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Abstract Excessive oxidative stress is a major causative factor of endothelial dysfunction in
hypertension. As an endogenous pro-oxidant, thioredoxin-interacting protein (TXNIP) contrib-
utes to oxidative damage in various tissues. The present study aimed to investigate the role of
TXNIP in mediating endothelial dysfunction in hypertension. In vivo, an experimental model of
acquired hypertension was established with two-kidney, one-clip (2K1C) surgery. The expres-
sion of TXNIP in the vascular endothelial cells of multiple vessels was significantly increased in
hypertensive rats compared with sham-operated rats. Resveratrol, a TXNIP inhibitor, sup-
pressed vascular oxidative damage and increased the expression and activity of eNOS in the
aorta of hypertensive rats. Notably, impaired endothelium-dependent vasodilation was effec-
tively improved by TXNIP inhibition in hypertensive rats. In vitro, we observed that Ang II
increased the expression of TXNIP in primary human aortic endothelial cells (HAECs) and that
TXNIP knockdown by RNA interference alleviated cellular oxidative stress damage and miti-
gated the impaired eNOS activation and intracellular nitric oxide (NO) production observed
in Ang II-treated HAECs. However, inhibiting thioredoxin (TRX) with PX-12 completely blunted
the protective effect of silencing TXNIP. In addition, TXNIP knockdown facilitated TRX expres-
sion and promoted TRX nuclear translocation to further activate AP1 and REF1. TRX
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overexpression exhibited favorable effects on eNOS/NO homeostasis in Ang II-treated HAECs.
Thus, TXNIP contributes to oxidative stress and endothelial dysfunction in hypertension, and
these effects are dependent on the antioxidant capacity of TRX, suggesting that targeting
TXNIP may be a novel strategy for antihypertensive therapy.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Vascular endothelial cells, which form the inner layer of the
blood vessel wall, are essential for maintaining the normal
function of the vasculature and hemodynamic stability.1

Endothelial dysfunction prompts vascular remodeling and
is recognized as an early feature of the adverse cardio-
vascular events observed in hypertension.2,3 Accumulated
evidence from both clinical trials and experiments indicates
that oxidative stress is a major contributing factor in the
pathogenesis of endothelial dysfunction in hypertension.4,5

Therefore, antioxidant treatments exert protective effects
on endothelial function and potentially alleviate
hypertension-induced cardiac remodeling.6,7

Immoderate activation of the renin-angiotensin system
(RAS) characterized by high accumulation of angiotensin II
(Ang II) in the circulation is not only a hallmark of hyper-
tension but also a trigger that induces vascular oxidative
stress by activating NAD(P)H oxidase, thereby augmenting
intracellular reactive oxygen species (ROS) generation in
vascular endothelial cells.8,9 ROS detrimentally affect
endothelial function via several mechanisms, including
suppressing endothelial NO synthase (eNOS) activation and
promoting eNOS uncoupling, eventually leading to an
alteration in nitric oxide (NO) bioavailability.10,11 Although
emerging evidence suggests a causal relationship between
oxidative stress and endothelial dysfunction in hyperten-
sion, the precise mechanisms involved remain unclear.

Thioredoxin-interacting protein (TXNIP) is a ubiquitously
expressed a-arrestin that can induce oxidative damage by
binding to the catalytic site of thioredoxin (TRX) and
thereby inhibiting TRX antioxidant activity.12,13 TXNIP is
linked to various physiological processes related to cell
growth and survival and is sensitive to high glucose levels,
inflammation, ROS and other types of stress.14,15 Abnor-
mally high levels of TXNIP can enhance oxygen consumption
and mitochondrial ATP synthesis, resulting in oxidative
stress in multiple cells.12 Furthermore, recent studies sug-
gest that TXNIP can potentially suppress eNOS activity and
disrupt NO signaling,16,17 which suggests that TXNIP may act
as a detrimental factor in endothelial function. However,
currently, little is known about the role of TXNIP in medi-
ating endothelial dysfunction in hypertension.

In the present study, we hypothesized that vascular
TXNIP expression could be abnormally upregulated by hy-
pertension and contribute to endothelial dysfunction. To
test this hypothesis, we established a hypertensive rat
model and used human Ang II to induce endothelial injury in
primary human aortic endothelial cells (HAECs). The regu-
latory effects of TXNIP on endothelial function were
determined, and the concrete mechanisms involved were
also elucidated.
Materials and methods

Animals and experimental protocols

The protocols for the animal experiments were performed
in accordance with the guidelines of the Ethics Committee
of Chongqing Medical University (Chongqing, China) and
complied with the Guidelines for the Care and Use of Lab-
oratory Animals published by the National Institutes of
Health. All animals were raised in specific pathogen-free
conditions and housed in appropriate containers with a 12-h
light/dark cycle and free access to standard rodent food
and water. The animal experiments were performed in two
independent parts, as described below.

