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Abstract. Human umbilical vein endothelial cells (HUVECs) 
serve a critical role in maintaining normal vascular function. 
Lipopolysaccharide (LPS), which is released from pathogenic 
bacteria in the blood, induces HUVEC apoptosis and injury to 
cause vascular dysfunction and infectious vascular diseases. 
Procyanidin B2 (PB2) possesses numerous functions, including 
antioxidant, antitumor, anti‑inflammatory and antiapoptosis 
effects, but the molecular mechanism is not completely 
understood. The present study investigated the effects of PB2 
on LPS‑induced cytotoxicity and apoptosis in HUVECs, 
as well as the underlying mechanisms. The effects of PB2 
on LPS‑mediated alterations to cytotoxicity, mitochondrial 
membrane potential, apoptosis were assessed by performing 
Cell Counting Kit‑8, JC‑1 fluorescence, Hoechst 33258 
staining assays, respectively. IL‑1β, IL‑6 and TNF‑α mRNA 
expression and protein levels were measured by performing 
reverse transcription‑quantitative PCR and ELISAs, respec‑
tively. Bcl‑2, Bax, cleaved caspase‑3, cleaved caspase‑7, cleaved 
caspase‑9, phosphorylated (p)‑IκB‑α, p‑IκB‑β, p‑NF‑κB‑p65 

and total NF‑κB p65 protein expression levels were deter‑
mined via western blotting. NF‑κB p65 nuclear translocation 
was assessed via immunofluorescence. PB2 pretreatment 
markedly attenuated LPS‑induced cytotoxicity and apoptosis 
in HUVECs. PB2 also significantly downregulated the expres‑
sion levels of IL‑1β, IL‑6, TNF‑α, Bax, cleaved caspase‑3, 
cleaved caspase‑7, cleaved caspase‑9 and p‑NF‑κB‑p65, 
but upregulated the expression levels of Bcl‑2, p‑IκB‑α and 
p‑IκB‑β in LPS‑induced HUVECs. Moreover, PB2 markedly 
inhibited LPS‑induced NF‑κB p65 nuclear translocation in 
HUVECs. The results suggested that the potential molecular 
mechanism underlying PB2 was associated with the Bax/Bcl‑2 
and NF‑κB signalling pathways. Therefore, PB2 may serve as 
a useful therapeutic for infectious vascular diseases.

Introduction

Vascular endothelial cells (VECs), as a selective barrier 
between tissues and the blood, serve a vital role in maintaining 
normal vascular function. VEC dysfunction leads to the 
development of atherosclerosis, arteriolosclerosis, infectious 
arteritis, Raynaud's disease and thromboangiitis obliterans (1). 
Lipopolysaccharide (LPS), a bacterial endotoxin, is a common 
factor that induces VEC injury and dysfunction by triggering an 
inflammatory reaction and releasing inflammatory factors (2). 
For example, LPS can significantly decline cell viability and 
promote cell apoptosis in rat intestine epithelial cells via 
increasing the levels of cytokines, including TNF‑α, IL‑6 and 
IL‑10 (3). Moreover, LPS can markedly decreased cell viability 
and increase apoptosis in murine chondrogenic ATDC5 cells, 
resulting from the release of several cytokines, including 
TNF‑α, IL‑6 and monocyte chemoattractant protein‑1 (4). 
In addition, the secretion of inflammatory cytokines, such 
as TNF‑α and IL‑6, can be significantly elevated by LPS in 
VECs in mice, resulting in induction of cell apoptosis (5).

VEC apoptosis is related to the Bcl‑2/Bax and NF‑κB 
signalling pathways (6). The key role of Bcl‑2 and caspases is 
apoptosis regulation (7). Bcl‑2 regulates cellular apoptosis by 
controlling the permeability of cellular mitochondria. Bcl‑2 
serves as an antiapoptotic protein in the outer mitochondrial 
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wall to inhibit cytochrome c (Cyt‑c) release. By contrast, 
Bax, a proapoptotic protein, transfers from the cytosol to 
the mitochondria to promote Cyt‑c release from mitochon‑
dria, resulting in apoptosis induction and DNA damage (8). 
Previous studies have demonstrated that apoptosis induc‑
tion by stimuli is associated with the Bcl‑2/Bax signalling 
pathway, and perfluorocarbon decreased blast injury‑induced 
cell damage by inhibiting the Bcl‑2/Bax, NF‑κB and MAPK 
signalling pathways in A549 cells (9‑13). The caspase family 
are apoptosis‑specific targets, and as cysteine‑aspartic acid 
proteases, caspase‑3 and caspase‑7 directly induce apoptosis 
after sequential activation (14).

As a protein complex, NF‑κB controls DNA transcrip‑
tion, cytokine production, cell survival and apoptosis, and 
dysregulation of NF‑κB signalling can lead to inflammation, 
autoimmune disease and cancer (15). NF‑κB is translocated 
into the nucleus to activate multiple target genes involved in 
proliferation and apoptosis (16). In the early stages of apop‑
tosis, NF‑κB protects against heat stress‑induced apoptosis in 
HUVECs (17). IκB‑α and IκB‑β are major signal‑responsive 
isoforms in the IκB family (18). IκB‑α is a critical regulator 
of NF‑κB and one of the first genes induced following NF‑κB 
activation (19). When activated, IκB‑α enters the nucleus to 
remove NF‑κB from gene promoters and transport NF‑κB 
proteins back to the cytoplasm for feedback regulation (20). 
IκB‑β activates NF‑κB transcription factors by phosphoryla‑
tion of IκB inhibitors (21).

