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tes oxidative stress and promotes
autophagy in TNF-a-exposed HAECs by up-
regulating AMPK†

Yukun Zhang, Changyuan Wang, Qining Yang, Yue Jin, Qiang Meng, Qi Liu,
Yongguo Dai, Zhihao Liu, Kexin Liu and Huijun Sun *

Oxidative stress and autophagy dysfunction are critical factors in the pathogenesis of atherosclerosis.

Adenosine 50 monophosphate-activated protein kinase (AMPK) plays an important role in inhibiting

oxidative stress and promoting autophagy. Catalpol, an iridoid glucoside extracted from the root of

Rehmanniae glutinosa L, was reported to produce a potent antioxidant effect. However, the mechanism

of catalpol inhibiting oxidative stress and its effect on AMPK remain unclear. This study aims to

investigate the potential role of catalpol in regulating oxidative stress and autophagy in tumor necrosis

factor-a (TNF-a)-treated human aorta epithelial cells (HAECs), and the important role of AMPK involved

in catalpol's effects. In the present study, effects of catalpol on inhibiting oxidative stress and the related

adhesion, apoptosis and promotion of autophagy were demonstrated. Catalpol also produces a potent

effect on activating AMPK in TNF-a-treated HAECs. Mechanistically, the effects of catalpol on inhibiting

oxidative stress and increasing the autophagy level were partly blocked by a pharmacological AMPK

inhibitor, compound C or AMPK small interfering RNA, indicating that catalpol performed such protective

effects by activating AMPK. In summary, this study demonstrated that AMPK is a key treatment target for

endothelial cell injury and catalpol confers protection on TNF-a-treated HAECs by up-regulating AMPK

activity. Catalpol has highly favorable characteristics for the treatment of atherosclerosis.
1. Introduction

Aging is the greatest risk factor for the development of athero-
sclerosis (AS). One important mechanism that links aging and
the development of vascular pathology is endothelial cell
chronic inammation. In the early stage of atherosclerosis,
chronic inammation leads to stress, metabolic abnormalities
associated with reactive oxygen species (ROS) overproduction,
monocyte adhesion to endothelial cells and dysfunction of
autophagy as well as cell apoptosis.1,2

Oxidative stress has been considered as an important factor in
the pathophysiology of AS.3 Membrane lipids, organelles, and
even DNA are believed to be the main targets of oxidative stress,
which disturbs endothelial homeostasis and induces apoptosis.4

The NADPH oxidase family including NOX1–5 is the most
important source of ROS. NOX4 is the major source of ROS in
endothelial cells.5,6 In the early progression of atherosclerotic
plaque formation, increased NOX4 expression has been detected.7
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Increased expression of NOX4 can promote oxidative stress and
inammation related transcription factor nuclear factor-kappa B
(NF-kB) activation.8 Additionally, excess ROS production and
NF-kB activation can promote endothelial cells expressing cell
adhesion molecules, which play key roles in the formation of
AS plaques, including intercellular cell adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and
monocyte chemotactic protein-1 (MCP-1).9 In addition, autophagy
is also a process in the cells to maintain intracellular homeostasis
during various cell stresses.10 It has been reported that autophagy
level is suppressed in injured endothelial cells, and autophagy
deciency promoted AS.11 Therefore, enhancing suppressed
autophagy level implicates a protective effect and the precise
targets responsible for such effects might be an ideal treatment
target for AS. Hence, these indexes which are characteristic in
oxidative stress, cell adhesion, apoptosis and autophagy are oen
employed to measure the treating possible effects of drugs on AS.

Adenosine 50 monophosphate-activated protein kinase
(AMPK) is a key enzyme participating in cellular energy metabo-
lism and serves as a cellular energy sensor. The role of AMPK in
preventing endothelial dysfunction has been proposed in many
investigations, which include anti-inammation via SIRT1-
related pathway, inducing cell autophagy via mTOR-related
pathway12 and protecting cells from oxidative stress13 and so on.
Studies also provide that activation of AMPK protects endothelial
RSC Adv., 2017, 7, 52561–52572 | 52561
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cells from AS through decreasing adhesion molecule expression,
attenuating endothelial inammation13,14 and reducing oxidative
stress. Thus, augmentation of AMPK activity is posited to be
a potential target for therapeutic interventions in AS.15,16

Catalpol, whose structure is shown in Fig. S1,† is an iridoid
glucoside and has been found to be present in large quantities
in the root of Romania glutinosa L.12 As a traditional medicine,
catalpol demonstrates a variety of biological activities including
anticancer, neuro-protective, anti-inammatory, diuretic,
hypoglycemic and anti-hepatitis virus effects.17,18 Previous
studies have also provided some clues that catalpol can affect
energy metabolism through increasing mitochondrial biogen-
esis, enhancing endogenous antioxidant enzymatic activities
and inhibiting free radical generation.19,20 What's more, recent
studies provided that catalpol could up-regulate the decreased
AMPK phosphorylation in db/db mice and ameliorate high-fat
diet-induced adipose tissue inammation by suppressing
NF-kB.12 Therefore, we presumed that catalpol could protect
against endothelial dysfunction via an AMPK dependent way.