Part I: Male SpragueeDawley rats (weighing 180e220 g)
were randomly divided into control, sham, and hyperten-
sion groups (nZ 10 per group). A rat model of experimental
hypertension was established by two-kidney, one-clip
(2K1C) surgery. Hemodynamic parameters, including sys-
tolic blood pressure (SBP), mean blood pressure (MBP) and
heart rate (HR), were monitored weekly in conscious rats
using a noninvasive tail-cuff system (Softron Biotechnology,
Beijing, China). Four weeks after the surgery, blood sam-
ples were collected from the left femoral artery, and the
heart, thoracic aorta, and carotid artery were harvested.
The heart mass index (presented as the heart weight/body
weight) was calculated.

Part II: Male SpragueeDawley rats were randomly divided
into sham, sham þ resveratrol (trans-3,40,5-
trihydroxystilbene), hypertension and hypertension þ
resveratrol groups (n Z 8 per group). Resveratrol has been
identified to significantly suppress TXNIP expression at both
the protein and mRNA levels and is widely used as a natural
inhibitor of TXNIP.18,19 Resveratrol (Solarbio, Beijing, China)
was dissolved in 0.5% sodium carboxymethylcellulose (CMC)
and diluted with physiological saline. To diminish the under-
lying pharmacological action on the cardiovascular system,
according toa studypublishedbyVella RKetal,20 a lowdoseof
resveratrol (2mg/kg/d) or equal volumeof vehicle (0.5%CMC)
was administered to rats via oral gavage for 4 consecutive
weeks. At 4 weeks after treatment, the SBP, MBP, HR and
weightweredetected.Blood sampleswerecollected fromthe
caudal vein for fasting blood glucose detection using a gluc-
ometer (Sinocare, Changsha, China), and the thoracic aorta
was harvested for vascular tension detection and other
experiments.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Role of TXNIP in hypertension 755
Establishment of hypertensive rats

2K1C-induced hypertensive rats have been widely used to
assess oxidative stress-related target organ injury in hy-
pertension.21 According to previous methods,22 rats were
anesthetized with an intraperitoneal injection of pento-
barbitone sodium (50 mg/kg) and placed in the lateral de-
cubitus position. The left kidney was exposed through a
retroperitoneal flank incision. After the left renal artery
was separated from the adjacent renal vein and connective
tissues, a 0.25-mm U-shaped silver clip was placed around
the artery to partially block renal blood flow. Sham-
operated rats underwent the same procedure without sil-
ver clip implantation.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples were centrifuged at 3000 rpm for 10 min at
4 �C, and the supernatant plasma was collected for Ang II
detection using a rat Ang II ELISA kit (Meibiao, Yuncheng,
China) according to the manufacturer’s instructions.

Histological and immunohistochemical assays

Hearts, carotid arteries, and thoracic aortas were
immersed in 4% neutral buffered paraformaldehyde and
embedded in paraffin wax. After being cut into 5-mm-thick
sections, the tissues were stained with hematoxylin and
eosin (HE). The HE-stained sections were imaged under a
microscope (Leica, Wetzlar, Germany). Myocyte areas
(calculated from at least 100 myocytes per section) were
used to evaluate cardiac remodeling. Similarly, the medial
thicknesses of the carotid artery and thoracic aorta were
used to evaluate vascular remodeling; at least 10 inde-
pendent fields per section were assessed. The medial
thickness and myocyte area results were quantified using
Image-Pro Plus software (Media Cybernetics, MD, USA).

TXNIP protein in the carotid artery and thoracic aorta
was identified and quantified by immunohistochemistry. In
brief, after processing similar to that described above,
vascular sections were processed for antigen retrieval,
blocked, and then incubated with a primary antibody
against TXNIP (1:100; Proteintech) in a moist chamber at
4 �C overnight. Then, diaminobenzidine dye was applied to
visualize the positive protein staining. Finally, the sections
were counterstained with hematoxylin for nuclear staining.

Dihydroethidium (DHE) staining

Thoracic aorta sections were incubated with a DHE (Sig-
maeAldrich, MO, USA) solution according to the manu-
facturer’s instructions. The red fluorescent signal was
captured using a fluorescence microscope (Leica) and
quantified using Image-Pro Plus software.