Procyanidin B2 (epicatechin‑(4β‑8)‑epicatechin; 
PB2), a phenolic compound, primarily exists in common 
fruits, including red grapes, cocoa, lindera aggregate and 
cinnamon (22). PB2 isolated from cinnamon can significantly 
decline cell viability and accelerate apoptosis in prostate 
cancer cells, and the proapoptotic effect of PB2 might be 
associated with caspase‑3 activity (23). PB2 is a bioactive 
component and a potent antioxidant for restoring and main‑
taining homeostasis (24). PB2 displays anti‑inflammatory and 
antiapoptotic effects via the regulation of various cytokines 
and other inflammatory mediators (25). PB2 extracted from 
fruits and red wine displays potential anti‑inflammatory activi‑
ties. For example, PB2 dramatically inhibits NLR family pyrin 
domain containing 3 (NLRP3) inflammasome activation and 
further reduces subsequent activation of caspase‑1 or secretion 
of the inflammatory cytokine IL‑1β, resulting from inhibition 
of the activator protein‑1 signalling pathway in HUVECs (26). 
PB2 can suppress LPS‑induced inflammation and apoptosis 
in human type II alveolar epithelial cells, which is related to 
inhibition of inflammatory cytokines, including TNF‑α and 
IL‑1β, as well as activation of NF‑κB and the NLRP3 inflam‑
masome (27). However, the effects of PB2 on the NF‑κB or 
Bcl‑2/Bax signalling pathways, and the expression of related 
cytokines are not completely understood. The results of the 
aforementioned studies suggest that PB2 displays protective 
effects in HUVECs (26). Procyanidin protects against glycated 
low‑density lipoprotein‑induced apoptosis and LPS‑induced 
acute gut injury via regulating the oxidative state (28,29). 
However, the mechanism underlying the anti‑inflammatory 
and antiapoptotic effects of PB2 is not completely under‑
stood. Therefore, the present study investigated the protective 
effects of PB2 on LPS‑induced cytotoxicity and apoptosis in 
HUVECs, as well as the underlying mechanisms.

Materials and methods

Cell culture. HUVECs (Procell Life Science & Technology 
Co. Ltd.) were cultured in DMEM supplemented with 
10% FBS and 1% streptomycin/penicillin (all purchased from 
Thermo Fisher Scientific, Inc.) in a humidified incubator 
with 95% air and 5% CO2 at 37˚C. Cell culture medium was 
replaced every 2‑3 days.

Drug preparation. PB2 (Push Bio‑Technology) was dissolved 
in endotoxin‑free ultrapure water to make a 20 µg/ml stock 
solution. LPS (Sigma‑Aldrich; Merck KGaA) was dissolved 
in endotoxin‑free ultrapure water to make a 1 mg/ml stock 
solution. Pyrrolidine dithiocarbamate (PDTC), a specific 
NF‑κB inhibitor, was used as a positive control for PB2. 
PDTC (Sigma‑Aldrich; Merck KGaA) was also dissolved in 
endotoxin‑free ultrapure water to make a 4 µg/ml stock solu‑
tion. All stock solutions were stored at ‑20˚C until use.

Cell treatment. HUVECs cultured as described above for 24 h 
were divided into six groups: i) Vehicle control group, cells were 
treated with free‑serum medium for 24 h; ii) LPS group, cells 
were incubated in serum‑free medium for 12 h, followed by 
treatment with 1 µg/ml LPS for 12 h; iii) PB2 group, cells were 
incubated in serum‑free medium for 12 h followed by treat‑
ment with 5 µg/ml PB2 for 12 h; iv) PDTC group, cells were 
incubated in serum‑free medium for 12 h followed by treatment 
with 2 µg/ml PDTC for 12 h; v) LPS + PB2 group, cells were 
treated with 5 µg/ml PB2 for 12 h, followed by 1 µg/ml LPS 
for 12 h; and vi) LPS + PDTC group, cells were treated with 
2 µg/ml PDTC for 12 h, followed by 1 µg/ml LPS for 12 h. All 
treatments were performed at a constant temperature of 35˚C.

Assessment of cell viability via the cell counting Kit‑8 
(CCK‑8) assay. The effects of LPS, PDTC and PB2 on 
HUVEC viability were detected by performing the CCK‑8 
assay, as previously described (30,31). Briefly, HUVECs were 
seeded (5x104 cells/well) into 96‑well plates and cultured in 
DMEM containing 10% FBS for 24 h. Subsequently, cells 
were cultured in serum‑free DMEM medium for 12 h, and 
then treated with serum‑free medium (vehicle control), PDTC 
(2 µg/ml), PB2 (1.25‑10 µg/ml) (32) or LPS (1 µg/ml) for 12 h. 
For combination treatment, cells were treated with PDTC 
(2 µg/ml) or PB2 (5 µg/ml) for 12 h, followed by treatment 
with LPS (1 µg/ml) for 12 h. Subsequently, 10 µl CCK‑8 solu‑
tion (Beijing Solarbio Science & Technology Co., Ltd.) was 
added to each well and incubated for 1 h. The absorbance was 
measured at a wavelength of 450 nm using a SpectraMax M3 
microplate reader (Molecular Devices, LLC).

Analysis of HUVEC apoptosis via Hoechst 33258 staining. 
Apoptotic cells were detected using a Hoechst 33258 staining 
kit (Beyotime Institute of Biotechnology) according the 
manufacturer's protocol. Briefly, HUVECs were seeded 
(1x105 cells/well) into 6‑well plates and cultured in DMEM for 
12 h. Cells were then treated with serum‑free medium (control), 
LPS (1 µg/ml), PDTC (2 µg/ml) or PB2 (1.25‑10 µg/ml) for 
12 h. For combination treatment, cells were treated with PDTC 
(2 µg/ml) or PB2 (5 µg/ml) for 12 h, followed by treatment with 
LPS (1 µg/ml) for 12 h. Subsequently, cells were incubated 
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with 4% paraformaldehyde for 10 min at room temperature 
(25˚C), washed with PBS for 15 min and treated with 10 µg/ml 
Hoechst 33258 staining solution (500 µl/well) for 5 min at 
room temperature (25˚C). Following washing with PBS for 
15 min in the dark, the nuclear morphology of apoptotic cells 
was observed using an AMG EVOS fluorescent microscope 
(Thermo Fisher Scientific Inc.; magnification, x400). The 
percentage (%) of apoptotic cells was calculated as the ratio of 
apoptotic cells to total cells.