In the present study, human aortic epithelium cells (HAECs)
were cultured and treated with TNF-a to test this hypothesis.
The results truly showed that phosphorylated AMPK expression
was decreased in cultured HAECs exposed to TNF-a and the
suppressed phosphorylated AMPK could be reversed by cata-
lpol. The results also indicated that TNF-a induced ROS over-
production, apoptosis and inammation as well as the
decreased autophagy level could be restored by catalpol in an
AMPK-dependent way through using pharmacological inhibitor
of AMPK, compound C or AMPK small interfere RNA (siRNA).
We conclude that targeting AMPK is an attractive strategy for
the treatment of AS and catalpol might be a promising agent.
2. Materials and methods
2.1 Reagents

Catalpol (Fig. S1,† 98%) was obtained from Nanjing Jingzhu
biotech Ltd (Nanjing, China). Co. Recombinant human TNF-
a was purchased from Peprotech Inc (Rocky Hill, USA). Dorso-
morphin (compound C, 6-[4-(2-piperidin-1-ylethoxy)phenyl]-3-
pyridin-4-ylpyrazolo[1,5-]pyrimidine) was obtained from Sell-
eck company (Shanghai, China). DMEM medium was
purchased from Gibco-BRL Company (Gaithersburg, MD, USA).
DCFH-DA uorescent probe and ECL Plus were obtained from
Biotool (Shanghai, China). Monodansylcadaverine (MDC) was
purchased from KeyGEN Biotech (Nanjing, China). Antibodies
specic for Bcl-2, caspase-3, caspase-9, NF-kB p65, phosphory-
lated NF-kB p65, ICAM-1, VCAM-1, AMPK, phosphorylated-
AMPK and SIRT1 were obtained from Proteintech Group
(Wuhan, China). Antibody specic for b-actin was purchased
from Beyotime (Jiangsu, China). Antibody specic for acetyl-
lysine was purchased from Abcam Ltd. (Cambridge, UK).
2.2 Cell culture and treatment

HAECs were purchased from ScienCell Company (CA, USA) and
cultured in Modied Eagle's Medium that was supplemented
with 10% (v/v) fetal bovine serum (Gibco, CA, USA). The cells
52562 | RSC Adv., 2017, 7, 52561–52572
were kept at 37 �C in a humidied incubator with 5% CO2. The
in vitromodel was established by treating HAECs with TNF-a (50
ng mL�1) for 24 h.8

2.3 SOD, MDA, GSH and LDH assay

Levels of superoxide dismutase (SOD), malonaldehyde (MDA),
glutathione (GSH) and lactate dehydrogenase (LDH) were
measured to detect the level of endothelial cell damage with
colorimetric assay kit (Nanjing Jiancheng Bioengineering,
China) according to the manufacturer's instructions.

2.4 Measurement of intracellular ROS

20,70-Dichlorodihydrouorescein diacetate (H2DCFDA) probe
was employed to measure ROS level as previously described.
HAECs were incubated with TNF-a and different concentrations
of catalpol for 24 h at 37 �C and then collected and incubated
with H2DCFHDA for 30 min at 37 �C. The uorescence intensity
was immediately measured using FACS Calibur (BD, USA)
equipped with an argon ion laser (488 nm excitation) and
20 000 cells per sample were measured.

2.5 Isolation of cytoplasmic and nuclear proteins

Cytoplasmic and nuclear protein fractions from cultured
HAECs were prepared using a commercial protein isolation kit
(KeyGEN Biotech, Nanjing, China) according to the manufac-
turer's instructions.

2.6 Western blot analysis

Equal amounts of proteins were separated by 10–20% SDS-
PAGE and transferred onto a PVDF membrane (Millipore,
Bedford, MA, USA). The blocked membranes were then immu-
noblotted with the indicated primary antibodies at 4 �C over-
night. Aer washing, the membranes were then incubated with
the appropriate secondary antibodies. The membranes were
exposed to enhance chemiluminescence-plus reagents (Beyo-
time Institute of Biotechnology, Hangzhou, China). The emitted
light was captured by a Bio-rad imaging system with a Chemi
HR camera 410 and analyzed with a Gel-Pro Analyzer Version
4.0 (Media Cybernetics, MD, USA).

2.7 Analysis of acetylated NF-kB p65 by
immunoprecipitation

A sufficient amount of NF-kB p65 antibody (Proteintech group,
Wuhan, China) was added into 200 mg protein and gently
rotated at 4 �C overnight. The immunocomplex was captured by
adding 25 mL of protein A + G agarose beads (Biotool, Shanghai,
China) and gently rotating at 4 �C for 3 h. Then, the mixture was
centrifuged at 1500g for 5 min at 4 �C. The precipitate was
washed three times with ice-cold phosphate buffer saline,
resuspended in 1� sample buffer and boiled for 5 min to
dissociate the immune-complex from the beads. The superna-
tant was collected by centrifugation and subjected to Western
blotting. Results were expressed relative to the control on the
same blot, and the values were expressed as fold increase aer
normalization with total NF-kB.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effect of catalpol on biochemical parameters of TNF-a-induced oxidative in HAECs. (A) The level of GSH. (B) The release of LDH. (C) The
level of SOD. (D) Intracellular level of MDA. Data are expressed as mean� SD from three independent experiments. **p < 0.05 vs. control group,
##p < 0.05 vs. TNF-a group.
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2.8 Down-regulation of gene expression by small interfering
RNA

2 � 105 HAECs were seeded in 6-well plates and were trans-
fected with specic siRNA (50 nM) using Lipofectamine 2000
(Invitrogen, Karlsruhe, Germany) according to the manufac-
turer's instructions. Cells transfected with control plasmids
were pooled and used as negative control. The sequence of
AMPK siRNA: sense 50-UGCCUACCAUCUCAUAAUAdTdT-30;
antisense 50-UAUUAUGAGAUGGUAGGCAdTdT-30 (Gene-
pharma, Shanghai, China). The transfected cells were incubated
at 37 �C in serum free MEM and fetal bovine serum was added
to 10% 6 h aer transfection. Aer growing for additional 24 h,
cells were treated with TNF-a (50 ng mL�1), catalpol (20 mM) or
both for additional 24 h and then collected for Western blot
analysis to determine the levels of the indicated proteins.