Endothelium-dependent vascular reactivity
experiment

The thoracic aorta was cut into aortic rings (5 mm in
length), which were then mounted on the stainless steel
pins of the Multi Wire Myograph System (DMT, Hinnerup,
Denmark), incubated at 37 �C with a physiolfogical salt
solution (PSS; 74.7 mM NaCl, 14.9 mM NaHCO3, 1.17 mM
MgSO4, 1.6 mM CaCl2, 1.18 mM KH2PO4 and 5.5 mM glucose)
and gassed with 95% O2 and 5% CO2 at a steady flow. The
tension of the aortic rings was adjusted to 1 g and equili-
brated for 60 min. Then, the aortic rings were stabilized by
two successive near-maximum contractions with a KCl
(60 mM)-PSS. When stable contraction induced by norepi-
nephrine (NE; 100 nM) was obtained, the concentration-
relaxation response of each aortic ring to cumulative con-
centrations of acetylcholine (ACh) or sodium nitroprusside
(SNP) (both ranged from 10�10 to 10�5 M) was recorded and
analyzed using LabChart software (AD Instruments, Dun-
edin, New Zealand).

Cell culture

Primary HAECs were kindly provided as a gift by Professor
Xiangjian Chen’s laboratory (Research Institute of Cardio-
vascular Disease affiliated with Nanjing Medical University,
Nanjing, China). HAECs were cultured in endothelial cell
medium (ECM; ScienCell, CA, USA) supplemented with 5%
fetal bovine serum, 1% endothelial cell growth supplement
and a 1% penicillin/streptomycin solution in a humidified
incubator at 37 �C with 5% CO2. Cells in passages 3 to 6 were
used in the experiments.

RNA interference

A specific small interfering RNA (siRNA) targeting TXNIP and a
negative control (NC) scrambled RNA were constructed by
Hanbio (Shanghai, China). HAECs were transiently transfected
with siRNA oligos with Lipofectamine� 2000 reagent (Invi-
trogen, CA, USA) according to themanufacturer’s instructions.
The siRNA-TXNIP sequence was 50-GGAACAUCCUUCAAAGGAA-
30, and the siRNA-NC sequence was 50-UUCUCCGAACGUGU-
CACGU-30. The transfected cells were cultured for 24 h prior to
Ang II treatment and other treatments.

Plasmid transfection

A TRX-overexpression plasmid (GV230-TRX) and scrambled
NC plasmid (GV230-NC) were commercially constructed by
Jikai Gene Chemical Technology Co., Ltd. (Shanghai,
China). The plasmids were transfected into HAECs accord-
ing to the manufacturer’s instructions.

Western blotting

Total protein was extracted from HAECs and vascular tissues
derived from rats. Nuclear extracts were isolated from
HAECs using a nuclear protein extraction kit (Beyotime,
Shanghai, China). Protein samples were separated on sodium
dodecyl sulfate (SDS)-polyacrylamide gels and transferred to
polyvinylidene difluoride (PVDF) membranes. After blocking
with 5% skim milk, the membranes were incubated with the
appropriate primary antibodies including anti-TXNIP (1:1000;
Proteintech), anti-TRX (1:2000; Proteintech), anti-AP1
(1:1000; Proteintech), anti-REF1 (1:1000; Bimake), anti-
GAPDH (1:5000; Proteintech), anti-PCNA (1:2000;



Figure 1 Hypertension promoted the upregulation of TXNIP expression in vascular tissues in vivo. Rats were subjected to 2K1C
surgery to establish an animal model of acquired hypertension. At 4 weeks after surgery, the carotid artery and aorta were har-
vested. (A) Western blot analysis of TXNIP in the carotid artery (upper panel) and aorta (lower panel). (B, C) Quantitative detection
of the TXNIP protein in the carotid artery (B) and aorta (C) (n Z 8 per group). (D) Immunohistochemical analysis of the TXNIP
protein in the carotid artery (upper panel) and thoracic aorta (lower panel). Black arrows indicate positive staining for TXNIP in
endothelial cells (original magnifications, 200 � and 1000 � ). **P < 0.01 vs. the sham group.
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Proteintech), anti-NOX4 (1:1000; Proteintech), anti-NOX2
(1:1000; Santa Cruz Biotechnology), anti-SOD2 (1:2000;
Santa Cruz Biotechnology), anti-eNOS (1:1000; Cell Signaling
Technology), anti-p-eNOS (ser 1177) (1:1000; Cell Signaling
Technology), anti-AKT (1:1000; Cell Signaling Technology),
and anti-p-AKT (ser 473) (1:500; Santa Cruz Biotechnology)
overnight at 4 �C. Then, the membranes were incubated
with species-matched secondary antibodies (1:5000; Pro-
teintech) for 1.5 h at room temperature. The blots were
developed with a hypersensitive ECL chemiluminescence kit
(Beyotime) and examined using a Bio-Rad gel imaging system
(Bio-Rad, CA, USA).

