that the TGF‑β1 expression is significantly elevated in 
the peripheral blood of the hypertensive patients (34), which 
has diagnostic values for the hypertension‑induced heart or 
kidney injuries. Therefore, the mRNA expression levels of 
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PI3KC3 in the peripheral blood samples of the patients with 
hypertension were initially investigated via RT‑qPCR. The 
results demonstrated that, compared with the normal control 
subjects, the mRNA expression levels of PI3KC3 in the 
peripheral blood of the hypertensive patients were significantly 
declined (0.72±0.06; P<0.05; Fig.  1A). For the sub‑group 
analysis, the results demonstrated that the mRNA expression 
levels of PI3KC3 in the grades I and II hypertensive patients 
were 0.81±0.07 and 0.76±0.05, respectively, which were both 

significantly higher than the grade III hypertensive patients 
(0.51±0.08; P<0.05; Fig. 1B). Furthermore, the TGF‑β1 contents 
in the peripheral blood of these patients were detected with 
ELISA. The results demonstrated that, the TGF‑β1 contents in 
the peripheral blood of the hypertensive patients were signifi-
cantly elevated (21.70±0.34 pg/ml) compared with normal 
controls (P<0.05; Fig. 1C), whereas no significant differences 
were observed in the peripheral TGF‑β1 content between 
patients with different grades of hypertension (Fig. 1D). The 

Figure 1. Expression and correlation of PI3KC3 and TGF‑β1 in peripheral blood of hypertensive patients. (A) The mRNA expression levels of PI3KC3 in 
the peripheral blood in the normal control subjects and patients with hypertension were detected via RT‑qPCR. *P<0.05 vs. normal. (B) The mRNA expres-
sion levels of PI3KC3 in the peripheral blood in patients with hypertension of grades I, II and III were detected with RT‑qPCR. *P<0.05 vs. grades I and II. 
(C) TGF‑β1 contents in the peripheral blood in the normal control subjects and patients with hypertension were detected with ELISA. *P<0.05 vs. normal. 
(D) TGF‑β1 contents in the peripheral blood in the patients with hypertension of grades I, II and II were detected with ELISA. (E) Correlation analysis of 
PI3KC3 and TGF‑β1 in peripheral blood in patients with hypertension. PI3KC3, phosphatidylinositol 3‑kinase catalytic subunit type 3; TGF, transforming 
growth factor; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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association between TGF‑β1 content and PI3KC3 mRNA 
expression in the peripheral blood was analyzed. The results 
demonstrated that there was a negative correlation between 
the TGF‑β1 content and PI3KC3 mRNA expression (R2=0.62; 
P<0.05; Fig.  1E). These results suggest that TGF‑β1 and 
PI3KC3 are negatively correlated in the peripheral blood of 
the patients with hypertension.

TGF‑β1 reduces PI3KC3 expression and autophagic activities 
in HUVECs. Continuously increased peripheral blood pres-
sure in patients with hypertension represents a stress factor on 
endothelial cells, and autophagy, as a physiological process to 
maintain intracellular stability, is of great importance for the 
repair of endothelial cell injuries. PI3KC3 is a key regulator for 
the autophagic process (35). Therefore, the effects of TGF‑β1 
on the regulation of PI3KC3 and the autophagic activities were 
investigated. The results from the western blot analysis demon-
strated that, under hypoxia conditions, the expression levels of 
LC3B‑II protein in the TGF‑β1‑treated HUVECs (0.46±0.05) 
were significantly reduced compared with controls (P<0.05), 
whereas the p62 protein expression levels (1.85±0.06) were 
significantly elevated compared with the control group (P<0.05; 
Fig. 2A). Laser scanning confocal microscopy demonstrated 
that, under hypoxia conditions, the number of autophagosomes 
in the TGF‑β1‑treated HUVECs (42.6±1.5) was significantly 
declined, compared with the control group (67.8±2.3; P<0.05; 
Fig.  2B). Furthermore, the results from the western blot 
analysis demonstrated that, the expression levels of PI3KC3 in 
the TGF‑β1‑treated HUVECs (0.61±0.03) were significantly 

declined compared with controls (P<0.05; Fig. 2A). These 
results suggest that TGF‑β1 reduced the expression levels of 
PI3KC3 and the autophagic activities in the HUVECs.