Analysis of IL‑1β, IL‑6 and TNF‑α mRNA expression levels 
via reverse transcription‑quantitative PCR (RT‑qPCR) in 
HUVECs. HUVECs were seeded (1x105 cells/well) into 
flasks and cultured in DMEM for 24 h, followed by culture in 
serum‑free DMEM for 12 h. Subsequently, cells were treated 
with serum‑free medium (vehicle control), LPS (1 µg/ml), PB2 
(5 µg/ml) or PDTC (2 µg/ml) for 12 h. For combination treat‑
ment, cells were treated with PB2 (5 µg/ml) or PDTC (2 µg/ml) 
for 12 h, washed with PBS for 15 min at room temperature and 
treated with LPS (1 µg/ml) for 12 h. Total RNA was extracted 
from cells using the RNAsimple Total RNA kit (Tiangen Biotech 
Co., Ltd.) according to the manufacturer's protocol. Total RNA 
(1 µg) was reverse transcribed into cDNA using the TIANScript 
RT kit (Tiangen Biotech Co., Ltd.), according to the manufac‑
turer's protocol. Subsequently, qPCR was performed using 1 µl 
cDNA in a 20‑µl total reaction volume using SuperReal PreMix 
Plus (SYBR Green Real Time PCR Mix; Tiangen Biotech Co., 
Ltd.) and the 7900HT Fast Real‑Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The following 
thermocycling conditions were used for qPCR: 95˚C for 10 min; 
45 cycles (95˚C for 15 sec and 60˚C for 1 min per cycle). The 
primers used for qPCR were designed using Primer Premier 
(version 5.0; Premier Biosoft International): IL‑1β forward, 
5'‑ATG ATG GCT TAT TAC AGT GGC AA‑3' and reverse, 
5'‑GTC GGA GAT TCG TAG CTG GA‑3' (amplicon size, 132 bp); 
IL‑6 forward, 5'‑ACT CAC CTC TTC AGA ACG AAT TG‑3' and 
reverse, 5'‑CCA TCT TTG GAA GGT TCA GGT TG‑3' (amplicon 
size, 149 bp); TNF‑α forward, 5'‑AGG ACC AGC TAA GAG 
GGA GA‑3' and reverse, 5'‑CCC GGA TCA TGC TTT CAG TG‑3' 
(amplicon size, 136 bp); and GAPDH forward, 5'‑CTC ACC 
GGA TGC ACC AAT GTT‑3' and reverse, 5'‑CGC GTT GCT CAC 
AAT GTT CAT‑3' (amplicon size, 82 bp) (Sangon Biotech Co., 
Ltd.). mRNA expression levels were normalized to the internal 
reference gene GAPDH. The results were calculated using CFX 
Manager software (version 3.1; Bio‑Rad Laboratories, Inc.) and 
quantified using the 2‑∆∆Cq method (33).

Analysis of IL‑1β, IL‑6 and TNF‑a protein levels via ELISA in 
HUVECs. IL‑1β, IL‑6 and TNF‑α protein levels in HUVECs 
were measured using ELISA kits according to manufacturers' 
protocols. Briefly, HUVECs were seeded (1x105 cells/well) 
into 6‑well plates and cultured in DMEM for 12 h, followed 
by culture in serum‑free DMEM for 12 h. Subsequently, cells 
were treated with serum‑free medium (vehicle control), LPS 
(1 µg/ml), PB2 (5 µg/ml) or PDTC (2 µg/ml) for 12 h. For 
combination treatment, cells were treated with PB2 (5 µg/ml) 
or PDTC (2 µg/ml) for 12 h prior to treatment with LPS 
(1 µg/ml) for 12 h. To harvest the cytokines secreted by cells in 
each group, the cell suspensions were centrifuged at 3,000 x g 
at room temperature (25˚C) for 5 min. The protein levels of 

IL‑1β, IL‑6, and TNF‑a in the supernatants were detected 
using the following ELISA kits (R&D Systems, Inc.): Human 
IL‑1β QuantiGlo ELISA kit (cat. no. QLB00B), human IL‑6 
Quantikine ELISA kit (cat. no. PD6050) and human TNF‑α 
Quantikine ELISA kit (cat. no. PDTA00D). The absorbance 
was measured at a wavelength of 450 nm using a SpectraMax 
M3 microplate reader (Molecular Devices, LLC).

Western blotting. HUVECs were seeded (1x105 cells/well) into 
flasks and cultured in DMEM for 24 h, followed by culture in 
serum‑free DMEM for 12 h. Cells were treated with serum‑free 
medium (control), LPS (1 µg/ml), PB2 (5 µg/ml) or PDTC 
(2 µg/ml) for 12 h. For combination treatment, cells were treated 
with PB2 (5 µg/ml) or PDTC (2 µg/ml) for 12 h, washed with 
PBS for 15 min at room temperature and then treated with LPS 
(1 µg/ml) for 12 h. The culture medium was removed, and cells 
were washed with cold PBS. Total protein was extracted from 
cells using RIPA lysis buffer (0.5% NP‑40, 50 mM Tris‑HCl, 
120 mM NaCl, 1 mM EDTA, 0.1 mM Na3VO4, 1 mM NaF, 
1 mM PMSF; and 1 µg/ml leupeptin; pH 7.5). Cell lysates were 
centrifuged at 10,000 x g for 20 min at 4˚C. Protein quantifica‑
tion was performed using a BCA assay, then proteins (~30 µg) 
were separated via 12% SDS‑PAGE and electrotransferred to 
PVDF membranes. Following blocking with 5% skimmed milk 
in TBS‑0.1% Tween 20 for 1 h at room temperature (25˚C), 
the membranes were incubated overnight at 4˚C with primary 
antibodies (all 1:1,000; Cell Signaling Technology, Inc.) 
diluted in primary antibody dilution buffer (Beyotime Institute 
of Biotechnology) targeted against Bcl‑2 (cat. no. 4223), 
Bax (cat. no. 2774), cleaved caspase‑3 (cat. no. 9661), 
cleaved caspase‑7 (cat. no. 8438), cleaved caspase‑9 
(cat. no. 20750), phosphorylated (p)‑IκB‑α (cat. no. 2859), 
total IκB‑α (cat. no. 9242), p‑IκB‑β (cat. no. 4921), total IκB‑β 
(cat. no. 15519), p‑NF‑κB p65 (cat. no. 3033), total NF‑κB p65 
(cat. no. 8242) and β‑actin (cat. no. 4970S). Following washing 
three times with TBST, the membranes were incubated at room 
temperature with an anti‑rabbit IgG, HRP‑conjugated antibody 
(1:5,000; cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h 
with gentle agitation at room temperature. The membranes 
were washed three times with TBST for 30 min. Subsequently, 
protein bands were visualized using ECL western detection 
reagents (Thermo Fisher Scientific, Inc.). Protein expression 
levels were semi‑quantified using ImageJ v1.8.0 software 
(National Institutes of Health).