Cell immunofluorescence

HAECs were cultured on glass coverslips in a 24-well plate
and fixed with 4% paraformaldehyde for 10 min. Then, the
cells were permeabilized with 0.25% Triton X-100 and
blocked with 1% bovine serum albumin (BSA) for 30 min at
room temperature. Subsequently, the cells were incubated
with primary antibodies against TXNIP (1:100; Proteintech)
and TRX (1:200; Proteintech) overnight at 4 �C. Alexa Fluor
555-labeled and FITC-labeled secondary antibodies (all
from Beyotime, Shanghai, China) were used to detect TXNIP
(in red) and TRX (in green), respectively. DAPI was then
added for nuclear staining. Fluorescence signals were
captured under a confocal microscope (Carl Zeiss, Ober-
kochen, Germany) and quantitatively analyzed using
Image-Pro Plus software.
Intracellular ROS assay

Intracellular ROS level were measured with a 2070-dichlor-
odihydrofluorescein diacetate (DCFH-DA) solution (Beyo-
time, Shanghai, China) according to the manufacturer’s
instructions. Hydrogen peroxide served as a positive con-
trol. Image-Pro Plus software was used to quantitatively
detect the intracellular fluorescence indicative of ROS.

Intracellular NO measurement

Intracellular NO levels were detected using the fluorescent
dye 3-amino,4-aminomethyl-2’,7’-difluorescein, diacetate
(DAF-FM DA; Beyotime, Shanghai, China), which could
penetrate the cell membrane and bind to intracellular NO,
leading to fluorescence excitation at 495 nm. The fluores-
cence signal for NO was captured with a fluorescence mi-
croscope, and the fluorescence density from at least 10
random fields in each well was quantitatively analyzed with
Image-Pro Plus software.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software V.7.0 (GraphPad Software, CA, USA). The data are
presented as the mean � standard deviation (SD). Com-
parisons of two groups were performed using an unpaired,
two-tailed Student’s t-test. Comparisons among multiple



Figure 2 Inhibition of TXNIP alleviated vascular oxidative stress in hypertensive rats. Sham-operated and hypertensive rats were
established, followed by the administration of resveratrol (2 mg/kg/d) or CMC for 4 weeks. After 4 weeks of treatment, the aorta
was harvested. (A) Western blot analysis of TXNIP in the aorta of rats in each group. (B) Quantitative detection of the TXNIP protein
in each group (C) (n Z 4 per group). (C) DHE and DAPI staining of the aorta (original magnification, 400 � ). (D) Quantitative
detection of the fluorescence intensity of DHE relative to that of DAPI (n Z 4 per group). (E) Western blot analysis of several
representative redox proteins (NOX4, NOX2, SOD2 and TRX) in the aorta. (F) Quantitative detection of the protein levels of the
above named redox proteins in the groups (n Z 4 per group). *P < 0.05 vs. the sham þ CMC group; **P < 0.01 vs. the sham þ CMC
group; #P < 0.05 vs. the hypertension þ CMC group; ##P < 0.01 vs. the hypertension þ CMC group. CMC, sodium
carboxymethylcellulose.
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groups were conducted using one-way analysis of variance
(ANOVA) followed by Tukey’s test. A P-value < 0.05 was
considered statistically significant.

Results

Hypertension promoted the upregulation of TXNIP
expression in vascular tissues in vivo

A successful hypertensive rat model was validated by
detecting consistent blood pressure elevation and cardio-
vascular remodeling (Fig. S1). There was no difference in
HR values among groups (date not shown). Western blot
analysis showed that the expression of TXNIP was signifi-
cantly increased in the carotid artery and thoracic aorta of
hypertensive rats compared with those of sham-operated
rats (both P < 0.01; Fig. 1AeC). Moreover, as endothelial
cells are crucial for vasodilation, we examined TXNIP
expression in vessel endothelial cells with immunohisto-
chemistry. The results showed that the positive staining for
TXNIP in endothelial cells was markedly increased in the
carotid artery and thoracic aorta of hypertensive rats
(Fig. 1D).
Inhibition of TXNIP alleviated vascular oxidative
stress in hypertensive rats

To test the role of TXNIP in hypertension, we used resveratrol
to inhibit TXNIP. The inhibitory effect of resveratrol was evi-
denced by decreased TXNIP expression in the aorta of sham-



