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Editorial
Role of Natural Compounds in Oxidative Stress and Inflammation
Linked to Cardiometabolic Disorders: From Biochemical
Aspects to Clinical Evidences
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The most cost-effective preventive approach still remains diet
and physical activity, also in people without a history of
cardiovascular disease. However, lifestyle programs are often
difficult to follow for long periods of time, and changes
in dietary habits and physical activity sometimes are not
enough to reduce risk parameters, such as hypercholester-
olemia. In this context, an everyday approach utilizing
dietary supplements, nutraceuticals, phytochemicals, and
functional foods could improve blood lipid profile in humans
and protect cells from oxidative stress and from damage
related to inflammatory conditions. Since the prevention
of cardiometabolic disorders is a fundamental strategy to
decrease hospitalization and the health apparatus costs, a
nutraceutical treatment could be, at least in part, a possible
weapon to use. In this context, the scientific community
has to adequately define the tolerability and safety of dietary
supplements, either nutraceuticals or botanicals, as well as
understand the precise mechanisms of actions and the risk/
benefit ratio related to their assumption.

This special issue offers a selected and articulated over-
view of the examined topics. It contains seven papers, and
the details were listed as follows:

J.-F. Feng et al. explored the therapeutic mechanism of
Dioscorea nipponica (DN), a medicinal plant used to treat
myocardial ischemia (MI), identifying the metabolites gener-
ated by intestinal microflora from DN and their cardiopro-
tective efficacy. Results demonstrated that diosgenin, the

main metabolite produced by rat intestinal microflora
from DN, protects the myocardium against ischemic insult
through increasing enzymatic and nonenzymatic antioxidant
levels in vivo and by decreasing oxidative stress damage.

J. Tian et al. reviewed the use of herbal medicines for
diabetes treatment, to prevent cardiovascular complica-
tions. Molecules and signal transduction pathways were
critically analyzed, and specific effects of several compounds
were highlighted.

Novel pharmacological targets have been investigated by
Z. Wang et al. Original data indicated that TRPA1 might
be an alternative pharmacological target to mitigate the
detrimental cardiac effects induced by doxorubicin. Using
an animal model, they demonstrated that blockage of TRPA1
can prevent cardiomyocyte apoptosis, reducing inflamma-
tion and oxidative and ER stress.

J. Tian et al. showed that Ginkgo biloba leaf extract (GBE)
significantly attenuated cardiomyocyte apoptosis, collagen
deposition, and inflammation in diabetic mice via inhibition
of the p-JNK, CHOP, and caspase-12 pathways, as well as
decreasing the serum levels of the proinflammatory cytokines
(IL-6, IL-1β, and TNF-α). Blood glucose and lipid profiles
were also regulated. These results suggested that GBE might
be beneficial in the treatment of diabetic myocardial injury.

K.-H. Cho et al. studied policosanol with in vitro,
in vivo (in female subjects), and ex vivo experiments to
provide more substantial and concrete data on blood
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pressure-lowering effect. They showed that consumption of
policosanol for 8 weeks in healthy female subjects lowered
blood pressure and CETP activity via elevation of HDL/
apoA-I contents and enhancement of HDL functionalities,
including cholesterol efflux and insulin secretion, thus
contributing to the prevention of aging-related diseases,
hypertension, and stroke.

V. Valli et al. evaluated the changes in the expression of
adipogenic markers (C/EBPα, PPARγ variant 1 and variant
2, and GLUT4) in 3T3-L1 murine preadipocytes at four
stages of the differentiation process and compared the
effectiveness of sulforaphane, genistein, and docosahexaenoic
acid in reducing lipid accumulation and modulating C/EBPα,
PPARγ1, PPARγ2, and GLUT4 mRNA expression in mature
adipocytes, showing that all bioactive compounds suppress
adipocyte differentiation. Since obesity is characterized by
excess body fat accumulation due to an increase in size and
number of differentiated mature adipocytes, these results
confirmed that several natural food constituents could be
used as important agents in preventing or treating obesity.

N. Calabriso et al. exploited the role of hydroxytyrosol
(HT), a well-known olive oil antioxidant on mitochondrial
oxidative stress in phorbol myristate acetate- (PMA-) chal-
lenged endothelial cells. They observed that HT blunts
endothelial dysfunction and pathological angiogenesis by
ameliorating mitochondrial function, thus suggesting HT
as a potential mitochondria-targeting antioxidant in the
inflamed endothelium. The guest editors hope that the
information provided in this special issue is useful and offers
a scientific profile of the effects of some dietary supplements,
nutraceuticals, and phytochemicals on cardiovascular dis-
eases linked to oxidative stress and inflammation.

