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Abstract. Cardiovascular disease (CVD) states are associated with endothelial dysfunction (ED) 
and increased production of ROS in endothelial cells. The present study aimed to explore the pro-
tective effects of antioxidant protein peroxiredoxin 6 (PRDX6) on angiotensin II (AngII)‑induced 
human umbilical vein endothelial cell (HUVEC) dysfunction. To investigate cell viability, levels of 
inflammatory molecules and proteins were assayed using the CCK-8 assay and evaluated by ELISA 
and Western blot. NO and ROS levels were determined by Griess assay and the fluorescent probe 
DCFH-DA. Cell migration capacity was assessed by Transwell assay. AngII decreased cell viability 
and PRDX6, upregulated the expression levels of TNF-α, IL-6, IL-1β, LDH and MDA, stimulated 
ROS production, and reduced NO synthase, the expressions of eNOS, MnSOD, ICAM-1, VCAM-1, 
and activated the MAPK family of signaling proteins. However, the stimulatory effects of AngII on 
HUVECs were remarkably suppressed by PRDX6. Furthermore, mercaptosuccinate (MS; PRDX6 
inhibitor) had similar effects as AngII in aggravating HUVECs damage. Conversely, these adverse 
events caused by AngII and MS were obviously reversed by ML3404 and SP600125. The present study 
indicated that PRDX6 overexpression inactivated p38 MAPK and JNK pathway through decrease 
AngII-induced inflammation, oxidative stress and endothelial dysfunction leading to attenuation 
of endothelial cell damage. 

Key words: Peroxiredoxin  6 — Cardiovascular disease — Oxidative stress — Inflammation — 
Angiotensin II

Correspondence to: Lin Lu, Department of Cardiovascular 
Medicine, The Third Affiliated Hospital of Shandong First Medical 
University (Affiliated Hospital of Shandong Academy of Medical 
Sciences), No. 38 Wuying Mountain Road, Tianqiao district, Jinan, 
Shandong, 250031, China
E-mail: LLin901@163.com

Introduction

Oxidative stress, a  term defining states characterized by 
elevated ROS levels, and ROS as an important biomolecular 
factor, plays a key role in inducing endothelial cells damage 
and causing endothelial dysfunction which participated 

in the development of numerous cardiovascular disease 
(CVD) (Bendall et al. 2007). Recent studies have shown 
that ROS plays a  pathophysiological role in endothelial 
dysfunction (ED), inflammation, migration, angiogenesis 
underlying cardiovascular in hypertension and diabetes 
(Paravicini and Touyz 2008), which is associated with 
reduced NO bioavailability (Cai and Harrison 2000). Gen-
erally, oxidative stress causes the damage of proteins and 
DNA, resulting in cellular dysfunction (Sun et al. 2012). 
Additionally, oxidative modification of proteins may re-
sult in the formation of nitro tyrosine, which represents 
a  powerful and autonomous marker of cardiovascular 
diseases (Shishehbor et al. 2003). Therefore, the develop-
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ment of antioxidant proteins may be a new target for the 
treatment of CVD.

ROS, a chemically reactive molecules containing oxygen, 
serves as intracellular signaling pathways such as mitogen-
activated protein kinases (MAPKs) involved in cell growth, 
gene expression and apoptosis (Nathan 2003). Peroxiredox-
ins (PRDXs) are antioxidant enzymes that primarily function 
as antioxidants to scavenge peroxide in biological system 
(Patel and Chatterjee 2019). ROS can be scavenged by per-
oxidase and PRDXs represent a superfamily of non-seleno 
peroxidase (Rhee et al. 2001). Unlike the other members of 
PRDXs family with two reactive cysteines, PRDX6 has a sin-
gle redox-active cysteine residue and is distributed across 
various cellular sites of ROS production (Rhee et al. 2001, 
2005). Yang et al. (2011) reported that PRDX6 deficiency 
exacerbates lipopolysaccharide (LPS)-induced acute lung 
injury in mice through increasing oxidative stress and Lee et 
al. (2017) hold that PRDX6 overexpression attenuates LPS-
induced acute kidney injury, indicating that PRDX6 may 
play protective role in LPS-induced tissue injury. In addition, 
as an antioxidant, PRDX6 participated in the generation 
of ROS, specifically in endothelial cells (Chatterjee et al. 
2011). ROS production occurs via PRDX6–phospholipase 
A2 (PLA2) activity, lack of PRDX6 leads to compromised 
ROS production with mechanotransduction (Chatterjee et al. 
2011). Thus, PRDX6 performs a role in antioxidant defense 
by scavenge of hydrogen peroxide. 