Figure 3 Inhibition of TXNIP improved endothelium-dependent vasorelaxation in hypertensive rats. (A) Western blot analysis of
eNOS and p-eNOS (ser 1177) in the aorta. (B) Quantitative detection of the eNOS protein and the ratio of p-eNOS/eNOS in each
group (n Z 4 per group). (C) Vascular tension curves for ACh-induced aortic relaxation. (D) Vascular tension curves for SNP-induced
aortic relaxation. (n Z 4 per group). *P < 0.05 vs. the sham þ CMC group; **P < 0.01 vs. the sham þ CMC group; #P < 0.05 vs. the
hypertension þ CMC group.
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operated and hypertensive rats (Fig. 2A, B). No differences in
bodyweight, blood glucose levels or theHRwere foundamong
the different groups of rats (all P > 0.05). Hypertensive rats
exhibited elevations in SBP and MBP, which were partially
mitigated by resveratrol treatment (Table S1). DHE staining
showed that ROS accumulation was significantly increased in
the hypertensive rats compared with the normotensive rats
(shamgroup). Resveratrol significantly reduced the ROS levels
in the vessels of hypertensive rats (P < 0.01; Fig. 2C, D).
Moreover, the increased NOX4 and NOX2 expression and
decreased SOD2 expression in the aorta of hypertensive rats
were also partially ameliorated by resveratrol (all P < 0.05;
Fig. 2E, F). TRX is a crucial antioxidant protein that binds to
TXNIP. We observed that the expression of TRX was signifi-
cantlydecreased in theaortaofhypertensive ratsandthat this
effect was blunted by resveratrol (P< 0.05; Fig. 2E, F). These
results further suggested that inhibition of TXNIP alleviated
oxidative stress-related damage in hypertensive rats.
Inhibition of TXNIP improved endothelium-
dependent vasorelaxation in hypertensive rats

To determine the effect of TXNIP on vasorelaxation in hy-
pertension, we tested eNOS and p-eNOS (ser 1177) in the rat
aorta. Compared with that of sham-operated rats, the aorta
of hypertensive rats showed decreased expression and active
site phosphorylation of eNOS, while TXNIP inhibition signifi-
cantly restored the protein expression and phosphorylation
of eNOS (both P < 0.05; Fig. 3A, B). Vascular tension curves
(ACh) displayed an obvious shift to right in the aorta of hy-
pertensive rats compared with that of sham-operated rats,
indicating that ACh-induced relaxations were impaired in
hypertension. Importantly, TXNIP inhibition markedly
improved the ACh-induced relaxations in the aorta of hy-
pertensive rats without affecting those in normotensive rats
(Fig. 3C). The quantitative relaxation degrees of the aorta
induced by different concentrations of ACh in each group are
shown in Table S2. There were no significant differences in
SNP-induced vasodilatations of the aorta among all groups
(P > 0.05; Fig. 3D).
Ang II induced oxidative stress via TXNIP in isolated
HAECs

As a crucial trigger of endothelial dysfunction in hyper-
tension, the Ang II level was elevated in the plasma of hy-
pertensive rats (Fig. S1). To mimic endothelial injury
in vitro, HAECs were exposed to stimulation with Ang II at
various concentrations (ranging from 10�8 to 10�5 M) for
24 h. The results showed that the expression of TXNIP was
gradually upregulated as the concentration of Ang II
increased and peaked at 10�6 M (P < 0.01; Fig. 4A, C).
Subsequently, TXNIP expression also showed an upward
trend in a time-dependent manner in Ang II-treated HAECs
(Fig. 4B, D). Inhibition of Ang II with losartan (an Ang II type
I receptor blocker) almost completely eliminated the
increased expression of TXNIP in HAECs, as evidenced by
Western blot and immunofluorescence results, suggesting



Figure 4 Ang II induced oxidative stress via TXNIP in isolated HAECs. HAECs were treated with Ang II at different concentrations
(10�8 to 10�5 M) or for different durations (3 he36 h) to explore the effects of Ang II on TXNIP expression. Then, the HAECs were
transfected with TXNIP- or NC-siRNA oligos (50 nM) 24 h prior to Ang II stimulation (10�6 M, 24 h). The fluorescent probe DCFH-DA
(10 mM) was used to label intracellular ROS, and hydrogen peroxide (100 mM, 2 h) was used as a positive control. (A, B) Western blot
analysis of TXNIP in HAECs treated with Ang II at different concentrations (A) or for different durations (B). (C and D) Quantitative
detection of TXNIP protein levels in HAECs treated with Ang II at different concentrations (C) or for different periods (D). (E) DCFH-
DA fluorescence staining of ROS in HAECs (original magnification, 100 � ). (F) Quantitative detection of the relative fluorescence
intensity of ROS in each group. (G)Western blot analysis of several representative redox proteins (NOX4, NOX2 and SOD2) in HAECs.
(HeJ) Quantitative detection of the protein levels of NOX4 (H), NOX2 (I) and SOD2 (J) in each group. *P < 0.05 vs. the control
group; **P < 0.01 vs. the control group; #P < 0.05 vs. the Ang II þ siRNA-NC group; ##P < 0.01 vs. the Ang II þ siRNA-NC group.
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that the increase in the expression of TXNIP was directly
mediated by Ang II (Fig. S2).