Finally, we would like to thank the authors for an
excellent contribution of their research works, and we also
very warmly acknowledged the reviewers for an excellent
contribution of their valuable review results.

Cristiana Caliceti
Paola Rizzo

Mariateresa Giuliano
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Research Article
Hydroxytyrosol Ameliorates Endothelial Function under
Inflammatory Conditions by Preventing
Mitochondrial Dysfunction
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Mitochondria are fundamental organelles producing energy and reactive oxygen species (ROS); their impaired functions play a key
role in endothelial dysfunction. Hydroxytyrosol (HT), a well-known olive oil antioxidant, exerts health benefits against vascular
diseases by improving endothelial function. However, the HT role in mitochondrial oxidative stress in endothelial dysfunction is
not clear yet. To investigate the HT effects on mitochondrial ROS production in the inflamed endothelium, we used an in vitro
model of endothelial dysfunction represented by cultured endothelial cells, challenged with phorbol myristate acetate (PMA), an
inflammatory, prooxidant, and proangiogenic agent. We found that the pretreatment of endothelial cells with HT (1–30 μmol/L)
suppressed inflammatory angiogenesis, a crucial aspect of endothelial dysfunction. The HT inhibitory effect is related to reduced
mitochondrial superoxide production and lipid peroxidation and to increased superoxide dismutase activity. HT, in a
concentration-dependent manner, improved endothelial mitochondrial function by reverting the PMA-induced reduction of
mitochondrial membrane potential, ATP synthesis, and ATP5β expression. In PMA-challenged endothelial cells, HT also
promoted mitochondrial biogenesis through increased mitochondrial DNA content and expression of peroxisome proliferator-
activated receptor gamma coactivator 1-alpha, nuclear respiratory factor-1, and mitochondrial transcription factor A. These
results highlight that HT blunts endothelial dysfunction and pathological angiogenesis by ameliorating mitochondrial function,
thus suggesting HT as a potential mitochondria-targeting antioxidant in the inflamed endothelium.

1. Introduction

The vascular endothelium is a multifunctional organ criti-
cally involved in preserving vascular homeostasis through
multiple functions including regulation of vascular tone
and barrier, leukocyte trafficking, blood coagulation, nutrient
and electrolyte uptake, and neovascularization of hypoxic
tissue [1]. Chronic and degenerative diseases, such as cardio-
vascular diseases, are associated with alterations of endothe-
lial physiological function, a condition termed endothelial
dysfunction [2], characterized by reduced nitric oxide and

increased reactive oxygen species (ROS) levels, endothelial
inflammatory markers, and aberrant angiogenesis [3, 4].
One of the early manifestations of endothelial dysfunction
is the dysregulation of mitochondrial function and biogenesis
[5, 6]. Mitochondria, when deregulated, are either a major
source or a target of oxidative stress, leading to a vicious
circle. Unbalanced and extensive formation of mitochondrial
ROS (mtROS) results in oxidative damage to many cellular
components; this process in turn accelerates ROS production
and generates mitochondrial dysfunction through alterations
of mitochondrial membrane potential, ATP production, and
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mitochondrial biogenesis [7]. Since increased mtROS pro-
duction appears to be a key event in altered endothelial
functions and inflammatory angiogenesis involved in vascu-
lar pathologies [8], identification of mechanisms underlying
mitochondrial dysfunction in endothelial cells may contrib-
ute to the development of improved approaches for vascu-
lar health. There is now a great interest to know whether
natural dietary antioxidant compounds, reducing oxidative
stress, can safeguard mitochondrial function in the vascular
endothelium [9].

Hydroxytyrosol (HT), the major antioxidant phenolic
compound present in olives and virgin olive oil, shows
beneficial effects on chronic, inflammatory, and degenerative
diseases [10, 11]. Most of the health effects of HT studied so
far are connected with its ROS-scavenging property and
with its ability to activate endogenous antioxidant systems
[12–14], to blunt vascular inflammation and to improve
endothelial function [15–18]. It has been previously shown
that HT counteracted endothelial dysfunction by reducing
endothelial inflammatory mediators including endothelial
adhesion molecules and inflammatory cytokines [19, 20].
HT also reduced inflammatory angiogenesis, a key patho-
genic process in cancer and in the development and vul-
nerability of atherosclerotic plaque, through inhibition of
the proinflammatory enzyme cyclooxygenase-2, prostanoid
production, and gelatinases, the matrix-degrading enzymes
[21]. These effects were accompanied by a significant
reduction in the activation of nuclear factor- (NF-) κB,
the redox-sensitive transcription factor, and in the produc-
tion of intracellular ROS by endothelial NADPH oxidase
[21, 22]. However, the potential role of HT in endothelial
mtROS production under inflammatory conditions has not
been examined yet.