2.9 MDC staining

Cultures were stained with MDC (50 mmol L�1) at 37 �C for
40 min. Aer incubation, cells were washed three times with
PBS, xed with 5% paraformaldehyde, and observed under
a uorescence microscope (Leica, Germany) immediately.

2.10 Transmission electron microscopy

Cells were treated as indicated in ref. 21. At rst, 2� 106 cells were
seeded in culture dishes. Aer treatment with TNF-a (50 ngmL�1),
catalpol (20 mM) or both for 24 h, cells were xed for 2 h at 4 �C in
1.6% glutaraldehyde in 0.1 M Sörensen phosphate buffer (pH 7.3)
and washed once with PBS and then re-xed in aqueous 2%
osmium tetroxide and nally embedded in Epon® epoxy resin,
until imaging. The examination was performed at 80–100 kV
under a transmission electron microscope, on ultrathin sections
(80 nm) stained with 0.1% lead citrate and 10% uranyl acetate.
This journal is © The Royal Society of Chemistry 2017
2.11 Fluorescence microscopy

HAECs were seeded in 6-well plates at a density of 1 � 105 per
well. The cells were treated with catalpol (10, 20 and 40 mM) and
TNF-a (50 ng mL�1) at 37 �C for 24 h. At the end of treatment,
cells were xed with 4% paraformaldehyde for 15 min, rinsed
with PBS and mounted in mounting medium with DAPI. The
samples were observed by inverted uorescence microscope.

2.12 Transfection of HAECs and luciferase reporter assay

On day 0, HAECs cells were plated at a density of 5 � 104 cells
per well in 24-well plates in DMEM supplemented with 10% FBS
and incubated at 37 �C in a 5% CO2 incubator. On day 1, cells
were washed with 0.5 mL PBS and 0.5 mL fresh DMEM was
added to each well before transfection. Cells were cotransfected
with 2 mg plasmid containing wild-type AMPK promoter linked
to the rey luciferase reporter gene and 2 mg control plasmid
containing the Renilla luciferase reporter gene by using
lipo2000 transfection reagent. 6 h aer transfection, cells were
washed with 0.5 mL PBS, switched to DMEM supplemented
with 10% dilapidated FBS and catalpol (10, 20, 40 mM) for 24 h
at 37 �C and 5% CO2. On day 3, cells were washed with 0.5 mL
PBS and rey and Renilla luciferase activities were measured
using the Dual Luciferase Reporter Assay System and Turner
Designs TD-20/20 Luminometer. Firey luciferase activities in
the transfected lysates were normalized by Renilla luciferase
activity from the same tube. Each transfection was done in
triplicate independent experiments.

2.13 Statistical analysis

All analyses were performed with the SPSS soware package,
version 19.0. Data are presented as means � SD. Comparison of
quantitative variables was performed by either Student's t test or
RSC Adv., 2017, 7, 52561–52572 | 52563
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ANOVA. p values <0.05 (two-tailed) were considered statistically
signicant.
3. Results
3.1 Catalpol enhanced SOD activity, intracellular GSH level
and reduced the level of MDA as well as LDH release

GSH, a cofactor for glutathione peroxidase and the redox
enzyme, can catalyze the reduction of lipid peroxide.22 SOD is an
important enzyme in cellular defense against oxidative stress
and MDA is an essential index positively correlated with lipid
peroxidation. The production of LDH in the culture supernatant
is regarded as an early indicator of cell death.15 Thus, we
examined the effects of catalpol on levels of SOD, MDA, GSH
and LDH. As shown in Fig. 1, TNF-a treatment signicantly
decreased GSH and SOD activity and elevated MDA and LDH
release in HAECs. On the contrary, catalpol apparently reversed
the effects of TNF-a in a concentration dependent manner. The
results indicated that catalpol could produce anti-oxidant
effects in TNF-a-treated HAECs.
3.2 Catalpol inhibited TNF-a-induced ROS production and
NOX4 expression in HAECs

NADPH oxidase is a key determinant in ROS generation, while
NOX4 is the most abundant NOX isoform in the vasculature.6

Therefore, the effects of catalpol on the expression of NOX4
protein level and ROS generation in TNF-a-treated HAECs were
Fig. 2 Catalpol inhibited TNF-a-induced ROS over production and NOX
induced by TNF-a. (B) Effect of catalpol on NOX4 protein expression in
expression. (E) The phosphorylation level of p65. Data illustrated on the
ments. **p < 0.05 vs. control group, ##p < 0.05 vs. TNF-a group.