TGF‑β1 promotes HUVEC injuries via inhibit ing 
PI3KC3‑mediated regulation of autophagy. Autophagy helps 
regulate cellular stress, and factors that inhibit autophagic 
activities may lead to cellular damages  (36). To further 
investigate whether TGF‑β1 regulates cell viability through 
PI3KC3‑mediated autophagy regulation, the cellular autoph-
agic activities were detected. The results demonstrated that, 
compared with the TGF‑β1 group, the expression level of 
LC3B‑II protein was markedly elevated in the TGF‑β1+PI3KC3 
over‑expression group compared with the TGF‑β1 group, which 
indicated enhanced autophagic activities, and LCSM revealed 
that the number of autophagosomes in the TGF‑β1‑treatment 
group was significantly lower than the control group, while 
the number of autophagosomes was significantly higher in 
the TGF‑β1+PI3KC3 overexpression group compared with 
the TGF‑β1 group. These results indicate that PI3KC3 restored 
TGF‑β1‑induced autophagy inhibition (Fig. 3A and B). To 
assess the tolerance of HUVECs against hypoxia‑induced 
stress, the cellular apoptosis rates were detected by flow 
cytometry. The results demonstrated that for the NC group, the 
HUVEC apoptosis rate was 18.5±1.1%; for the TGF‑β1 group, 
the apoptosis rate was 33.8±2.7%; and for the TGF‑β1+PI3KC3 
over‑expression group, the apoptosis rate was 19.7±0.9% 
(Fig. 3C). The LDH release in the cell culture supernatant was 
also investigated. The results demonstrated that, compared 

Figure 2. Effects of TGF‑β1 on the PI3KC3 expression and autophagic activities in HUVECs. (A) Following treatment with TGF‑β1, the protein expression 
levels of PI3KC3 and LC3B‑II in the HUVECs were detected with western blot analysis. (B) Following treatment with TGF‑β1, the autophagosomes were 
detected via laser scanning confocal microcopy and the autophagosome numbers were counted. Magnification, x400. *P<0.05 vs. NC. TGF, transforming 
growth factor; PI3KC3, phosphatidylinositol 3‑kinase catalytic subunit type 3; HUVECs, human umbilical vein endothelial cells; NC, negative control; GFP, 
green fluorescent protein; RFP, red fluorescent protein.
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with the control group, the relative LDH content in the culture 
supernatant in the TGF‑β1 group was 3.5±0.54‑fold greater, 
and for the TGF‑β1+PI3KC3 over‑expression group, the 
relative LDH content was 1.97±0.36‑fold greater, which was 
significantly decreased compared with the TGF‑β1 group 
(Fig. 3D). These results suggest that TGF‑β1 could promote 

HUVEC injuries via inhibiting PI3KC3‑mediated regulation 
of autophagy.

TGF‑β1 inhibits HUVEC proliferation via downregulating 
PI3KC3 expression. Following vascular endothelial injury, 
endothelial cells may enter a proliferative cycle, which is a key 

Figure 3. Effects of TGF‑β1 and PI3KC3 overexpression on autophagic activity and apoptotic process of HUVECs. (A) Following the treatment of TGF‑β1, 
the HUVECs were overexpressed with PI3KC3 and the expression levels of PI3KC3, LC3B‑II and p62 were detected via western blot analysis. (B) Following 
the treatment of TGF‑β1, the HUVECs were overexpressed with PI3KC3 and the autophagosomes were detected with laser scanning confocal microscopy. 
(C) Following the treatment of TGF‑β1 and overexpression of PI3KC3, under hypoxia conditions the apoptosis of HUVECs was detected with flow cytometry. 
(D) Following the treatment of TGF‑β1 and overexpression of PI3KC3, under hypoxia conditions, the LDH release in the HUVEC culture supernatant was 
determined. Magnification, x400. *P<0.05 vs. NC; #P<0.05 vs. TGF‑β1. TGF, transforming growth factor; PI3KC3, phosphatidylinositol 3‑kinase catalytic 
subunit type 3; HUVECs, human umbilical vein endothelial cells; LDH, lactate dehydrogenase; NC, negative control; PI, propidium iodide; FITC, fluorescein 
isothiocyanate.
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factors for the vascular repair process (37). In order to study 
the effect of TGF‑β1‑induced downregulation of PI3KC3 
expression on the proliferation of HUVECs, a CCK‑8 assay 
was performed. The results demonstrated that, compared with 
the NC group, HUVEC proliferation ability was significantly 
declined in the TGF‑β1 group (P<0.05) at 24‑72 h. Compared 
with the TGF‑β1 group, the OD490 values at 24‑72 h in the 
TGF‑β1+PI3KC3 over‑expression group were significantly 