Studies using various cell lines showed that overexpres-
sion of PRDX6 increases resistance to experimental oxida-
tive stress (Wang et al. 2008). AngII-dependent hyperten-
sion is an endogenous agonist that raises blood pressure 
and is particularly sensitive to NADPH oxidase-derived 
ROS. A previous study showed that AngII activates the NA-
DPH oxidase (NOX2) pathway on endothelial cells in vitro 
(Vazquez-Medina et al. 2016). The ROS family comprises 
many molecules that influence vascular cell growth, migra-
tion, proliferation, inactivation of NO, stimulation of many 
kinases (p38, JNK) and proinflammatory genes (TNF-α, 
IL-1β, IL-6) (Cai 2005; Mueller et al. 2005; Touyz 2005; 
Harrison et al. 2006). Importantly, many of these actions 
are associated with pathological changes observed in CVD.

As a crucial factor of endothelial dysfunction, AngII par-
ticipates in endothelial oxidative damage and inflammation, 
which is present in all CVD. It has previously been dem-
onstrated that PRDX6 exerts cytoprotective effects against 
AngII-induced in pulmonary microvascular endothelial cells 
via antioxidant defense mechanisms (Vazquez-Medina et 
al. 2016). However, to the best of our knowledge, no previ-
ous studies have verified whether PRDX6 has any effect on 
AngII-induced vascular inflammation, oxidative stress and 
endothelial dysfunction in HUVECs. In the present study, 
HUVECs were treated with AngII to establish a  cellular 
model in vitro, and the effects of AngII on oxidative stress 

were detected. Furthermore, the protective effects of PRDX6 
on AngII-induced HUVECs were investigated. The effects 
of PRDX6 on AngII-induced ROS accumulation, inflam-
mation, oxidative stress and endothelial dysfunction, which 
are important processes in the development of CVD, were 
also determined.

Materials and Methods

HUVECs culture and treatments

HUVECs were purchased from the Shanghai Institute for 
Biological Sciences, Chinese Academy of Sciences (Shang-
hai, China), and cultured in high Dulbecco’s modified eagle 
medium (DMEM), supplemented with 10% fetal bovine 
serum (FBS), in incubator at 37°C with 5% CO2. HUVECs 
(1×105 cells/per well) were treated with different concen-
trations of AngII (10–5, 10–6, 10–7, 10–8 M) (Sigma, USA) 
for 48 h. The medium was not changed during culture and 
treatment. The cells in control group were cultured in vehicle 
that is composed of 98% DMEM and 2% DMSO. AngII was 
dissolved in vehicle.

Cell viability assay

After treatment with AngII, HUVECs (80–90% confluence) 
were seeded in a 96-well plate and 10 μl of CCK-8 (Dojindo 
China Co., Ltd.; Shanghai, China) was then added into each 
well with 100 μl medium for 1-h incubation. Cell viability 
was determined at 450 nm by using a microplate reader. 
The percentage cell survival was determined by compar-
ing the average absorbance of the treated cells to control 
cells. Meanwhile, the PRDX6 expression in HUVECs 
after treated with different concentrations of AngII were 
detected using Western blot as described in detail later. 
Based on the results, AngII of the trough value (10–6 M) 
accompanying by the ≥ 50% cell activity and a significant 
decrease in PRDX6 expression was selected for the follow-
ing experimental study. 