Ang II also increased ROS levels in HAECs, as shown in
Figure 4E and F. To determine whether TXNIP inhibition can
protect against Ang II-induced oxidative stress in HAECs,
TXNIP expression was knocked down with siRNA. Effective
knockdown was confirmed by Western blotting (Fig. S3).
Results showed that silencing TXNIP markedly decreased
the oxidative stress induced by Ang II (P < 0.01; Fig. 4E, F).
In addition, the increases in the expression of NOX4 and
NOX2 and decrease in the expression of SOD2 were also
blunted by silencing TXNIP in Ang II-treated HAECs (all
P < 0.05; Fig. 4GeJ).
TXNIP knockdown alleviated the impaired eNOS
function in HAECs exposed to Ang II

The phosphorylation of eNOS at ser 1177 mediated by AKT
signaling maintains eNOS activation and NO synthesis,
which serve as important indicators of endothelial func-
tion.23 Western blot analysis showed that Ang II substan-
tially downregulated the phosphorylation of eNOS at ser
1177 and that of AKT at ser 473 in HAECs, whereas upon
TXNIP knockdown, the abovementioned phosphorylated
protein levels were notably upregulated (both P < 0.05,
Fig. 5AeC). In accordance with this finding, intracellular NO
production was significantly decreased in Ang II-stimulated



Figure 5 TXNIP knockdown alleviated the impaired eNOS function in HAECs stimulated with Ang II. HAECs were transfected with
NCeor TXNIP-siRNA, and the fluorescent probe DAF-FM DA (5 mM) was used to label intracellular NO in the HAECs. In addition, the
transfected HAECs were pretreated with PX-12 (1 mM) 2 h prior to Ang II stimulation (10�6 M, 24 h). (A) Western blot analysis of the
protein levels of eNOS, p-eNOS (ser 1177), AKT and p-AKT (ser 473) in HAECs. (B, C) Quantitative detection of the ratios of p-eNOS/
eNOS (B) and p-AKT/AKT (C) in each group. (D) DAF-FM DA fluorescence staining of intracellular NO in HAECs (original magnification
200 � ). (E) Quantitative detection of the relative fluorescence intensity of intracellular NO in each group. (F)Western blot analysis
of the protein levels of TRX, eNOS and p-eNOS (ser 1177) in HAECs. (G, H) Quantitative detection of the TRX protein (G) and ratio of
p-eNOS/eNOS (H) in each group *P < 0.05 vs. the control group; **P < 0.01 vs. the control group; #P < 0.05 vs. the Ang II þ siRNA-NC
group; FP < 0.05 vs. the Ang II þ siRNA-TXNIP group.
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HAECs compared with the corresponding control HAECs;
however, knockdown of TXNIP expression partially restored
NO production (P < 0.05, Fig. 5D, E). In addition, the
increased TRX expression induced by Ang II was further
enhanced by silencing TXNIP (P < 0.05, Fig. 5F, G), and
inhibiting TRX with PX-12 (a TRX inhibitor) eliminated the
effect of silencing TXNIP on eNOS activation (Fig. 5F, H).
These results indicated that TXNIP knockdown protected
eNOS activity against Ang II stimulation in HAECs and that
this effect might be mediated by TRX.

TXNIP suppressed the expression and nuclear
translocation of TRX in Ang II-treated HAECs

Toexplore the intrinsic interactionsbetweenTXNIPandTRX in
the process of endothelial dysfunction, the expression and



Figure 6 TXNIP suppressed the expression and nuclear translocation of TRX in Ang II-treated HAECs. (A) Immunofluorescence
detection of the expression and distribution of intracellular TRX (in green) in HAECs (original magnification, 100 � ). (B) Quanti-
tative detection of the relative fluorescence intensity of TRX in each group. (C) Western blot analysis of the protein level of TRX in
the cytoplasm of HAECs. (D) Quantitative detection of cytoplasmic TRX in each group. (E)Western blot analysis of the protein levels
of TRX, REF1 and AP1 in the nucleus of HAECs. (F) Quantitative detection of nuclear TRX, REF1 and AP1 in each group. *P < 0.05 vs.
the control group; **P < 0.01 vs. the control group; #P < 0.05 vs. the Ang II þ siRNA-NC group; ##P < 0.01 vs. the Ang II þ siRNA-NC
group.
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subcellular locationofTRXweredetected.As shown inFig. 6A,
an immunofluorescence assay indicated that Ang II slightly
increased intracellular TRX expression in HAECs and that
TXNIPknockdown led toa further increase inTRXexpression in
Ang II-treated HAECs (Fig. 6A, B). More interestingly, we
observed that the content of TRX was increased in both the
cytoplasm and the nucleus (Fig. 6CeF) by TXNIP knockdown.
This effectwas also supported by immunofluorescence results
(Fig. 6A,B).TRXcantranslocate into thenucleusandfunctions
as a transcription factor to promote the expression of AP1 and
REF1, which contribute to DNA repair during oxidative
stress.12Wealso found that thenuclear expressions ofAP1and
REF1 were markedly elevated by TXNIP knockdown in Ang II-
treated HAECs (all P < 0.05; Fig. 6E, F). These data sug-
gested that silencing TXNIP increased the expression and nu-
clear translocation of TRX in HAECs upon Ang II stimulation.
TRX protected eNOS activity against Ang II
stimulation in HAECs