In the present study, we analysed the HT effect on
mtROS production and mitochondrial function in inflam-
matory angiogenesis. To this aim, we utilised a well-known
in vitro model of human cultured vascular endothelial cells,
challenged with phorbol myristate acetate (PMA), an inflam-
matory, prooxidant, and proangiogenic agent leading to
endothelial dysfunction.

In this in vitro model, we monitored the HT effects
on (i) pathological angiogenesis and mitochondrial oxida-
tive stress; (ii) mitochondrial function by evaluating mito-
chondrial membrane potential and mitochondrial ATP
production; and (iii) mitochondrial biogenesis through
mitochondrial DNA content and the expression of factors
coordinating the mitochondrial biogenesis, such as per-
oxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α), nuclear respiratory factor-1 (NRF-1),
and mitochondrial transcription factor A (TFAM).

2. Materials and Methods

2.1. Materials. The materials for cell cultures were obtained
from Gibco/BRL. Hydroxytyrosol (HT, 4-(2-hydroxyethyl)-
1,2-benzenediol) was obtained from Cayman Chemical
(Ann Arbor, MI), and PMA from Sigma-Aldrich (St. Louis,
MO). Superoxide-sensitive probe MitoSOX Red, mitochon-
drial membrane potential probe JC-1, and CM-H2DCFDA

probe were purchased from Molecular Probes. Primary anti-
bodies against β subunit of human ATP synthase (ATP5β),
PGC-1α, and NRF-1 and peroxidase-conjugated secondary
antibody were purchased from Santa Cruz Biotechnology.
Unless otherwise indicated, all other reagents were purchased
from Sigma-Aldrich.

2.2. Cell Culture and Treatment. Human umbilical vein
endothelial cells (HUVEC) were harvested, characterized,
and maintained as previously described [21]. The human
microvascular endothelial cell line (HMEC-1), obtained
from Dr. Thomas J. Lawley, was cultured as described [21].
Confluent endothelial cells were shifted to medium supple-
mented with 3% foetal bovine serum (FBS) and subsequently
treated with increasing concentrations of HT (0, 1, 10, and
30μmol/L) for 1 h and then stimulated with 10 nmol/L
PMA. Stock solution of HT (1mg/mL) was made in absolute
ethanol, and stock solution of PMA (300μmol/L) in DMSO.
As a vehicle control, HUVEC were incubated with an
appropriate amount of each solvent (<0.025% v/v). The used
solvents had no effects on any of the parameters measured.
Cellular toxicity was checked by a variety of techniques
including cell count, protein content, trypan blue exclusion,
and MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo-
lium bromide) assays. In preliminary experiments aimed at
evaluating phytochemical toxicity, treatment of HUVEC or
HMEC-1 with concentrations of HT up to 30μmol/L for
24 h did not produce any sign of toxicity.

2.3. Detection of Cellular ROS and Mitochondrial Superoxide
Production. Cellular ROS formation was assessed using a car-
boxy-2′,7′-dichlorofluorescein diacetate (CM-H2DCFDA)
probe. CM-H2DCFDA freely permeates the plasma mem-
brane and is hydrolyzed in the cytosol to form the DCFH
carboxylate anion [23, 24]. Oxidation results in the formation
of fluorescent DCF, which is maximally excited at 495nm
and emitted at 520 nm [24]. HUVEC at confluence were
incubated with HT (0, 1, 10, and 30μmol/L) for 1 h, then
loaded with the probe CM-H2DCFDA (10μmol/L) for
45min at 37°C, in the dark. Following the incubation, mono-
layers were gently washed in PBS twice, then stimulated with
10 nmol/L PMA in phenol red-free medium for 0–90min
and monitored by spectrofluorimetric analysis.

Mitochondrial superoxide production was assessed using
MitoSOX Red, a mitochondria-targeting fluorescent probe,
according to the manufacturer’s instructions. MitoSOX Red
exhibits fluorescence after oxidation by superoxide anion
(excitation 510nm, emission 580 nm) [25]. HUVEC mono-
layers were treated with HT (0, 1, 10, and 30μmol/L) for
1 h, then loaded with the probe MitoSOX Red (5μmol/L)
for 20min at 37°C in the dark and next stimulated with
10 nmol/L PMA in phenol red-free medium for 0–90min.
MitoSOX Red fluorescence was measured by spectrofluori-
metric analysis. Alternatively, for long-term stimulation
(10 nmol/L PMA for 16h), HUVEC were incubated at 37°C
in 3% FBS-containing phenol red-free medium in the dark
before measurement of MitoSOX Red fluorescence by spec-
trofluorimetry or by fluorescence microscopy.