Cell transfections and grouping

HUVECs (80–90% confluence) cells were transfected with 
plasmid containing pcDNA specific for PRDX6 (pcDNA-
PRDX6) and the scramble negative control (pcDNA-NC) us-
ing Lipofectamine 3000 (Invitrogen, USA) to overexpress the 
expression of PRDX6. Thereafter, HUVECs were harvested 
and used for the following experiments and divided into four 
groups: i) Control; ii) AngII, consisting of 1×105 HUVECs 
treated with 10−6 M AngII for 48 h; iii) AngII+pcDNA-NC, 
consisting of 1×105 HUVECs transfected with pcDNA-
NC plasmids after treated with 10−6 M  AngII for 48  h; 
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iv) AngII+pcDNA-PRDX6, consisting of 1×105 HUVECs 
transfected with pcDNA-PRDX6 plasmids after treated 
with 10−6 M AngII for 48 h. Thereafter, the HUVECs were 
harvested and used for the following experiments.

Subsequently, for reverse validation studies, HUVECs 
were pretreated with p38 MAPK inhibitor ML3404 (5 μM, 
Cat. No. 506121; Calbiochem) or JNK inhibitor SP600125 
(10 μM, Cat. No. 420119; Calbiochem) for 30 min before 
treated with PRDX6 inhibitor (Mercaptosuccinate, MS, 
20 μM) (Sigma, USA) for 2 h. HUVECs were then exposed 
to AngII (10–6 M) for 48 h. The medium was not changed 
during culture and treatment. The experimental groups were 
as follows: Control, AngII, AngII+MS, AngII+MS+ML3404 
and AngII+MS+SP600125.

Enzyme-linked immunosorbent assay

The levels of TNF-α, IL-6 and IL-1β in HUVECs were 
assayed using ELISA kits following the manufacturer’s 
instructions. Briefly, after different treatments, HUVECs 
culture supernatants were collected. 100 μl of the super-
natants was added to the 96-well plate coated by special 
antibody, and incubated with Enzyme conjugation solution 
at 37°C for 60 min. After washing the plates for 5 times, 
substrate I (DH2) and substrate II (3, 3’, 5, 5’-Tetramethylb-
enzidine) were incubated at room temperature for 15 min 
in darkness respectively. The OD value was read at 450nm 
using a microplate reader to evaluate the expression levels 
of TNF-α, IL-6 and IL-1β.

Measurement of intracellular ROS generation

Intracellular ROS generation was tested by the oxidative 
conversion of cell-permeable oxidation of 2’,7’-dichloro-
dihydrofluorescein diacetate (DCFH-DA) to fluorescent 
DCF. After receiving different treatments, 10 µM DCFH-DA 
solution in serum-free DMEM was added to the wells, and 
then HUVECs were incubated for a further 30 min at 37°C 
in an incubator. After that, HUVECs were washed 5 times 
prior to the detection of DCF fluorescence over the entire 
field of vision using a fluorescence microscope connected to 
an imaging system (IX51, Olympus, Japan) with the excita-
tion wavelength 488 nm. The mean fluorescence intensity 
(MFI) of ROS from 5 random fields was measured using 
Image J 1.41o software (National Institutes of Health, USA) 
and the MFI was used to represent the amount of ROS. 
Magnification, ×100.

Measurement of antioxidant enzymes activities

After various treatments, HUVECs were washed, collected 
and broken by ultrasound, and then centrifuged at 12,000 
× g at 4°C for 5 min. The supernatants were used to detect the 

activities of ROS and LDH and the concentration of MDA 
in the HUVECs according to the instructions of assay kits 
(Jiancheng Bioengineering Institute, Nanjing, PR China). 
The activities of antioxidant enzymes and MDA content were 
expressed as the percentage of the control value.

Measurement of NO production

NO has an extremely short half-life and quickly metabolizes 
to nitrate and nitrite. Thus, the level of nitrite in the super-
natant collected from confluent treated cells was assayed by 
Griess method using a nitrate/nitrite colorimetric assay kit 
(R&D Systems, Minneapolis, MN, USA) to represent NO 
production. Briefly, HUVECs supernatant was cultured with 
Griess reagent (Sigma) at room temperature for 5 min and 
the values of optical density were measured at 540 nm under 
a microplate reader. Sodium nitrite was used as a standard. 