Analysis of nuclear translocation of NF‑κB p65 via immunoflu‑
orescence in HUVECs. HUVECs were seeded (1x105 cells/well) 
into 6‑well plates, cultured in DMEM for 24 h, followed by 
culture in serum‑free DMEM for 12 h. Cells were then treated 
with serum‑free medium (control), LPS (1 µg/ml), PB2 (5 µg/ml) 
or PDTC (2 µg/ml). For combination treatment, cells were 
treated with PB2 (5 µg/ml) or PDTC (2 µg/ml) for 12 h, washed 
with PBS for 15 min at room temperature and then treated with 
LPS (1 µg/ml) for 12 h. Cells were washed with PBS for 10 min 
at room temperature and fixed in 4% paraformaldehyde at 4˚C 
for 30 min. Following washing three times with PBS for 5 min 
each time, cells were incubated with 0.1% Triton X‑100 for 
10 min at room temperature (25˚C) and blocked with 1% BSA 
(Beyotime Institute of Biotechnology) for 30 min at room 
temperature (25˚C). Cells were incubated with an anti‑NF‑κB 
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p65 rabbit monoclonal primary antibody (cat. no. 8801; 1:500; 
Cell Signaling Technology, Inc.) at 4˚C overnight. Subsequently, 
cells were incubated with an HRP‑conjugated goat anti‑rabbit 
secondary antibody (1:2,000; Cell Signaling Technology, Inc.) 
for 2 h at room temperature (25˚C). Following washing with 
PBS for 15 min, cells were stained with DAPI for 10 min at 
room temperature (25˚C) and washed with PBS for 15 min. 
Stained cells were visualized using a CKX41 inverted phase 
contrast fluorescence microscope (Olympus Corporation; 
magnification, x400).

Statistical analysis. Statistical analyses were performed using 
SPSS software (version 20.0; IBM Corp.). Data are presented as 
the mean ± SD. All experiments were repeated three times in 
triplicate. Comparisons among multiple groups were analysed 
using one‑way ANOVA followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Protective effect of PB2 on LPS‑induced inhibition of HUVEC 
viability. The effects of PB2, PDTC and LPS on HUVEC 
viability were evaluated by performing the CCK‑8 assay 
(Fig. 1B and C). Compared with the vehicle control group, 
PB2 (≤5 µg/ml) and PDTC (2 µg/ml) displayed no significant 
inhibitory effect on cell viability, resulting in >95% cell 
viability. However, PB2 (10 µg/ml) significantly inhibited cell 
viability, resulting in 69.67±6.28% cell viability compared 
with the vehicle control (98.46±3.23% cell viability).

Subsequently, the protective effects of PB2 and PDTC on 
LPS‑induced cytotoxicity were assessed. The results demon‑
strated that pretreatment with PB2 or PDTC notably protected 
cells against LPS‑induced cytotoxicity in HUVECs (Fig. 1C). 
The results indicated that PB2 and PDTC effectively protected 
against LPS‑induced inhibition of HUVEC viability.

Effect of PB2 on LPS‑induced HUVEC apoptosis. Hoechst 33258 
staining is used for the rapid detection of cellular apoptosis by 
observing chromatin condensation via fluorescence micros‑
copy (34). Therefore, the protective effect of PB2 on LPS‑induced 
apoptosis was assessed by performing Hoechst 33258 staining 
assays.

The vehicle control group displayed typical features of 
HUVECs as demonstrated by normal blue fluorescence in the 
cell nuclei (Fig. 2A). However, apoptotic cells with condensation 
of nuclear chromatin and fragmentation, which were stained 
white, were observed in LPS‑treated cells. The percentage 
of apoptotic cells was clearly reduced in LPS‑treated cells 
pretreated with PB2 or PDTC compared with cells treated with 
LPS alone (Fig. 2B). However, PB2 or PDTC treatment alone 
displayed no significant effect on HUVEC apoptosis compared 
with vehicle control group. LPS significantly induced apop‑
tosis (70.67±2.12% apoptotic cells) compared with the vehicle 
control group (6.41±1.26% apoptotic cells); however, PB2 or 
PDTC pretreatment notably attenuated LPS‑induced HUVEC 
apoptosis. The results indicated that PB2 markedly inhibited 
LPS‑induced HUVEC apoptosis.

PB2 reverses LPS‑induced reductions in the mitochon‑
drial membrane potential in HUVECs. A previous study 

demonstrated that declined mitochondrial membrane potential 
is a hallmark of early apoptosis (35). Therefore, the effects 
of PB2 on LPS‑induced reductions in the mitochondrial 
membrane potential in HUVECs were assessed via JC‑1 fluo‑
rescence. The red fluorescence intensity and red/green ratio 
were significantly reduced by LPS compared with the vehicle 
control group in HUVECs (Fig. 3). The red fluorescence 
intensity and ratio of red/green fluorescence were notably 
increased in cells treated with PB2 or PDTC compared with 
the LPS group. The results demonstrated that compared with 
the vehicle control group, LPS significantly decreased the 
mitochondrial membrane potential, but pretreatment with PB2 
or PDTC reversed LPS‑mediated effects on the mitochondrial 