2 Oxidative Medicine and Cellular Longevity



2.4. Cell Migration and Tube Formation Assay. HUVEC
were cultured in 6-well plates until confluence and then
incubated with increasing concentrations of HT (0, 1, 10,
and 30μmol/L) or electron transport chain inhibitors, rote-
none or antimycin A (1μmol/L), for 1 h. Afterwards, a
scratch wound was performed with a sterile microtip under
standard conditions. After washing with PBS to remove
detached cells, a first series of photos were taken by an
attached digital output Canon Powershot S50 camera (0 h).
Monolayers were then stimulated with 10nmol/L PMA for
16 h in serum-free medium containing 0.1% human serum
albumin, a condition that allows cell survival but not cell
proliferation. Monolayers were then washed and again
photographed (16 h). Cell repair of the wound was deter-
mined by measuring the width (μm) of the denuded area
along the scratch (at five different levels) using the Optimas
Image analysis software (Media Cybernetics, Pleasanton,
CA). The formation of vascular-like structures by endothe-
lial cells was assessed on the growth factor-reduced base-
ment membrane matrix “Matrigel” (11.1mg/mL; Becton
Dickinson Biosciences, Bedford, MA) as previously described
[21]. The bottoms of 24-well culture plates were coated with
Matrigel (50μL per well) diluted at 1 : 2 with M199 medium.
After gelatination at 37°C for 30min, gels were overlaid with
500μL of 2% FBS-containing M199 medium containing
4× 104 cells per well. The media were supplemented with
10 nmol/L PMA in the absence or presence of 1–30μmol/L
HT or rotenone or antimycin A (1μmol/L) for 1 h and then
incubated for further 16h at 37°C. Tube formation was
monitored by inverted phase-contrast microscopy (Leica,
Wetzlar, Germany), and pictures (×100 magnification) were
taken by an attached digital output Canon Powershot S50
camera. Tubule branching points were counted in three
randomly selected fields per well and were averaged.

2.5. Assessment of Mitochondrial Membrane Potential.
Mitochondrial membrane potential (MMP) was assessed
as described previously [26] using 5,5′,6,6′-tetrachloro-1,1′,
3,3′-tetraethylbenzimidazol-carbocyanine iodine (JC-1), a
cationic dye that exhibits MMP-dependent accumulation
and formation of red fluorescent J-aggregates in mitochon-
dria. Each set of samples included a positive control for
mitochondrial depolarization (HUVEC or HMEC-1 treated
with 1μmol/L carbonyl cyanide p-(tri-fluromethoxy)phe-
nyl-hydrazone (FCCP)) and hyperpolarization (HUVEC or
HMEC-1 treated with 1μg/mL oligomycin). Fluorescence
was determined by a fluorimeter (Fluoroskan II, Labsystem,
Helsinki, Finland) using excitation at 488nm. The JC-1
monomer (green) and the J-aggregates (red) were detected
at 530nm and 590nm emission, respectively. MMP is evalu-
ated as the red-to-green fluorescence intensity ratio.

2.6. Lipid Peroxidation and Superoxide Dismutase
Measurements. The level of cellular lipid peroxidation was
determined through the formation of thiobarbituric acid-
reactive species (TBARS) as reported in [27] following the
method of Esterbauer and Cheeseman [28]. Briefly, malon-
dialdehyde (MDA), a by-product of lipid peroxidation,
forms an adduct with thiobarbituric acid (TBA) which

was measured colorimetrically using an MDA equivalent
standard. Butylated hydroxytoluene was added to each test
sample to prevent further lipid oxidation during sample
processing and the TBA reaction. The MDA production,
expressed as nmol produced/mg protein, was followed
spectrophotometrically at 533nm. The superoxide dismut-
ase (SOD) activities were determined with the Fluka ana-
lytical assay kit using a spectrophotometer Victor™ X
(PerkinElmer) at λ = 440nm. The Cu/ZnSOD and the
mitochondrial MnSOD activities were assayed, without or
with KCN (4mmol/L), using the ability to inhibit the
reduction of WST-1 [2-(4-Iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt] by
superoxide anions generated by the xanthine/xanthine
oxidase method. One unit of SOD activity was defined as
the amount of the enzyme causing half maximum inhibition
of WST-1 reduction.