Western blot assay

After various treatments, HUVECs were lysed with ice-cold 
RIPA Lysis Buffer (Beyotime), which was incubated at 4°C 
for 30 min and centrifuged at 12,000 × g for 20 min at 4°C. 
Total protein concentrations were measured using bicin-
choninic acid (BCA) method for protein quantification. 
Equal amount (40 μg) of protein samples were fractionated 
by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), and then electro-transferred onto poly-
vinylidene fluoride (PVDF) membranes (Millipore, USA). 
Membranes were blocked with 1×Tris-buffered saline-tween 
(TBST) containing 5% nonfat dried milk at room tempera-
ture for 1 h and then were incubated at 4°C overnight with 
the following primary antibodies: Antibodies for PRDX6 
(#95336), MnSOD (#13141), eNOS (Ser1177) (#9570) were 
purchased from Cell Signaling Technology (USA), and 
ICAM-1 (sc-7891), VCAM-1 (sc-13610), p-p38 (sc-166182), 
p38 (sc-7972), p-JNK (sc-6254), JNK (sc-7345), ERK1/2 
(sc-514302), p-ERK1/2 (sc-81492) and GAPDH (sc-137179) 
were obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). Then, membranes were incubated with the cor-
responding secondary antibodies of HRP-conjugated goat 
anti-rabbit or anti-mouse (Santa Cruz Biotechnology Inc., 
USA) for 2 h at room temperature. The protein bands were 
visualized with enhanced chemiluminescence (ECL) detec-
tion kits and analyzed with Image J software to obtain gray 
values of the bands. GAPDH was used as an internal refer-
ence. The relative changes of proteins’ content were quanti-
fied using the ratio of gray value of target protein to GAPDH.

Transwell migration assay

A total of 1×105 cells of HUVECs cultured in 100 μl DMEM 
were placed on the upper chamber of a 24-well Transwell 
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chamber (8 μm pore size, BD, USA), while the lower chamber 
was filled with 300 μl DMEM. After the system was incubated 
for 24 h, the cells on the inner surface of upper chamber 
were scraped with a cotton swab, and the cells on the lower 
chamber were fixed with 4% paraformaldehyde for 10 min. 
After fixation, the cells were stained with 0.1% crystal violet 
for 15 min, and washed excessive dye with PBS and dried. 
Then, the migrated cells were imaged and counted under an 
optical microscope.

Statistical analysis

Statistical analysis was performed using SPSS 23 software. 
All the experiments were repeated independently more 
than three times. Data were expressed as mean ± standard 

deviation (SD). If data followed a normal distribution, t-test 
was performed between two groups. The differences among 
groups were evaluated using one-way analysis of variance. 
p < 0.05 was considered statistically significant.

Results

Cytotoxicity increased and expression of PRDX6 decreased 
in AngII-induced HUVECs

As presented in Fig. 1A, compared to untreated HUVECs, 
cell viability significantly decreased with the increase of 
dosage of AngII (10–5, 10–6, 10–7, 10–8 M). Meanwhile, the 
mRNA level of PRDX6 was reduced obviously in AngII-

Figure 1. AngII-induced PRDX6 in Human umbilical vein endothelial cells (HUVECs) and transfection efficiency of overexpressed 
plasmids of pcDNA-PRDX6. A. AngII dose manner of cell viability of HUVECs was assessed using a CCK-8 assay. B. AngII dose man-
ner of PRDX6 mRNA levels in HUVECs were determined using reverse transcriptase polymerase chain reaction RT-PCR. C. AngII dose 
manner of PRDX6 protein levels were measured by Western blot. D. and E. The mRNA and protein levels of PRDX6 were detected using 
RT-PCR and Western blot to test the transfection efficiency of pcDNA-PRDX6. Data are presented as the mean ± SD (n = 3). * p < 0.05, 
** p < 0.01, *** p < 0.001 vs. Control group. 
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treated HUVECs when compared with the control cells 
(Fig. 1B). Similar to RT-qPCR results, Western blot analysis 
showed that the protein expression of PRDX6 gradually 
decreased as the dose of AngII increased (Fig. 1C). These 
findings indicated that PRDX6 might participate in AngII-
induced cytotoxicity.

Based on the results, AngII of the trough value (10–6 M) 
accompanying by the ≥ 50% cell activity and a significant 
decrease in PRDX6 expression was selected for the following 
experimental study. 