Figure 1. Chemical structure of PB2, and the effects of LPS, PB2 and 
PDTC on HUVEC viability. Cells were treated with serum‑free medium 
for 24 h (vehicle control) or with serum‑free medium for 12 h followed by 
LPS (1 µg/ml) for 12 h, PB2 (1.25‑10 µg/ml) or PDTC (2 µg/ml) for 12 h 
followed by serum‑free medium or LPS for 12 h. (A) Chemical structure of 
PB2. (B) Effects of PB2 and PDTC on HUVEC viability. (C) Effects of LPS, 
PB2 and PDTC on HUVEC viability. Data are presented as the mean ± SD 
of at least three independent experiments run in triplicate (n=3). Data 
were analysed using one‑way ANOVA followed by Tukey's post hoc test. 
*P<0.05, **P<0.01 vs. vehicle control; ##P<0.01 vs. LPS. PB2, procyanidin B2; 
LPS, lipopolysaccharide; PDTC, pyrrolidinedithiocarbamate ammonium; 
HUVEC, human umbilical vein endothelial cell.
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membrane potential in HUVECs. Therefore, the results 
suggested that PB2‑induced inhibition of LPS‑induced 
apoptosis might be mediated, at least in part, via attenuating 
LPS‑induced reductions in the mitochondrial membrane 
potential in HUVECs.

Effect of PB2 on LPS‑induced upregulation of IL‑1β, IL‑6 
and TNF‑α mRNA expression levels in HUVECs. Key 

proinflammatory cytokines, including IL‑1β, IL‑6 and TNF‑α, 
are involved in a variety of cellular activities, such as prolifera‑
tion, differentiation and apoptosis, and serve an important role 
in the immune response to inflammation (36). LPS can stimu‑
late the production of IL‑1β, IL‑6, and TNF‑α via different 
modes in human monocytes/macrophages (37). Therefore, the 
effect of PB2 on LPS‑induced upregulation of IL‑1β, IL‑6 and 
TNF‑α mRNA expression levels was assessed.

Figure 2. Effects of PB2 and PDTC on LPS‑induced HUVEC apoptosis. Cells were treated with serum‑free medium alone for 24 h in the vehicle control 
group; cells were treated with serum‑free medium for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS group; cells were treated with serum‑free medium 
for 12 h followed by PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with serum‑free medium for 12 h followed by PDTC (2 µg/ml) for 12 h in 
the PDTC group; cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PB2 group; cells were treated with PDTC 
(2 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. (A) Representative images of apoptotic cells identified by Hoechst staining 
via fluorescence microscopy (magnification, x400). Red arrows indicate apoptotic cells. The vehicle control group displayed the typical features of HUVECs 
with the appearance of normal blue fluorescence in the cell nuclei. In LPS‑treated HUVECs, apoptotic cells with condensation of nuclear chromatin and 
fragmentation, which was indicated by white staining, were observed. Pretreatment with PB2 or PDTC prior to LPS treatment markedly reduced the number 
of apoptotic cells compared with the LPS group. However, PB2 or PDTC treatment alone displayed no obvious effect on HUVEC apoptosis compared with the 
vehicle control group. (B) Quantification of the percentage of apoptotic cells. Data are presented as the mean ± SD of at least three independent experiments 
run in triplicate (n=3). Data were analysed using one‑way ANOVA followed by Tukey's post hoc test. **P<0.01 vs. vehicle control; ##P<0.01 vs. LPS. PB2, 
procyanidin B2; PDTC, pyrrolidinedithiocarbamate ammonium; LPS, lipopolysaccharide; HUVEC, human umbilical vein endothelial cell.
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Figure 3. Effects of LPS, PB2 and PDTC on mitochondrial membrane potential in HUVECs. Cells were treated with serum‑free medium for 24 h in the vehicle 
control group; cells were treated with serum‑free medium for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS group; cells were treated with serum‑free 
medium for 12 h followed by PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with serum‑free medium for 12 h followed by PDTC (2 µg/ml) for 
12 h in the PDTC group; cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PB2 group; cells were treated with 
PDTC (2 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. (A) Representative images of mitochondrial membrane potential 
identified using JC‑1 fluorescent dye (green as a monomer; red‑orange as a dimer) via fluorescence microscopy (magnification, x400). (B) Quantification of 
the ratio of red/green fluorescence. The red fluorescence intensity and ratio of red/green fluorescence were notably increased in LPS‑treated cells pretreated 
with PB2 or PDTC compared with cells treated with LPS alone. Compared with the vehicle control group, LPS significantly decreased the mitochondrial 
membrane potential, but pretreatment with PB2 and PDTC reversed LPS‑induced reductions in the mitochondrial membrane potential in HUVECs. Data are 
presented as the mean ± SD of at least three independent experiments run in triplicate (n=3). Data were analysed using one‑way ANOVA followed by Tukey's 
post hoc test. **P<0.01 vs. vehicle control; ##P<0.01 vs. LPS. LPS, lipopolysaccharide; PB2, procyanidin B2; PDTC, pyrrolidinedithiocarbamate ammonium; 
HUVEC, human umbilical vein endothelial cell.
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The effect of PB2 on LPS‑induced upregulation of IL‑1β, 
IL‑6 and TNF‑α mRNA expression levels in HUVECs was 
assessed via RT‑qPCR (Fig. 4). The results demonstrated 
that IL‑1β, IL‑6 and TNF‑α mRNA expression levels were 
significantly increased by LPS compared with the vehicle 
control group, but pretreatment of LPS‑treated cells with PB2 

or PDTC notably reversed LPS‑induced alterations to mRNA 
expression levels in HUVECs.