52564 | RSC Adv., 2017, 7, 52561–52572
measured. As shown in Fig. 2A and B, TNF-a signicantly
increased ROS production and NOX4 protein expression by 1.94
and 2.99-fold compared with control group, respectively. In
addition, compared with cells exposed to TNF-a, catalpol obvi-
ously alleviated the increased NOX4 expression and abundance
of ROS generation. These results suggested a potent effect of
catalpol on inhibiting oxidative stress.
3.3 Catalpol inhibited TNF-a-induced IkBa degradation and
NF-kB translocation in HAECs

The pro-inammatory mediator, NF-kB is a nuclear transcription
factor that plays a central role in inammatory responses during
early AS, and inhibiting NF-kB activity is benecial to reduce cell
adhesion molecules expression including ICAM-1, VCAM-1 and
MCP-1.16,23 To examine the inuence of catalpol on NF-kB signal
pathway, IkBa degradation, NF-kB/p65 nuclear translocation and
phosphorylation weremeasured by western blotting. As shown in
Fig. 2C, TNF-a alone signicantly induced IkBa degradation in
cytosol. However, catalpol inhibited TNF-a-induced IkBa
decrease in a concentration-dependent manner. We then inves-
tigated the translocation of NF-kB/p65 in the nucleus as well as
phosphorylation of p65. TNF-a signicantly induced the trans-
location of NF-kB/p65 and phosphorylation of p65, and treatment
with catalpol partially blocked TNF-a-induced NF-kB/p65 trans-
location and p65 phosphorylation (Fig. 2D and E). These results
suggested that catalpol inhibited the nuclear translocation of the
NF-kB/p65 subunit in to the nucleus.
4 over expression in HAECs. (A) Effect of catalpol on ROS generation
duced by TNF-a. (C) I-kBa protein expression. (D) NF-kB/p65 protein
graph bar represents the mean � SD from three independent experi-

This journal is © The Royal Society of Chemistry 2017
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3.4 Catalpol inhibited TNF-a-induced cell adhesion and
apoptosis in HAECs

Leukocyte adhesion and trans-endothelial migration into the
surrounding tissues are critical steps in vascular inammation
and AS.24 Endothelial cells play an imperative role in this process
via expressing cell adhesion molecules, such as ICAM-1, VCAM-1,
which augment their adhesiveness to leukocytes.25 MCP-1, a che-
mokine attracting white blood cells migrating to the injured area,
ismainly secreted by endothelial cells andmonocytes in response
to an inammatory stimulus.26 Therefore, effects of catalpol on
TNF-a-induced over expression of ICAM-1, VCAM-1 as well as
intracellular MCP-1 and secreted MCP-1 were detected. As shown
in Fig. 3A–D, the expression of ICAM-1, VCAM-1 and MCP-1 in
cells exposed to TNF-a was signicantly increased compared with
the control group, and the releasedMCP-1 in the culturemedium
was also obviously increased compared with the control group.
However, as found, catalpol inhibited the over-expressions in
a concentration dependent manner. These results demonstrated
that catalpol could inhibit cell adhesion and chemotaxis in TNF-
a-exposed HAECs.

Cell apoptosis plays a crucial role in the pathogenesis of
cardiovascular disease. Thus, to evaluate the effect of catalpol
Fig. 3 Catalpol inhibited TNF-a-induced adhesion molecule expression
expression. (B) Catalpol inhibited TNF-a induced VCAM-1 protein express
Catalpol inhibited TNF-a inducedMCP-1 release in the culturemedium. (E
3 level. (G) Pro-apoptotic protein caspase-9 protein level. (H) DAPI stainin
the mean � SD from three independent experiments. **p < 0.05 vs. con

This journal is © The Royal Society of Chemistry 2017
on cell apoptosis, Bcl-2, caspase-3 and caspase-9 expressions
were determined by western blotting. As shown in Fig. 3E, cat-
alpol obviously upgraded the decreased Bcl-2 level induced by
TNF-a. Furthermore, a signicantly increased expression of
caspase-3 and caspase-9 induced by TNF-a was also down-
regulated aer catalpol administration (Fig. 3F and G). Addi-
tionally, as shown in Fig. 3H, in DAPI staining, TNF-a-treated
cells appeared as blue colored uniform oval, and increased
karyopycnosis, chromatin marginalized and nuclear fragmen-
tation showing typical apoptosis. Whereas catalpol obviously
reduced the number of apoptotic cells, indicating the intense
anti-apoptotic effect of catalpol. The above results demon-
strated the effects of catalpol on inhibiting cell adhesion and
apoptosis.
3.5 Catalpol up-regulated autophagy in TNF-a induced
HAECs

Autophagymodulates endothelial inammation and retards the
development of AS.27,28 LC3-2/1 is required for the formation of
the autophagosome and decreased autophagy level inhibits the
degradation of p62. Thus, LC3-2/1 and p62 protein expressions
were measured to investigate the effect of catalpol on
and apoptosis. (A) Catalpol inhibited TNF-a induced ICAM-1 protein
ion. (C) Catalpol inhibited TNF-a inducedMCP-1 protein expression. (D)
) Anti-apoptotic protein Bcl-2 level. (F) Pro-apoptotic protein caspase-
g in TNF-a-treated HAECs. Data illustrated on the graph bar represent
trol group, ##p < 0.05 vs. TNF-a group.