Overexpression of PRDX6 alleviates AngII-induced inflam-
matory and oxidative stress damage

The overexpression plasmid of PRDX6 was constructed 
and transfected into HUVECs. Results from RT-qPCR and 

Western blot showed that pcDNA-PRDX6 vector remarkably 
upregulated the PRDX6 expression both in mRNA and pro-
tein levels (Fig. 1D and E). Subsequently, AngII‑treated cells 
produced high levels of pro-inflammation factors (TNF-α, 
IL-6 and IL-1β), whereas overexpression of PRDX6 could 
suppress AngII‑induced pro-inflammation factors produc-
tion (Fig. 2A). 

As presented in Fig. 2B, untreated HUVECs nearly failed 
to produce detectable levels of ROS, whereas AngII‑treated 
cells produced high levels of ROS. Conversely, ROS expres-
sion was reduced in AngII-treated cells with pcDNA-PRDX6 
transfection. As an important mediator of endothelial func-
tion maintenance, reduced levels of NO could accelerate the 
ED process. Furthermore, AngII could induce high levels of 
LDH, MDA, ROS in HUVECs, but a decrease of NO level 
(Fig. 2D). Interestingly, PRDX6 overexpression could notably 

Figure 2. Effects of AngII and PRDX6 overexpression on inflammation and oxidative stress in HUVECs. A. Levels of TNF-α, IL-6 and 
IL-1β in HUVECs after pcDNA-PRDX6 transfection were measured by ELISA. B. Cellular ROS accumulation was observed by microscopy 
following DCFH-DA staining in HUVECs after pcDNA-PRDX6 transfection. Magnification, ×100; scale bar = 100 μm. C. The activity 
levels of LDH, MDA and ROS were determined by ELISA kits. D. NO production was assayed by Griess method using a nitrate/nitrite 
colorimetric assay kit in HUVECs after pcDNA-PRDX6 transfection. Data are presented as the mean ± SD (n = 3). * p < 0.05, ** p < 
0.01, *** p < 0.001 vs. Control group; ## p < 0.01, ### p < 0.001 vs. AngII group. 
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reduce LDH, MDA, ROS levels, but elevated NO production 
(Fig. 2C and D). Overall, inflammatory and oxidative stress 
damage was associated with AngII treatment, which allevi-
ated under PRDX6 overexpression.

Overexpression of PRDX6 recovers AngII-induced ED

eNOS (an ED marker) and SOD (antioxidant enzymes) 
have been reported to be involved in ED (Ripa et al. 2014). 

Figure 3. Overexpression of PRDX6 ameliorates AngII-induced endothelial dysfunction and migration inhibition. A. The protein expres-
sion levels of eNOS, MnSOD, VCAM1 and ICAM1 were determined by Western blotting. Blots were semi‑quantified by densitometric 
analysis. B. and C. Statistical graph of data and representative pictures of Transwell assay for the detection of the migrated HUVECs after 
pcDNA-PRDX6 transfection. Magnification, ×100; scale bar = 100 μm. D. The protein expression levels of p-p38 MAPK, p38 MAPK, 
p-JNK, JNK, p-ERK and ERK were determined by Western blot analysis. Blots were semi‑quantified by densitometric analysis. Data 
are presented as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. 
AngII group. 
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In the present study, AngII‑treated HUVECs exhibited 
dramatic low expression of eNOS and MnSOD compared 
with untreated control cells. Additionally, HUVECs treated 
with pcDNA-PRDX6 vector after AngII exhibited increased 
eNOS and MnSOD expression compared with cells treated 
with AngII (Fig. 3A).

ICAM-1 and VCAM-1, belonging to inflammatory 
mediators, cause arterial dysfunction. The present results 
indicated that AngII could provoke ICAM-1 and VCAM-1 
expression highly. Conversely, PRDX6 overexpression obvi-
ously suppressed the expression of ICAM-1 and VCAM-1 
when compared with AngII-induced cells (Fig. 3A). These 
data indicated that AngII treatment may contribute to ED 
and overexpression of PRDX6 recovered AngII-induced ED 
in HUVECs.