Effect of PB2 on LPS‑induced upregulation of IL‑1β, IL‑6 
and TNF‑α protein levels in HUVECs. The effect of PB2 on 
LPS‑induced increases in IL‑1β, IL‑6 and TNF‑α protein levels 
was assessed by performing ELISAs (Fig. 5). The results also 

Figure 4. Effect of LPS, PB2 and PDTC on the mRNA expression levels 
of inflammatory cytokines in HUVECs. Cells were treated with serum‑free 
medium for 24 h in the vehicle control group; cells were treated with 
serum‑free medium for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS 
group; cells were treated with serum‑free medium for 12 h followed by 
PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with serum‑free 
medium for 12 h followed by PDTC (2 µg/ml) for 12 h in the PDTC group; 
cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) 
for 12 h in the LPS + PB2 group; cells were treated with PDTC (2 µg/ml) 
for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. 
(A) IL‑6, (B) TNF‑α and (C) IL‑1β mRNA expression levels were measured 
via reverse transcription‑quantitative PCR in HUVECs. mRNA expression 
levels were normalized to the internal reference gene GAPDH. Data are 
presented as the mean ± SD of at least three independent experiments run 
in triplicate (n=3). Data were analysed using one‑way ANOVA followed by 
Tukey's post hoc test. **P<0.01 vs. vehicle control; #P<0.05, ##P<0.01 vs. LPS. 
LPS, lipopolysaccharide; PB2, procyanidin B2; PDTC, pyrrolidinedithiocar‑
bamate ammonium; HUVEC, human umbilical vein endothelial cell.

Figure 5. Effect of LPS, PB2 and PDTC on the protein expression levels of 
inflammatory cytokines in HUVECs. Cells were treated with serum‑free 
medium for 24 h in the vehicle control group; cells were treated with 
serum‑free medium for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS 
group; cells were treated with serum‑free medium for 12 h followed by 
PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with serum‑free 
medium for 12 h followed by PDTC (2 µg/ml) for 12 h in the PDTC group; 
cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) for 
12 h in the LPS + PB2 group; cells were treated with PDTC (2 µg/ml) for 
12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. (A) IL‑6, 
(B) TNF‑α and (C) IL‑1β protein expression levels in HUVECs were detected 
by performing ELISAs. Data are presented as the mean ± SD of at least three 
independent experiments run in triplicate (n=3). Data were analysed using 
one‑way ANOVA followed by Tukey's post hoc test. **P<0.01 vs. vehicle 
control; ##P<0.01 vs. LPS. LPS, lipopolysaccharide; PB2, procyanidin B2; 
PDTC, pyrrolidinedithiocarbamate ammonium; HUVEC, human umbilical 
vein endothelial cell.
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demonstrated that IL‑1β, IL‑6 and TNF‑α protein levels were 
significantly increased by LPS compared with the vehicle control 
group in HUVECs. However, pretreatment of LPS‑treated cells 
with PB2 or PDTC clearly decreased LPS‑induced increases in 
the protein levels of IL‑1β, IL‑6 and TNF‑α in HUVECs.

Effect of PB2 on the Bcl‑2/Bax signalling pathway in 
HUVECs. The Bcl‑2/Bax signalling pathway serves a 
critical role in apoptosis (38). It was hypothesized that the 
antiapoptotic effect of PB2 might be mediated via regulating 
the Bcl‑2/Bax signalling pathway. Therefore, the effects of 
PB2 on Bcl‑2, Bax, cleaved caspase‑3, cleaved caspase‑7 
and cleaved caspase‑9 expression levels in HUVECs were 
analysed via western blotting (Fig. 6). The protein expres‑
sion levels of Bax, cleaved caspase‑3, cleaved caspase‑7 

and cleaved caspase‑9 were significantly upregulated, but 
Bcl‑2 protein expression levels were significantly down‑
regulated by LPS compared with the vehicle control, PDTC 
or PB2 groups. Moreover, pretreatment with PB2 notably 
reversed LPS‑induced elevations in the protein expression 
levels of Bax, cleaved caspase‑3, cleaved caspase‑7 and 
cleaved caspase‑9, but upregulated the protein expression 
levels of Bcl‑2. The results obtained from the pretreatment 
with PDTC was similar to that of PB2. The results suggested 
that the antiapoptotic effect of PB2 was related to the 
Bcl‑2/Bax signalling pathway in HUVECs.

Effect of PB2 on inhibition of the NF‑κB signalling pathway in 
HUVECs. The NF‑κB signalling pathway serves a vital role in 
regulating cell survival, apoptosis and cytokine production (17). 

Figure 6. Effects of LPS, PB2 and PDTC on Bcl‑2, Bax, cleaved caspase‑3, cleaved caspase‑7 and cleaved caspase‑9 protein expression levels in HUVECs. 
Cells were treated with serum‑free medium for 24 h in the vehicle control group; cells were treated with serum‑free medium for 12 h followed by LPS (1 µg/ml) 
for 12 h in the LPS group; cells were treated with serum‑free medium for 12 h followed by PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with 
serum‑free medium for 12 h followed by PDTC (2 µg/ml) for 12 h in the PDTC group; cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) 
for 12 h in the LPS + PB2 group; cells were treated with PDTC (2 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. Protein expres‑
sion levels in HUVECs were (A) determined via western blotting and semi‑quantified for (B) Bcl‑2, (C) Bax, (D) cleaved caspase‑3, (E) cleaved caspase‑7 and 
(F) cleaved caspase‑9. β‑actin was used as the loading control. Data are presented as the mean ± SD of at least three independent experiments run in triplicate 
(n=3). Data were analysed using one‑way ANOVA followed by Tukey's post hoc test. **P<0.01 vs. vehicle control; #P<0.05, ##P<0.01 vs. LPS. LPS, lipopolysac‑
charide; PB2, procyanidin B2; PDTC, pyrrolidinedithiocarbamate ammonium; HUVEC, human umbilical vein endothelial cell.
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Activation of NF‑κB involves the phosphorylation and nuclear 
translocation of NF‑κB p65 protein (39). Therefore, the protein 
expression levels of p‑IκB‑α, total IκB‑α, p‑IκB‑β, total 
IκB‑β, p‑NF‑κB p65 and total NF‑κB p65 in HUVECs were 
determined via western blotting (Fig. 7). LPS significantly 
upregulated the protein expression levels of p‑NF‑κB p65, 
p‑IκB‑α and p‑IκB‑β compared with the vehicle control group 
in HUVECs. Pretreatment of LPS‑treated cells with PB2 
clearly reversed LPS‑mediated alterations to p‑NF‑κB p65, 
p‑IκB‑α and p‑IκB‑β protein expression levels in HUVECs. 
In addition, pretreatment of LPS‑treated cells with PDTC, a 
potent inhibitor of NF‑κB, also notably reversed LPS‑mediated 
alterations to p‑NF‑κB p65, p‑IκB‑α and p‑IκB‑β protein 
expression levels in HUVECs. The results suggested that the 
antiapoptotic effect of PB2 might be mediated via regulation 
of NF‑κB signalling pathway‑related proteins in HUVECs.