RSC Adv., 2017, 7, 52561–52572 | 52565
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Fig. 4 Catalpol increased TNF-a-induced decrease autophagy level in HAECs. (A) Effect of catalpol on LC3-II/I and p62/SQSTM expression. (B)
Catalpol treatment for 24 h increased the number of autophagosomes in HAECs, determined by MDC staining. (C) Catalpol treatment for 24 h
increased the number of autophagosomes in HAECs, determined by TEM analysis. Data illustrated on the graph bar represent the mean � SD
from three independent experiments. **p < 0.05 vs. control group, ##p < 0.05 vs. TNF-a group.
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autophagy. As shown in Fig. 4A, decreased conversion of LC3-1
to LC3-2 and increased p62 level were observed aer TNF-
a treatment compared with that in the control group.
Conversely, increased conversion of LC3-1 to LC3-2 and
decreased p62 protein expression were shown aer catalpol
treatment compared with TNF-a group. Monodansylcadaverine
(MDC) staining, which was able to stain autophagosomes
specically, was employed to further evaluate the effect of cat-
alpol on autophagy. We could found that TNF-a caused signif-
icantly decreased uorescence intensity compared with the
Fig. 5 Catalpol increased TNF-a-induced decrease of AMPK, SIRT1 prot
TNF-a induced down-regulation of phosphorylated AMPK. (B) Catalpol r
(C) Catalpol reversed TNF-a induced p65 acetylation. Data illustrated
experiments. **p < 0.05 vs. control group, ##p < 0.05 vs. TNF-a group.

52566 | RSC Adv., 2017, 7, 52561–52572
control group, and the uorescence intensity was signi-
cantly increased in a concentration dependent way aer
treated with catalpol (Fig. 4B). Additionally, typical auto-
phagosome and autophagolysosome were detected by trans-
mission electron microscopy. Ultrastructural image analysis
also showed the decreased double-membrane autophagic
vesicles aer TNF-a treatment compared with that in control
group. In contrast, treatment with catalpol obviously
increased the number of double-membrane autophagic
vesicles (Fig. 4C). Collectively, these results demonstrated
ein expression and enhanced p65 deacetylation. (A) Catalpol reversed
eversed TNF-a induced down-regulation of SIRT1 protein expression.
on the graph bar represent the mean � SD from three independent

This journal is © The Royal Society of Chemistry 2017
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that catalpol could promote autophagy and autophagic ux
in TNF-a-treated HAECs.
3.6 Catalpol increased AMPK, SIRT1 expression and
decreased NF-kB p65 acetylation in TNF-a-treated HAECs

AMPK is a heterotrimer consisting a, b, g three subunits, and a-
subunit is a catalytic subunit. Since activation of AMPK is
benet to inhibit oxidative stress and promoting autophagy,
thus, AMPK expression in TNF-a-treated HAECs and effect of
catalpol on AMPK activity were investigated. AMPK activation is
characterized as phosphorylation at aThr172, so we evaluated
AMPK activity by measuring the abundance of phosphorylated-
AMPK protein at aThr. As shown in Fig. 5A, the phosphorylated-
AMPK protein level was remarkably reduced in TNF-a treated
HAECs, but catalpol could reverse the loss of phosphorylated-
AMPK level in a concentration-dependent manner. SIRT1 is
known as a mammalian ortholog of Sir2 (silent information
regulator 2) that acts as a master metabolic sensor of NAD+ and
modulates cellular metabolism and life span.29 SIRT1 protein
expression can be positively regulated by AMPK indicating
a coordination of their effects on energy metabolism.30,31 SIRT1
also modulates the acetylation status of p65. To validate the
activation effect of catalpol on AMPK, effects of catalpol on
SIRT1 and acetylated-p65 (Ac-p65) were detected. Compared
with the control group, the expression of SIRT1 was down-
regulated in the TNF-a-treated cells and aer treatment with
catalpol expression of SIRT1 was up-regulated markedly in
a concentration-dependent manner (Fig. 5B). Notably, the level
of Ac-p65 was shown as predicted in an opposite way, that the
Ac-p65 was signicantly increased aer treated with TNF-
a compared with the control group, then aer treated with
catalpol the up-regulated Ac-p65 was decreased obviously in
a concentration dependently manner (Fig. 5C). These results
indicated the potential effect of catalpol on promoting AMPK
activation.
Fig. 6 Catalpol up-regulated SIRT1 expression and enhanced p65 de
phosphorylation after treated with AMPK siRNA. (B) Effect of catalpol on
catalpol on p65 acetylation after treated with AMPK siRNA. Data illustrate
experiments. **p < 0.05 vs. control group, ##p < 0.05 vs. TNF-a group. &
or compound C with TNF-a treatment.

This journal is © The Royal Society of Chemistry 2017
3.7 Catalpol increased SIRT1 expression and decreased
NF-kB p65 acetylation in TNF-a-treated HAECs via AMPK
activation

Then, whether the effects of catalpol on inhibiting oxidative
stress and promoting autophagy were based on activating AMPK
was considered in the present study. Thus pharmacological
AMPK inhibitor compound C and AMPK siRNA were employed.
First, the effects of catalpol on AMPK activity with or without
compound C or AMPK siRNA treatment were detected. As shown
in Fig. 6A, AMPK siRNA signicantly inhibited AMPK and
phorsphorylated-AMPK protein level. The content of SIRT1 was
also detected aer transfection with AMPK siRNA. In normal
cells, catalpol signicantly increased SIRT1 protein expression
compared to TNF-a-treated group. But in cells transfected with
AMPK siRNA, the increased effect of catalpol on SIRT1 protein
expression was abrogated (Fig. 6B). Similarly, transfection with
AMPK siRNA also signicantly attenuated the inhibitory effect of
catalpol on Ac-p65 expression from 5.26 to 1.26 fold compared
with that in normal cells (Fig. 6C). Treatment with compound C
signicantly decreased phosphorylated AMPK protein expression
compared to that in untreated cells and the stimulating effect of
catalpol on AMPK protein expression was abrogated by
compound C (Fig. S2A†). In addition, the up-regulating effect of
catalpol on SIRT1 protein expression in TNF-a-treatedHAECs was
also partly blocked by compound C (Fig. S2B†). Moreover, the
inhibitory effect of catalpol on Ac-p65 expression was also
attenuated by compound C from 3.34 to 1.26 fold (Fig. S2C†).
Collectively, the above results demonstrated that catalpol could
increase SIRT1 protein expression and promote p65 deacetylation
through up-regulating AMPK activity.
3.8 Catalpol inhibited ROS production and NOX4 expression
via AMPK activation