Overexpression of PRDX6 restores AngII-induced the 
insufficient ability of HUVECs to invade and suppresses 
p38 MAPK, JNK expression

The Transwell migration assay showed that AngII expo-
sure markedly inhibited the cell invasive rate of HUVECs. 
However, treatment with pcDNA-PRDX6 vector markedly 
enhanced AngII‑induced insufficient migration of HUVECs 
(Fig. 3B and C).

To determine the effects of PRDX6 overexpression on 
downstream signaling pathways, we examined MAPK 
phosphorylation. Phospho (p)-p38 MAPK and p-JNK were 
significantly increased in AngII‑induced HUVECs compared 
with control (Fig. 3D). These data indicate that increased 
inflammatory and oxidative stress damage in HUVECs is 
sufficient to activate downstream MAPK signaling path-
ways despite increased expression of vascular antioxidant 
enzymes. PRDX6-overexpressing significantly reduced 
p-p38 MAPK and p-JNK expression compared with AngII 
dispose (Fig. 3D). However, phospho-ERK and ERK levels 
were not significantly change always in in HUVECs (Fig. 3D), 
suggesting that PRDX6 dominate MAPK signal pathway in 
the vascular wall through regulating p38 MAPK and JNK 
expression.

PRDX6 inhibitor enhanced AngII-induced inflammatory 
and oxidative stress which was revered by p38 MAPK 
inhibitor or JNK inhibitor

Based on the related research result above, we speculate 
that PRDX6 knock down condition using PRDX6 inhibi-
tor in HUVECs increased AngII-induced inflammatory, 
oxidative stress, ED and MAPK activation. As showed in 
Fig. 4A, predispose of PRDX6 inhibitor (MS, 20 uM) for 
2 h aggravate the inflammation by upregulating TNF-α, IL-6 
and IL-1β levels in AngII-induced HUVECs. Expectedly, 
MAPK suppression by p38 MAPK inhibitor (ML3404) or 

JNK inhibitor (SP600125) sharply decreased TNF-α, IL-6 
and IL-1β levels compared to AngII+MS group (Fig. 4A). 
Similarly, treatment with MS, alongside AngII, resulted in 
increased levels of oxidative stress, including ROS, LDH, 
and MDA compared with in cells treated with AngII only. 
These findings indicate that PRDX6 could protect HUVECs 
against AngII-induced inflammatory and oxidative stress by 
suppressing MAPK signal pathway.

PRDX6 inhibitor enhanced AngII-induced ED and invasion 
inhibition which was revered by p38 MAPK inhibitor or 
JNK inhibitor

NO has anti-inflammatory properties, including inhibi-
tion of the inflammatory response in endothelial cells 
(Deanfield et al. 2007). In the present study, cells treated 
with MS and AngII had lower levels of NO, compared with 
MS‑unstimulated AngII‑treated cells (Fig. 4D). Notably, 
cells treated with either ML3404 or SP600125 alongside 
AngII exhibited improved NO production compared 
with MS- and AngII-treated cells (Fig. 4D). In addition, 
treatment with MS could suppress the expression of an-
tioxidants eNOS and MnSOD, but induced ICAM-1 and 
VCAM-1 expression in AngII‑induced cells. Rather, treat-
ment with ML3404 had a similar effect to SP600125 against 
ED in MS‑stimulated AngII‑treated HUVECs through 
elevating eNOS and MnSOD and attenuating ICAM-1 
and VCAM-1 expressions (Fig. 5A).These data indicate 
that antioxidants may mediate the effects of PRDX6 on 
AngII-induced ED.

MS exposure markedly inhibited cell invasion in AngII-
induced HUVECs (Fig. 5B and C). However, treatment 
with either ML3404 or SP600125 markedly enhanced cell 
invasion of HUVECs after MS + AngII stimulations (Fig. 
5B and 5C). These findings demonstrated that PRDX6 could 
protect HUVECs against AngII-induced ED and migration 
inhibition by suppressing MAPK signal pathway.