Effect of PB2 on the phosphorylation and nuclear transloca‑
tion of NF‑κB p65 in HUVECs. Activation of NF‑κB signalling 
is associated with the translocation of the NF‑κB p65 protein 
from the cytoplasm into the nucleus, which is required for the 
release of cytokines and the expression of apoptosis‑related 
proteins (15). Thus, the localization of NF‑κB p65 in HUVECs 
was investigated (Fig. 8). Compared with the vehicle control, 
PB2 and PDTC groups, LPS induced significant translocation 
of NF‑κB p65 from the cytoplasm to the nucleus in HUVECs. 

However, pretreatment of LPS‑treated cells with PB2 or PDTC 
clearly inhibited LPS‑induced nuclear translocation of NF‑κB 
p65 in HUVECs. The results demonstrated that PB2 and 
PDTC effectively inhibited LPS‑induced nuclear translocation 
of NF‑κB p65 in HUVECs, indicating that the antiapoptotic 
effects of PB2 and PDTC might be mediated via suppressing 
the NF‑κB signalling pathway in HUVECs.

Discussion

The active ingredients from natural plants display a variety 
of biological effects and thus have received increasing atten‑
tion for the development of novel therapeutics for various 
diseases (40). Numerous studies have reported that medi‑
cines extracted from natural plants typically display fewer 
side effects compared with traditional medicines (41‑44). 
Procyanidins are widely present in plants and are composed of 
a monomer, oligoprocyanidins and polymer proeyanidins (45). 
PB2 displayed potential pharmacological activity and a multi‑
tude of beneficial effects, including scavenging free radicals, 
antioxidation, anticancer, anti‑inflammation, antiapoptosis 
and antiatherosclerosis effects (31). However, the molecular 
mechanism underlying the antiapoptotic effects mediated by 
PB2 is not completely understood.

The present study demonstrated that pretreatment with 
PB2 significantly attenuated LPS‑mediated inhibition of cell 

Figure 7. Effects of LPS, PB2 and PDTC on p‑IκB‑α, p‑IκB‑β, p‑NF‑κB p65 and total NF‑κB p65 protein expression levels in HUVECs. Cells were treated 
with serum‑free medium for 24 h in the vehicle control group; cells were treated with serum‑free medium for 12 h followed by LPS (1 µg/ml) for 12 h in 
the LPS group; cells were treated with serum‑free medium for 12 h followed by PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with serum‑free 
medium for 12 h followed by PDTC (2 µg/ml) for 12 h in the PDTC group; cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in 
the LPS + PB2 group; cells were treated with PDTC (2 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. Protein expression levels 
in HUVECs were (A) determined via western blotting and semi‑quantified for (B) p‑IκB‑α/total IκB‑α, (C) p‑IκB‑β/total IκB‑β and (D) p‑NF‑κB p65/total 
NF‑κB p65. β‑actin was used as the loading control. Data are presented as the mean ± SD of at least three independent experiments run in triplicate (n=3). 
Data were analysed using one‑way ANOVA followed by Tukey's post hoc test. **P<0.01 vs. vehicle control; #P<0.05, ##P<0.01 vs. LPS. LPS, lipopolysaccharide; 
PB2, procyanidin B2; PDTC, pyrrolidinedithiocarbamate ammonium; p, phosphorylated; HUVEC, human umbilical vein endothelial cell.
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Figure 8. Effects of LPS, PB2 and PDTC on the nuclear translocation of NF‑κB p65 in HUVECs. Cells were treated with serum‑free medium for 24 h in 
the vehicle control group; cells were treated with serum‑free medium for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS group; cells were treated with 
serum‑free medium for 12 h followed by PB2 (5 µg/ml) for 12 h in the PB2 group; cells were treated with serum‑free medium for 12 h followed by PDTC 
(2 µg/ml) for 12 h in the PDTC group; cells were treated with PB2 (5 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PB2 group; cells were 
treated with PDTC (5 µg/ml) for 12 h followed by LPS (1 µg/ml) for 12 h in the LPS + PDTC group. (A) Representative images of the nuclear translocation 
of NF‑κB p65 in HUVECs identified via immunofluorescence (magnification, x400). (B) Quantification of the percentage of positive cells with nuclear 
translocation of NF‑κB p65. LPS markedly increased the translocation of NF‑κB p65 from the cytoplasm to the nucleus compared with the control, PB2 and 
PDTC groups in HUVECs. However, pretreatment with PB2 or PDTC markedly inhibited LPS‑induced translocation of NF‑κB p65 in HUVECs. Data are 
presented as the mean ± SD of at least three independent experiments run in triplicate (n=3). Data were analysed using one‑way ANOVA followed by Tukey's 
post hoc test. **P<0.01 vs. vehicle control; ##P<0.01 vs. LPS. LPS, lipopolysaccharide; PB2, procyanidin B2; PDTC, pyrrolidinedithiocarbamate ammonium; 
HUVEC, human umbilical vein endothelial cell.
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viability, although PB2 (≤5 µg/ml) did not display cytotoxic 
effects on HUVECs. The results indicated the protective 
effect of PB2 against LPS‑induced cytotoxicity in HUVECs. 
Furthermore, PB2 markedly reduced the cell apoptotic ratio 
from >70% in the LPS group to <10% in the LPS + PB2 group. 
The Hoechst 33258 staining assay results indicated the protec‑
tive effect of PB2 on LPS‑mediated inhibition of cell viability 
might be mediated via its antiapoptotic effect in HUVECs. 
In addition, LPS significantly decreased the mitochondrial 
membrane potential compared with the vehicle control group, 
but PB2 reversed LPS‑induced reductions in the mitochondrial 
membrane potential in HUVECs. The results suggested that 
the antiapoptotic effect of PB2 on LPS‑induced HUVECs was 
associated with regulation of the mitochondrial membrane 
potential.