We hypothesized that the effect of catalpol attenuating ROS
production and NOX4 expression was also mediated by
acetylation through activating AMPK. (A) Effect of catalpol on AMPK
SIRT1 protein expression after treated with AMPK siRNA. (C) Effect of
d on the graph bar represent the mean � SD from three independent
&p < 0.05 vs. AMPK siRNA or compound C, $$p < 0.05 vs. AMPK siRNA
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Fig. 7 Catalpol inhibited TNF-a-induced oxidative stress, cell apoptosis and autophagy deficiency through activating AMPK. (A) Effect of catalpol
on ROS production after treated with AMPK siRNA. (B) Effect of catalpol on NOX4 expression after treated with AMPK siRNA. (C) Effect of catalpol
on LC3-II/I and p62/SQSTM expression after treated with AMPK siRNA. (D) Effect of catalpol on ICAM-1 protein expression after treated with
AMPK siRNA. (E) Effect of catalpol on VCAM-1 protein expression after treated with AMPK siRNA. (F) Effect of catalpol on Bcl-2 protein expression
after treated with AMPK siRNA. (G) Effect of catalpol on caspase-3 protein expression after treatedwith AMPK siRNA. Data illustrated on the graph
bar represent the mean � SD from three independent experiments. **p < 0.05 vs. control group, ##p < 0.05 vs. TNF-a group. &&p < 0.05 vs.
AMPK siRNA treatment, $$p < 0.05 vs. AMPK siRNA with TNF-a treatment.
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increasing AMPK activity. Thus, we detected NOX4 expression
and ROS production aer treated with compound C or AMPK
siRNA. In mock cells, ROS production and NOX4 protein
expression were increased in TNF-a-treated group compared to
the control group and catalpol could reverse the effects of TNF-
a signicantly. However, transfection with AMPK siRNA partly
blocked the inhibitory effects of catalpol on ROS over-
generation from 1.64-fold to 1.32-fold (Fig. 7A). The inhibiting
effect of catalpol on NOX4 expression was also synchronously
attenuated from 4.55-fold to 1.64-fold compared with that in
mock cells (Fig. 7B). Similarly, compound C signicantly
attenuated the inhibitory effect of catalpol from 1.75-fold to
1.47-fold (Fig. S3A†) and partly blocked the inhibitory effect of
catalpol from 2.78-fold to 1.67-fold compared to that without
52568 | RSC Adv., 2017, 7, 52561–52572
compound C treatment (Fig. S3B†). All these results suggested
that the inhibitory effects of catalpol on oxidative stress were
partly mediated by activating AMPK.

3.9 Catalpol inhibited cell adhesion and apoptosis via AMPK
activation

To evaluate whether the AMPK pathway contributed to the
inhibiting effects of catalpol on endothelial cell adhesion and
apoptosis, the expressions of adhesion and apoptosis related
proteins were detected aer transfection with AMPK siRNA or
administration with AMPK inhibitor compound C. In normal
cells, ICAM-1 and VCAM-1 protein expression was increased in
TNF-a treated group compared to the control group and cata-
lpol signicantly reduced the over-expression of ICAM-1 and
This journal is © The Royal Society of Chemistry 2017
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VCAM-1 protein expression. Whereas transfection with AMPK
siRNA partly blocked the inhibitory effect of catalpol on ICAM-1
(2.04-fold to 1.18-fold) and VCAM-1 (2.27-fold to 1.02-fold)
expressions compared with that in normal cells (Fig. 7D and E)
(in cells co-treated with TNF-a and compound C ICAM-1 and
VCAM-1 protein level was inhibited signicantly compared with
TNF-a treated alone, as shown in Fig. S3D and E.† The inhibi-
tory effect might contribute to the direct inhibitory effect of
compound C on ICAM-1 and VCAM-1 (ref. 32)). As shown in
Fig. 7F, G, S3F and G,† in normal cells, Bcl-2 protein expression
was decreased and caspase-3 protein expression was increased
in TNF-a treated group compared to the control group, and
catalpol could reverse the effects of TNF-a signicantly. But
transfection with AMPK siRNA or treatment by compound C
partly blocked the stimulating effect of catalpol on Bcl-2
expression (2.02-fold to 1.28-fold, 1.52-fold to 1.27-fold)
compared with that in normal cells. The inhibitory effect of
catalpol on caspase-3 expression was also attenuated by
compound C or AMPK siRNA (2.56 to 1.22-fold, 4.00 to 1.20-
fold). These results suggested that the inhibitory effects of cat-
alpol on TNF-a-induced adhesion and apoptosis were possibly
mediated by AMPK activation.
3.10 Catalpol promoted endothelial cell autophagy via
AMPK activation