To explore the direct biological effects of TRX, which is
negatively regulated by TXNIP, on endothelial function in
HAECs, a TRX-loaded plasmid was transfected into HAECs to
overexpress TRX; an NC plasmid was used as the control.
Western blot analysis showed that the TRX-loaded plasmid
significantly increased TRX expression in HAECs (P < 0.01;
Fig. 7A, B). Under normal culture conditions, overexpression
of TRX had no significant effect on the phosphorylation of
eNOS at its active site (P > 0.05; Fig. 7C, D). Upon Ang II
stimulation, overexpression of TRX significantly upregulated
the ratio of p-eNOS (ser 1177) to total eNOS comparedwithNC
expression (P < 0.05; Fig. 7C, D). Furthermore, DAF-FM DA
staining revealed that intracellular NO production was



Figure 7 TRX protected eNOS activity against Ang II stimulation in HAECs. HAECs were transfected with an NCeor a TRX-loaded
GV230 plasmid for 48 h, and then the transfection efficacy was detected by Western blotting. Twenty-four hours after transfection,
the HAECs were cultured in the presence or absence of Ang II (10�6 M, 24 h). (A) Western blot analysis of TRX expression in HAECs
transfected with the NC or TRX plasmid. (B) Quantitative detection of the TRX protein in each group. (C) Western blot analysis of
the protein levels of eNOS and p-eNOS (ser 1177) in HAECs. (D) Quantitative detection of the ratio of p-eNOS/eNOS in each group.
(E) DAF-FM DA fluorescence staining of intracellular NO in HAECs (original magnification, 200 � ). (F) Quantitative detection of the
relative fluorescence intensity of intracellular NO in each group. ddP <0.01 vs. the GV230-NC group; *P < 0.05 vs. the control group;
**P < 0.01 vs. the control group; &P < 0.05 vs. the Ang II þ GV230-NC group.
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significantly elevated inAng II-treatedHAECs transfectedwith
the TRX-overexpression plasmid (P < 0.05; Fig. 7E, F). These
data suggested that TRX exerted protective effects on HAECs
upon Ang II stimulation.
Discussion

In the present study, for the first time, we found that the
expression of TXNIP was significantly upregulated in the
vascular endothelial cells of hypertensive rats and in Ang II-
treated HAECs. The increased TXNIP expression led to
oxidative stress and endothelial dysfunction in hyperten-
sion. Inhibition of TXNIP with resveratrol in vivo or siRNA
in vitro effectively ameliorated oxidative stress and
restored endothelial function. Our study further revealed
that TXNIP exerted regulatory effects on endothelial func-
tion in a TRX-dependent manner. These results revealed
the crucial role of the TXNIP/TRX complex in endothelial
function and indicated that targeting TXNIP/TRX might
provide a new method to prevent hypertension (Fig. 8).

Endothelial dysfunction is characterized by decreased
NO bioavailability,24 which not only impairs vascular tension
but also accelerates vascular remodeling in hypertension.25

Clinical studies have demonstrated that endothelial
dysfunction is an established marker of cardiovascular risk;
thus, antihypertensive therapy that concomitantly
improves endothelial function more effectively reduces
cardiovascular risk than that does not.26,27 Evidence from
both clinical research and basic research supports the
conclusion that oxidative stress plays a central role in
inducing endothelial dysfunction in hypertension.6 A pre-
vious study reported that antioxidant therapy effectively
restored endothelium-derived NO production and improved
endothelial function in a hypertensive animal model.28 Our
study also showed excessive vascular oxidative stress
accompanied by impaired endothelium-dependent dilata-
tion in the aorta of hypertensive rats. Of note, the specific
molecular mechanisms leading to endothelial dysfunction
in hypertension are not fully elucidated.