Key proinflammatory cytokines, such as IL‑1β, IL‑6 and 
TNF‑α, serve an important role in the immune response to 
inflammation and are closely related to a variety of cellular 
activities including proliferation, differentiation and apop‑
tosis (36,46,47). Therefore, the effects of PB2 on LPS‑induced 
upregulation of IL‑1β, IL‑6 and TNF‑α mRNA and protein 
expression levels were assessed by performing RT‑qPCR 
and ELISAs, respectively. The results demonstrated that 
compared with the vehicle control group, IL‑1β, IL‑6 
and TNF‑α protein levels were significantly increased to 
~3050, 2780 pg/ml and 21.57 ng/ml by LPS, respectively. The 
results of the present study were consistent with a previous 
study that reported that the production of IL‑1β, IL‑6, and 
TNF‑α was significantly increased by LPS in human mono‑
cytes/macrophages (37). Interestingly, pretreatment with PB2 
or PDTC significantly decreased LPS‑induced increases in 

IL‑1β, IL‑6 and TNF‑α mRNA and protein expression levels 
in HUVECs. Therefore, the results of the present study demon‑
strated that PB2 and PDTC effectively inhibited LPS‑induced 
upregulation of IL‑1β, IL‑6 and TNF‑α mRNA expression and 
protein levels.

Bcl‑2 and Bax genes are the most important genes in 
the regulation of apoptosis, and the Bcl‑2/Bax signalling 
pathway serves an important role in the process of cellular 
apoptosis (7,8). The results of the present study indicated 
that compared with the vehicle control group, LPS signifi‑
cantly upregulated Bax, caspase‑3, caspase‑7 and caspase‑9 
expression levels, but markedly downregulated Bcl‑2 protein 
expression levels in HUVECs. Interestingly, pretreatment 
with PB2 notably downregulated LPS‑mediated alterations to 
protein expression levels in HUVECs. The results suggested 
that the inhibitory effect of PB2 against LPS‑induced apop‑
tosis might be associated with regulation of the Bax/Bcl‑2 
signalling pathway in HUVECs.

NF‑κB serves an important role in stress, inflammation 
and immune response via control of DNA transcription, cell 
survival, apoptosis and cytokine production (48). IKK is 
rapidly activated and is responsible for the phosphorylation of 
IκB upon stimulation by external signals or stress, targeting 
IκB to ubiquitin‑mediated protein degradation (49). IκB‑α 
and IκB‑β are the major signal‑responsive isoforms in the 
IκB family that are responsible for promoting and terminating 
NF‑κB activation during persistent stimulation (18). Therefore, 
the effects of PB2 on LPS‑mediated alterations to IκB‑α, 
IκB‑β, p‑NF‑κB p65 and total NF‑κB p65 protein expression 
levels, as well as the localization of NF‑κB p65 in HUVECs 
were investigated. The results suggested that PB2 may serve a 

Figure 9. Proposed molecular mechanism underlying the effects of PB2 on LPS‑induced inhibition of cell viability and apoptosis in HUVECs. PB2, procy‑
anidin B2; LPS, lipopolysaccharide; Cyt‑c, cytochrome c; Apaf1, apoptotic peptidase activating factor 1; HUVEC, human umbilical vein endothelial cell.
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crucial role in inhibiting LPS‑induced upregulation of IκB‑α, 
IκB‑β, p‑NF‑κB p65 expression levels, and nuclear transloca‑
tion of p‑NF‑κB p65.

The potential mechanisms underlying the protective 
effects of PB2 against LPS‑induced cytotoxicity and apoptosis 
in HUVECs identified in the present study are presented in 
Fig. 9. However, the molecular mechanisms underlying the 
effects of PB2 are likely complicated, thus other cellular 
signalling pathways require further investigation. The present 
study provided novel insights into the protective effect of PB2 
against LPS in HUVECs, which might be important for the 
pharmacological basis and future clinical application of PB2 
for the treatment of infectious vascular diseases. However, the 
in vitro results of the present study require verification using 
appropriate in vivo animal models and clinical trials.

In conclusion, the present study suggested that LPS 
induced cytotoxicity and apoptosis in HUVECs by decreasing 
the mitochondrial membrane potential and upregulating the 
mRNA expression and protein levels of key proinflamma‑
tory cytokines, including IL‑1β, IL‑6 and TNF‑α. Moreover, 
compared with the vehicle control group, LPS also signifi‑
cantly upregulated Bax, cleaved caspase‑3, cleaved caspase‑7, 
cleaved caspase‑9 and p‑NF‑κB‑p65 expression levels, but 
downregulated Bcl‑2, p‑IκB‑α and p‑IκB‑β protein expression 
levels, and promoted the translocation of NF‑κB p65 from the 
cytoplasm to nucleus in HUVECs. Interestingly, PB2 attenu‑
ated LPS‑induced cytotoxicity and apoptosis, and reversed 
LPS‑mediated reductions in the mitochondrial membrane 
potential in HUVECs. PB2 also clearly inhibited LPS‑induced 
upregulation of Bax, cleaved caspase‑3, cleaved caspase‑7, 
cleaved caspase‑9, p‑IκB‑α, p‑IκB‑β and p‑NF‑κB‑p65 
expression levels, and reversed LPS‑induced downregulation 
of Bcl‑2 protein expression levels. Furthermore, PB2 inhibited 
LPS‑induced NF‑κB p65 translocation from the cytoplasm to 
the nucleus in HUVECs. The possible molecular mechanism 
underlying the protective effects of PB2 against LPS‑induced 
cytotoxicity and apoptosis in HUVECs might be mediated 
via inhibiting the Bcl‑2/Bax and NF‑κB signalling pathways. 
Therefore, PB2 may serve as a novel therapeutic agent for 
infectious vascular diseases.
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