Then of course, whether the effects of catalpol on promoting
cellular autophagy was related to AMPK activation aroused our
interest. Thus, AMPK siRNA and AMPK inhibitor compound C
were also employed in the subsequent study. As shown in
Fig. 7C, in normal cells, LC3-2/1 ratio was decreased and p62
protein expression level was increased in TNF-a group
compared to control group. And catalpol resulted in a signi-
cant increase in the LC3-2/1 ratio and decline in p62 protein
expression level compared to TNF-a-group, respectively. More-
over, in cells transfected with AMPK siRNA, the increased effect
of catalpol on LC3-2/1 ratio was lower than that in normal cells
(2.32 to 1.75-fold). However, p62 expression level had almost no
change. As shown in Fig. S3C,† the increased effects of catalpol
Fig. 8 Catalpol up-regulated AMPK activity without affecting AMPK pro
a concentration dependent manner. (B) AMPK promoter was inserted in
activity. Data illustrated on the graph bar represent the mean � SD from

This journal is © The Royal Society of Chemistry 2017
on LC3-2/1 ratio was attenuated from 2.74-fold to 1.83-fold in
cells treated by compound C, however, the expression of p62
didn't change much. Collectively, these results demonstrated
that catalpol could increase autophagy and autophagic ux
through up-regulating AMPK activity but independent of p62.
3.11 Catalpol enhanced AMPK activity without changing
AMPK promoter activity

On the bases of above observations, we proposed that catalpol
might have the capacity to enhance AMPK activity. Thus, effect
of catalpol on AMPK activity was rst studied in a concentration
dependent manner. As shown in Fig. 8A, catalpol triggered
a concentration-dependent increase in phosphorylated AMPK
expression. In addition, dual-luciferase reporter assay was
employed to investigate the effect of catalpol on AMPK
promoter activity. Luciferase reporter plasmid that contains the
wild-type human AMPK promoter was established (Fig. 8B). As
shown in Fig. 8C, catalpol (10, 20, 40 mM) didn't promote AMPK
promoter activity compared with control group. Thus, the
results suggested that the increase effect of catalpol on AMPK
activity was not depending on enhancing AMPK promoter
activity.
4. Discussion

AS is the major cause of death in the world and chronic
inammation is a shared pathophysiological feature of AS.
Chronic inammation induced endothelial oxidative stress,
and apoptosis as well as decreased autophagy which largely
interfered with the normal function of endothelial cells, and
promoted the development of AS.

Catalpol, an iridoid glucoside, is present in larger quantities
in several plants in genus Rehmannia (Orobanchaceae). Bio-
logical activities of catalpol including anti-cancer, neuro-
protective, anti-inammatory, diuretic, hypoglycemic and anti-
hepatitis virus effects have been reported.33,34 In the present
study, we rstly attempted to demonstrate (1) catalpol inhibited
oxidative stress and related cell adhesion, apoptosis as well as
moter activity. (A) Catalpol enhanced AMPK phosphorylation level in
to the PGL4.18-AMPK vector. (C) Effect of catalpol on AMPK promoter
three independent experiments. **p < 0.05 vs. control group.

RSC Adv., 2017, 7, 52561–52572 | 52569

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09085d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 2
:1

9:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increased cellular autophagy in TNF-a-treated endothelial cells;
(2) catalpol prevented against TNF-a induced oxidative stress,
apoptosis and autophagy deciency through activating AMPK.

TNF-a is a multifunctional cytokine that plays important role
in inducing inammatory response in AS. Thus, TNF-a induced
HAECs was employed as a in vitro ASmodel in the present study.
In the pre-experiments concentration of catalpol was deter-
mined by cell viability assay (Fig. S4†) based on our previous
study. AMPK is a key regulator of energy metabolism in
molecular biology and is expressed in variety of metabolism-
related organs. Loss of AMPK activity was reported in diabetes
and other metabolic disorders.35,36 In AS, inhibition of AMPK
activity has been reported in multiple cell types. Decreased
AMPK activity promotes smooth muscle cell proliferation,
monocyte-to-macrophage differentiation,37 accelerates endo-
thelium inammation14,38 and so on. As catalpol has been re-
ported to play a relieving role in diabetes through regulating
glucose and lipid metabolism,39 and AMPK is a critical enzyme
in energy metabolism, we posited that the protective effect of
catalpol on TNF-a-treated HAECs was depending on activating
AMPK. Previous studies indicated that activated AMPK could
promote the accumulation of NAD+, thereby affecting SIRT1
deacetylase activity and performing variety of effects.40 Our
study demonstrated that catalpol induced activation of AMPK
accompanied with increased SIRT1 protein expression and
decreased deacetylation of p65. Further, by using chemical
synthesis inhibitor of AMPK, compound C and AMPK siRNA, we
veried that catalpol increased SIRT1 protein expression and
decreased deacetylation of p65 via activating AMPK.