Discussion

There is always renin-angiotensin system (RAS) activation 
in patients with CVD. AngII is regarded as one of the im-
portant risk factors of accelerating atherosclerosis procedure. 
Many studies reported that AngII induced endothelial cell 
inflammation, oxidative stress, cell dysfunction and apop-
tosis (Bendall et al. 2007; Hu et al. 2017; Li et al. 2017), and 
participated in the local RAS in the artery vessels (Heeneman 
et al. 2007). AngII-induced endothelial injury is associ-
ated with atherosclerosis. In the present study, AngII could 
reduce PRDX6 expression in a dose-dependent manner in 
HUVECs, which indicated that PRDX6 may be involved in 
AngII-induced endothelial cell damage.
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Inflammation status not only plays important functions 
in these conditions, but also cannot be ignored in the for-
mation and advance of atherosclerosis and the occurrence 
of cardiovascular events. It has been demonstrated that 
AngII increases the expression of TNF-α, MCP-1 and IL-8 
in HUVECs (Jiang et al. 2007; Kim et al. 2008). In addition, 
atherosclerosis is closely related to inflammation (Libby et 
al. 2002). Our study demonstrated that PRDX6 overexpres-
sion could alleviate AngII-induced levels of TNF-α, IL-1β 
and IL-6 remarkably in endothelia cells, suggesting PRDX6 
has anti-inflammatory effect. 

ROS is involved in different pathologies, including car-
diovascular diseases as a therapeutic possibility (Paravicini 
and Touyz 2008). An excess of O2

– may decrease NO avail-
ability, leading to endothelial dysfunction and a  decrease 
in endothelium-dependent vasodilation. AngII is a strong 

stimulator of endothelial cell oxidative stress to induce the 
increase of endothelial ROS production, but ROS product 
superoxide anion could damage endothelial cell vitality 
(Deng et al. 2010). Many vascular disease states are associated 
with an increase in the production of ROS in the vessel wall, 
which is associated with reduced NO bioavailability, leading 
to endothelial dysfunction. Indeed, we observed an increase 
in the level of ROS, LDH and MDA, and a decrease of NO 
level in AngII-induced endothelia cells. And, surprisingly, 
PRDX6 overexpression could suppress oxidative stress and 
promote NO production. The present study hypothesized 
that PRDX6 exerts cytoprotective effects against AngII-
induced oxidative stress in HUVECs.

A previous study demonstrated that suppressed eNOS 
expression is associated with AngII cytotoxicity (Nakao et 
al. 2013). NO derived from eNOS is one of the critical signal 

Figure 4. Effects of PRDX6 inhibitor and MAPK pathway inhibitor on inflammation and oxidative stress in AngII-induced HUVECs. 
A. Levels of TNF-α, IL-6 and IL-1β in HUVECs after MS treatment and the p38 MAPK inhibitor ML3404 or JNK inhibitor SP600125 
were measured by ELISA. B. Cellular ROS accumulation was observed by microscopy following DCFH-DA staining in HUVECs. Mag-
nification, ×100; scale bar = 100 μm. C. The activity levels of LDH, MDA and ROS were determined by ELISA kits. D. NO production 
was assayed by Griess method using a nitrate/nitrite colorimetric assay kit in HUVECs. Data are presented as the mean ± SD (n = 3). 
** p < 0.01, *** p < 0.001 vs. Control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. AngII group; &&& p < 0.001 vs. the AngII+MS group. 
ML3404, the p38 MAPK inhibitor; SP600125, JNK inhibitor.
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molecules in the cardiovascular system. In addition to its 
vasodilator effect, NO also has anti-inflammatory proper-
ties, including inhibition of the inflammatory response in 
endothelial cells (Deanfield et al. 2007). In the atherosclerotic 
process, ROS can promote oxidized LDL (oxLDL) forma-
tion, stimulate matrix metalloproteinases (MMPs), improve 
vascular smooth muscle cell (VSMC) growth and provoke 
inflammatory mediator production, including ICAM-1 and 
VCAM-1. Together with the present findings, AngII stimula-
tion caused a decrease in the protein expression of eNOS and 
MnSOD as well as the cell migration in endothelial cells, but 
improved VSMC growth. These results suggested that An-
gII may result in HUVECs dysfunction. Overexpression of 
PRDX6 induced an increase in the protein levels of MnSOD 
and eNOS, both of which may contribute to the maintenance 
of normal basal blood pressure and endothelium-dependent 
vasorelaxation through enhanced O2

−· removal and NO 
production. Additionally, PRDX6 could also improve the 

ED by inhibiting ICAM-1 and VCAM-1 expression, and 
augmenting cell migration.