increased (P<0.05; Fig. 4A). The Ki67 positive cell numbers 
were further assessed by flow cytometry. The results demon-
strated that, the number of Ki67 positive HUVECs in the 
TGF‑β1 group was significantly lower than the control group 
and the TGF‑β1+PI3KC3 over‑expression group (P<0.05), 
indicating decreased cell proliferation ability (Fig. 4B). These 
results suggest that TGF‑β1 may inhibit the HUVEC prolifera-
tion ability via downregulation of PI3KC3, and the decreased 

Figure 4. Effects of TGF‑β1 and PI3KC3 overexpression on proliferation of HUVECs. (A) Following the treatment of TGF‑β1, the HUVECs were over-
expressed with PI3KC3, and the cell proliferation was detected via a cell counting kit‑8 assay. (B) Following the treatment of TGF‑β1, the HUVECs were 
overexpressed with PI3KC3, and the Ki67 positive‑level was detected with flow cytometry. *P<0.05 vs. NC; #P<0.05 vs. TGF‑β1. TGF, transforming growth 
factor; PI3KC3, phosphatidylinositol 3‑kinase catalytic subunit type 3; HUVECs, human umbilical vein endothelial cells; NC, negative control; OD, optical 
density; SSC, side‑scattering.
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cell proliferation ability may inhibit the vascular endothelial 
injury repair process.

TGF‑β1 inhibits HUVEC migration ability via downregulating 
PI3KC3 expression. It has been demonstrated that endo-
thelial cells have the ability to migrate. Following vascular 
injury, the adjacent vascular endothelial cells may begin to 
proliferate or migrate to the lesion sites under the direction 
of local chemotactic factors, repairing the vascular wall (38). 
To investigate the migration ability of HUVECs, a Transwell 
chamber assay was performed. The results demonstrated 
that, compared with the NC group, the HUVEC migration 
ability in the TGF‑β1 group was significantly decreased, as 
indicated by the decreased penetrating cells (P<0.05), whereas 
the penetrating cells were significantly increased in the 

TGF‑β1+PI3KC3 over‑expression group compared with the 
TGF‑β1 group (85.6±3.5; P<0.05; Fig. 5A). The cytoskeletal 
changes in these cells were further observed by laser confocal 
microscopy. The results demonstrated that, compared with the 
NC and TGF‑β1+PI3KC3 groups, the synapses on the HUVEC 
membrane were significantly decreased in the TGF‑β1 group, 
as indicated by the declined fluorescence intensity and quan-
tity, which also suggests decreased migration ability (Fig. 5B). 
These results suggest that TGF‑β1 may inhibit the migration 
ability of HUVECs via downregulating PI3KC3 expression.

Discussion

Vascular endothelial injury is one of the most commonly 
reported pathological changes in patients with hypertension, 

Figure 5. Effects of TGF‑β1 and PI3KC3 overexpression on migration ability of HUVECs. (A) Following the treatment of TGF‑β1, the HUVECs were overex-
pressed with PI3KC3 and the cell migration ability was assessed with the Transwell chamber assay. (B) Following the treatment of TGF‑β1, the HUVECs were 
overexpressed with PI3KC3, and the synapses on the cell membrane were detected with laser scanning confocal microscopy. Magnification, x400. *P<0.05 
vs. NC; #P<0.05 vs. TGF‑β1. TGF, transforming growth factor; PI3KC3, phosphatidylinositol 3‑kinase catalytic subunit type 3; HUVECs, human umbilical 
vein endothelial cells; NC, negative control.
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which has a marked impact on the occurrence and develop-
ment of hypertension and associated complications  (29). 
TGF‑β1 is associated with various physiological and patho-
logical biological processes. Due to its diverse functions and 
complex mechanism of action, TGF‑β1 has notable clinical 
value in various diseases, including tumor metastasis and 
tissue fibrosis (13,39), and has thus become a focus in medical 
research. Previous studies have demonstrated that TGF‑β1 
serves an important role in the development of hyperten-
sion and its associated complications, particularly in the 
regulation of various pathological processes (40,41). In the 
present study, the results demonstrated that the expression of 
TGF‑β1 in the peripheral blood was significantly elevated in 
patients with hypertension, which was negatively correlated 
with the autophagy regulator PI3KC3. The in vitro results 
demonstrated that TGF‑β1 could downregulate the expres-
sion of PI3KC3 to inhibit the proliferation, migration and 
autophagy of HUVECs, while promoting cellular apoptosis 
and aggregating the vascular endothelial injuries in patients 
with hypertension.