TXNIP has been identified as an endogenous inhibitor of
TRX and linked to oxidative stress, apoptosis and inflam-
mation in multiple diseases.29 Abnormal TXNIP expression
has been reported in ischemia/reperfusion injury, diabetes,
stroke, etc.15,30e32 Evidence from gene polymorphism
detection suggests that relatively high TXNIP expression in
individuals increases susceptibility to chronic metabolic
disorders such as diabetes and hypertension.33 Our study
revealed that TXNIP expression was significantly increased
in the vascular endothelial cells of the carotid artery and
aorta in hypertensive rats. Similarly, Ang II induced upre-
gulation of TXNIP expression in HAECs in a time- and dose-
dependent manner, suggesting a crucial role for TXNIP in
endothelial function. In fact, TXNIP can be activated by



Figure 8 Schematic illustration of TXNIP mediating endothelial dysfunction in hypertension.
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various endogenous and exogenous stimuli.15,31 Saxena G
et al indicated that TXNIP could be released from the nu-
cleus and shuttle into the mitochondria to disrupt the
cellular redox state in response to oxidative stress.34

Therefore, the upregulation of TXNIP expression in endo-
thelial cells may serve as an important mediator for pro-
moting oxidative damage in hypertension.

Current evidence suggests that inhibition of TXNIP may be
beneficial in preventing inflammation, neurodegeneration,
and diabetes progression.29 In the present study, we pro-
vided in vivo and in vitro evidence that TXNIP inhibition
effectively alleviated endothelial dysfunction in hyperten-
sion. eNOS is one of the most crucial regulatory proteins that
maintains endothelial function by catalyzing NO synthe-
sis.2,24 Consistent with previous studies,35,36 we found that
eNOS activity was significantly suppressed in the aorta of
hypertensive rats. Inhibition of TXNIP enhanced eNOS ac-
tivity and improved the endothelial relaxation function of
the aorta. As a vasoactive substance widely used to mimic
endothelial injury in hypertension, Ang II induces endothelial
dysfunction largely through a mechanism dependent on the
induction of oxidative stress.37,38 In in vitro experiments,
silencing TXNIP partially restored the decreased levels of p-
eNOS (ser 1177) and p-AKT (ser 473) as well as the NO pro-
duction in Ang II-treated HAECs. Furthermore, a previous
study reported that TXNIP overexpression could down-
regulate eNOS activity and impair endothelial function.16

This evidence suggests that TXNIP may play a deleterious
role in endothelial function in hypertension.
TRX is an indispensable component in the regulation of
the effects of TXNIP on endothelial function. Our study
revealed that the TRX protein level was slightly increased in
Ang II-treated HAECs, which might be a compensatory
response to the oxidative stress induced by Ang II. However,
TRX expression was decreased in the aorta of hypertensive
rats compared with that of normotensive rats, and a similar
result was previously found in spontaneously hypertensive
rats.39 The discordant TRX expression observed in vivo
might be attributable to the long-term duration of hyper-
tension that decompensates the TRX system. Both in vivo
and in vitro, we found that TXNIP inhibition positively
activated TRX expression. Especially in Ang II-treated
HAECs, TXNIP knockdown promoted the nuclear trans-
location of TRX. It has been reported that TRX can trans-
locate into the nucleus to activate several transcription
factors, among which AP1 and REF1 play important roles in
protecting cells from oxidative damage and facilitating DNA
repair under oxidative stress.40,41 Thus, the alleviation of
cellular oxidative damage mediated by TXNIP inhibition
may require the antioxidant capability of TRX.

In clinical practice, increases in TRX levels have been
detected in plasma and mononuclear cells from hyperten-
sive individuals, and TRX expression dynamically changes
with blood pressure fluctuation.42 In addition, a large
single-nucleotide polymorphism study indicated that allelic
mutation of the TRX gene was significantly associated with
blood pressure elevation in the general population.43 In
fact, the concrete regulatory mechanisms of TRX in
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hypertension remain inadequately characterized.44 Previ-
ous studies suggest that the favorable effects of TRX on the
vasculature may be attributed to improvements in arterial
stiffness and the suppression of inflammation in ves-
sels.45,46 On that basis, our study further suggests that in-
hibition of TXNIP or overexpression of TRX may potentially
benefit blood pressure control by regulating endothelial
function in hypertension.

One major limitation is that although a low dose of
resveratrol, as a natural inhibitor of TXNIP, has shown to
significantly inhibit TXNIP expression in vivo, strictly, we
still could not entirely exclude the other pharmacological
effects of resveratrol on the vasculature. Therefore, RNAi
adenovirus or vascular-specific TXNIP-knockout animal
model may be essential to further verify the concrete role
of TXNIP in the pathological process of endothelial
dysfunction in hypertension.

Conclusion

In summary, our study suggests that TXNIP is involved in
endothelial dysfunction in hypertension and that inhibition
of TXNIP effectively improves endothelial function by sup-
pressing oxidative stress. These findings provide novel in-
sights into the redox state and vascular homeostasis in
hypertension, which may be beneficial for exploring new
treatments for hypertension.
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