MAPK pathway is related to AngII-activated production 
of inflammatory factors in HUVECs (Deng et al. 2015). ROS 
generation is stimulated by κ opioid receptor (KOR) activa-
tion through phosphorylated c-Jun N-terminal kinase and 
inhibited by p38 MAPK activation (Schattauer et al. 2019). 
MAPK signal pathway consists of kinases that are activated 
one after another, for example, p38, JNK and ERK. In our 
data, AngII-induced HUVECs showed increased p-JNK and 
p-p38 MAPK activation is compared to control cells. Over-
expression of PRDX6 suppressed p-JNK and p-p38 MAPK 
expression, but has no change on the ERK expression. A pre-
vious study indicated that PRDX6 overexpression inactivates 
p38 MAPK and JNK pathway by reducing LPS-induced ROS 
level in the kidney, resulting in inhibition of renal apoptosis 
and leukocyte infiltration, and led to attenuation of LPS-
induced acute kidney injury (Lee et al. 2017). Similar to our 

Figure 5. Effects of PRDX6 inhibitor and MAPK pathway inhibitor on AngII-induced endothelial dysfunction and migration in 
AngII-induced HUVECs. A. The protein expression levels of eNOS, MnSOD, VCAM1 and ICAM1 were determined by Western 
blotting. Blots were semi‑quantified by densitometric analysis. B. and C. Statistical graphs of data and representative pictures of 
Transwell assay for the detection of the migrated HUVECs after pcDNA-PRDX6 transfection. Magnification, ×100; scale bar = 
100 μm. Data are presented as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Control group; # p < 0.05, ## p < 
0.01, ### p < 0.001 vs. AngII group; && p < 0.01 &&& p < 0.001 vs. AngII+MS group. ML3404, the p38 MAPK inhibitor; SP600125, 
JNK inhibitor.
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results, we came to the conclusion that PRDX6 inactivates 
p38 MAPK/JNK pathway by reducing the AngII-induced 
ROS concentration in HUVECs, resulting in inhibition of 
inflammation and oxidative stress and led to attenuation of 
AngII-induced endothelial cell damage.

PRDX6 is expressed in almost all mammalian tissues and 
is highly expressed in solid organs. PRDX6 silencing mark-
edly suppressed colorectal cancer (CRC) cell migration and 
invasiveness while also inducing cell cycle arrest as well as 
the generation of ROS; specific overexpression of PRDX6 
had the opposite effect (Huang et al. 2018). PRDX6 is more 
important than other antioxidants under excessive oxidative 
stress in vivo (Wang et al. 2003). It has been reported that 
downregulated expression of PRDX6 decreased the survival 
rates, and increased apoptosis and the level of MDA and ROS 
in HCECs under UV-B irradiation (Yu et al. 2019). Herein, 
we found that the PRDX6 inhibitor obviously aggravated 
inflammation, oxidative stress and ED, and increased the 
inhibitory effect of AngII on cell migration of HUVECs. 
Conventional KOR agonists stimulate ROS generation 
through a JNK–PRDX6 pathway (Schattauer et al. 2019). In 
this study, the p38 MAPK inhibitor or JNK inhibitor were 
used to inhibit the AngII + MS-activated MAPK signaling 
pathway to verify that MAPK signaling pathway was in-
volved in the PRDX6’s protective effect on endothelial cell 
dysfunction. The present investigation demonstrated that 
under the condition of that MAPK signaling pathway was 
restrained, the levels of inflammation, oxidative stress and 
the degree of cell dysfunction caused by AngII and MS are 
greatly improved, which provided a molecular mechanism 
demonstrating the role of PRDX6 in mediating vascular 
inflammation, oxidative stress and ED in AngII-induced 
endotheliocyte.

Conclusion

The present study hypothesized that PRDX6 exerts cytopro-
tective effects against AngII-induced ED in HUVECs via 
the inhibition of MAPK signaling pathway. ED is predictive 
of cardiovascular events and long-term clinical outcome. 
Therefore, PRDX6 can be used to guide the clinical treatment 
of CVD and develop new targeted drugs.
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