Oxidative stress refers to the oxidation and antioxidant
imbalance, resulting in releasing a large number of oxidation
intermediates mainly ROS in endothelial cells. The excess
production of ROS has been proved to be related to vascular
diseases, such as AS, hypertension, diabetes vasculopathy and
restenosis.41 As the rst line of defense against ROS, antioxi-
dant enzymes metabolize ROS innocuous byproducts.42 In the
present study, catalpol up-regulated the expression of super-
oxide scavenger SOD and down-regulated the level of MDA
indicating a potent antioxidative effect of catalpol. NADPH
oxidase family consisting NOX1–5 is the most important
source of ROS42 and NOX4 is considered to be the major source
of ROS in endothelial cells.43,44 The increased NOX4 expression
was found to be related to the formation of atherosclerotic
plaque in its early progression.45 The present study demon-
strated that catalpol signicantly attenuated ROS generation
and reduced NOX4 expression in TNF-a induced HAECs.
Previous studies indicated that regulation of AMPK activity
could inhibit oxidative stress through inhibiting NADPH
oxidase expression in normal or palmitate-treated
HUVECs.46,47 It was also reported that AMPK was involved in
modulating endothelial cell injury in diabetes induced by
NADPH oxidase overexpression.39,48,49 By using AMPK inhibitor
compound C and AMPK siRNA, we proved that catalpol
enhanced AMPK activity to reduce NOX4 expression and ROS
production. These ndings revealed that catalpol attenuated
TNF-a induced oxidative stress partially via enhancing AMPK
activity.
52570 | RSC Adv., 2017, 7, 52561–52572
NF-kB, a transcription factor that can be activated by oxida-
tive stress and mediates cell inammation, adhesion and
survival, plays a vital role in the process of AS.50 Inhibition of
NF-kB activity is one of the reliable measures in treating AS. Our
data demonstrated that catalpol could inhibit NF-kB pathway
activation, including inhibiting IkB degradation, NF-kB p65
translocation to nuclear, p65 phosphorylation as well as
inhibiting NF-kB deacetylation. Leukocyte adhesion and trans-
endothelial migration into the surrounding tissues are critical
steps in vascular inammation and AS, followed by NF-kB
activation.23 The depressing effects of catalpol on VCAM-1,
ICAM-1 and MCP-1 expression showed its potent effects on
vascular endothelial cell adhesion. Much evidence has shown
that ROS are the mediators inducing adhesion molecules,51,52

and AMPK is effective in mediating ROS production. By using
compound C and AMPK siRNA, we proved that catalpol could
decrease TNF-a induced adhesion molecule expression via
activating AMPK.

Endothelial cell apoptosis, which can be triggered by oxida-
tive stress,53 plays a paramount role in the pathogenesis of
atherosclerosis. The apoptosis of endothelial cells contributes
to instability of atherosclerotic plaques and thrombosis leading
to the acute symptoms in patients with cardiovascular
diseases.54 Thereby, blocking endothelial cell apoptosis in AS is
an important treatment strategy. Caspase family is an integral
part of the apoptotic pathway in which caspase-3 and caspase-9
are the most important.55 B-cell lymphoma 2 (Bcl-2) is the
founding member of the Bcl-2 family of regulator proteins that
inhibits apoptosis.56 In our study, anti-apoptotic effect of cata-
lpol was proved by increased expression of Bcl-2 and decreased
expression of caspase-3, and 9. According to the reports, acti-
vation of AMPK is benet to inhibit cell apoptosis.57 By using
AMPK inhibitor compound C and AMPK siRNA, we veried the
anti-apoptotic effect of catalpol was partly mediated by AMPK
activation.

Autophagy is a catabolic process involving in physiological
turnover of long-lived proteins and damaged organelles in
autophagosome.58 Proper autophagy is an important response
to the extrinsic and intrinsic cellular environments, and posi-
tively regulates cellular processes for chronic inammation.59 In
endothelial cells, suppressed autophagy level may contribute to
further injury in human atherosclerotic lesions. Previous
studies indicated that decreased cell autophagy level was
detected in ox-LDL or TNF-a treated HUVECs,2,60 and inducing
cell autophagy contributed to ameliorating vascular endothelial
inammation and lipid accumulation in vascular smooth
muscle cells.61 In the present study, we found that catalpol
restored inhibited autophagic ux in TNF-a-treated HAECs.
AMPK is known to regulate cell autophagy through mTOR
related pathway. AMPK activation can prevent hydrogen
peroxide-induced impairment of the autophagic ux in sen-
escent cells.62 By using AMPK inhibitor compound C or trans-
fection of AMPK siRNA, we demonstrated that the up-regulating
effect of catalpol on autophagy was mediated by AMPK activa-
tion. All above results indicated that catalpol attenuated
oxidative stress and promotes autophagy in TNF-a-treated
HAECs via activating AMPK. However, dual-luciferase reporter
This journal is © The Royal Society of Chemistry 2017
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assay showed hardly any stimulatory effect of catalpol on AMPK
promoter. Thus, we suggest that the effect of catalpol on AMPK
may be associated with SIRT1, cAMP signaling, LKB1, CAMKK
or other factors.63,64 Consequently, more experiments are
needed to explore the precise regulatory mechanism of catalpol-
mediated AMPK activation.

5. Conclusions

The present study is the rst to reveal that catalpol, a poorly
investigated natural product from Rehmannia has protective
effects against TNF-a induced epithelial dysfunction in HAECs
through reducing oxidative stress and enhancing autophagy
level. And the protective effects of catalpol are associated with
increased AMPK activity or at least partly through AMPK-
mediated pathway, which is concluded in Fig. S5.† Thus,
AMPK may represent an attractive pharmacological target to
arrest endothelial dysfunction and AS progression. Importantly,
our research provides a novel active ingredient for AS. Catalpol
has highly favorable characteristics for the treatment of AS via
activating AMPK to inhibit endothelial inammation, oxidative
stress and enhancing autophagy level.
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