TGF‑β1, as a multi‑functional cytokine, serves an impor-
tant role in the development of hypertension. A number of 
studies have demonstrated that the contents of TGF‑β1 in the 
peripheral blood are significantly increased in patients with 
hypertension  (42,43). In accordance with this, the present 
results demonstrated that, compared with the healthy control 
group, the TGF‑β1 contents in the peripheral blood were 
significantly elevated in hypertensive patients, which was also 
associated with hypertension grading. In addition, TGF‑β1 
is associated with various hypertension‑induced complica-
tions. Wei  et  al  (44) have recently demonstrated that the 
TGF‑β1/SMAD3 pathway mediates hypertension‑induced 
myocardial fibrosis (45). The TGF‑β1/p53 signaling pathway 
serves an important role in hypertension‑induced renal 
fibrosis (46). For vascular injuries, it has been reported that, 
TGF‑β1 can promote the proliferation of vascular smooth 
muscle, leading to thickened vascular muscle layer and 
enhanced contraction, further increasing the peripheral 
circulation resistance and promoting hypertension develop-
ment (47). For vascular endothelial injuries, the role of TGF‑β1 
remains unclear. Li et al  (48) have recently demonstrated 
that miRNA‑146a‑mediated TGF‑β1 silencing can promote 
angiogenesis. In the present study, the results demonstrated 
that following treatment with TGF‑β1, the HUVEC prolif-
eration and migration ability were significantly decreased, 
and under hypoxic conditions, the cellular apoptosis rates 
were significantly elevated. In addition, the release of LDH in 
the cell culture supernatant was also investigated. The results 
demonstrated that TGF‑β1 could promote the release of LDH, 
indicating the occurrence of endothelial cell injuries. These 
results suggest that TGF‑β1 may promote the development of 
vascular endothelial injuries.

Autophagy is an important biological process in 
vascular injury, and PI3KC3 is a key gene regulating 
autophagic activity. It has been demonstrated that TGF‑β1 
is associated with the regulation of autophagy (49,50). In 
the present study, the expression levels of PI3KC3 mRNA 
in the peripheral blood and its correlation with TGF‑β1 
were analyzed. The results demonstrated that the PI3KC3 
mRNA expression levels were significantly decreased in 

patients with hypertension, which was also associated with 
the disease grading. Correlation analysis demonstrated that 
the TGF‑β1 and PI3KC3 mRNA expression demonstrated 
moderate negative correlation. In vitro results demonstrated 
that, TGF‑β1 could inhibit the PI3KC3 expression and the 
autophagic activity in the HUVECs. In order to further verify 
whether TGF‑β1 functioned through PI3KC3, following 
treatment with PI3KC3, the HUVECs were overexpressed 
with PI3KC3. The overexpression of PI3KC3 significantly 
ameliorated the proliferation, migration and hypoxia toler-
ance of the HUVECs. These results suggest that TGF‑β1 
was able to inhibit autophagic activity through PI3KC3 and 
promote the injury of vascular endothelial cells. Conversely, 
it has previously been reported that TGF‑β1 can promote 
the EMT of vascular endothelial cells and enhance the 
migration ability  (51). The present authors speculate that 
this disparity may be attributed to the different downstream 
pathways of TGF‑β1 and the different models used. Further 
in‑depth studies are required to elucidate the detailed 
mechanism.

In conclusion, the present results demonstrated that TGF‑β1 
may inhibit the autophagic activity of vascular endothelial cells 
via the PI3KC3 pathway, promoting the vascular endothelial 
injuries. The present study primarily investigated the mecha-
nism through which TGF‑β1 regulated the autophagy, and the 
results revealed the regulating correlation between TGF‑β1 and 
PI3KC3. These findings may contribute to the understanding of 
the role of TGF‑β1 in hypertension‑induced vascular injuries.
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