2.7. Evaluation of the Mitochondrial ATP Synthase Activity.
Mitochondrial ATP synthesis was measured spectrophoto-
metrically as described [29]. Briefly, 1× 106 cells were resus-
pended in 1mL of buffer containing 10mmol/L HEPES
(pH7.4), 150mmol/L NaCl, 1mmol/L K-EDTA, 20mmol/L
glucose, 2mmol/L MgCl2, 5U/mL hexokinase, 300μmol/L
Ap5A, and 25mmol/L KH2PO4. Endothelial cells were
incubated, under stirring for rotation, in the absence or
in the presence of oligomycin for 30minutes. Then, the
reaction was stopped with 3% HClO4, and the cells were
centrifuged in Eppendorf tubes at 100×g for 4 minutes.
To the supernatant (500μL), 500μL of buffer containing
1mmol/L MgCl2, 150mmol/L Tris/HCl (pH7.4), and
7U/mL glucose-6-phosphate dehydrogenase was added.
The reaction was started by adding 1mmol/L NADP, and
the reduction of the coenzyme was followed spectrophoto-
metrically (Beckman Coulter DU 800), at 360/374 nm with
an ɛ=2.1mmol/L−1·cm−1.

2.8. Western Blot Analysis. Total cell extract was prepared as
previously described [22]. After protein content determina-
tion, the cell lysate was separated using NuPAGE Bis-Tris
precast 10% polyacrylamide gels under reducing conditions
(Invitrogen, Carlsbad, CA, USA). Resolved proteins were
transferred onto nitrocellulose sheets (Amersham, Freiburg,
Germany), and the resulting membranes were saturated with
a 5% blocking agent (Amersham) in Tris-buffered saline
(TBS, 20mmol/L Tris (pH7.6) and 132mmol/L NaCl) for
1 h at room temperature. Membranes were then incubated
overnight at 4°C with primary antibodies against human
ATP5β, PGC-1α, NRF-1, TFAM, and β-actin, followed by a
horseradish peroxidase-conjugated secondary antibody. The
enhanced chemiluminescence (ECL) method (Amersham)
was used to reveal positive bands, according to the manufac-
turer’s instructions. Bands were analysed quantitatively using
the Scion Image Alpha 4.0.3.2 software (Scion Corporation).

2.9. Quantitative Reverse Transcription-Polymerase Chain
Reaction Analysis. HUVEC were treated with HT (0, 1, 10,
and 30μmol/L) for 1 h and then stimulated with 10 nmol/L
PMA for 16 h. Total RNA was isolated by using the TRIzol
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reagent (Invitrogen) according to the manufacturer’s proto-
col. For quantitative polymerase chain reaction, total RNA
(2μg) was converted into first-strand cDNA by using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Monza, Italy). The quantitative RT-PCR was
performed in the Bio-Rad Biosystems CFX384 Touch Real-
Time PCR Detection System, by using SYBR Green PCR
Master Mix. The human cDNA fragments were amplified
using primers synthesized by Sigma Genosys and reported
in Table 1. We explored the expression of the following
genes: ATP5β, PGC-1α, NRF-1, TFAM, TNF-α, IL-1β,
VCAM-1, and ICAM-1. The quantifications were performed
using the efficiency-adjusted ΔΔCT method (CFX Manager),
with Gapdh/36B4 as an internal control.

2.10. Determination of the Mitochondrial DNA Copy
Number. Total DNA from endothelial cells was obtained by
phenol/chloroform extraction. Real-time quantitative PCR
(qPCR) was performed to quantify mitochondrial DNA
(mtDNA) content. MtDNA level was expressed as the ratio
of mtDNA (D-loop) to nuclear DNA (Gapdh) quantity.
The primers used for D-loop and Gapdh are reported
in Table 1.

2.11. Statistical Analysis.Values were expressed as mean± SD
for the number of experiments indicated in the legends to the
figures. Differences between two groups were determined by
unpaired Student’s t-test. Multiple comparisons were per-
formed by one-way analysis of variance (ANOVA), and
individual differences were then tested by Fisher’s protected
least significant difference test, after the demonstration of
significant intergroup differences by ANOVA. Differences

between means from at least three independent experiments
with p < 0 05 were considered statistically significant.

3. Results

3.1. Hydroxytyrosol Inhibits PMA-Induced Angiogenic
Response by Reducing Mitochondrial Superoxide Production.
In previous studies, we characterized a model of endothe-
lial dysfunction constituted by HUVEC challenged with
PMA, an inflammatory and proangiogenic agonist able to
induce endothelial activation and inflammatory angiogenesis
[20, 21, 30]. In the same works, we have shown that HT
reduced endothelial dysfunction [20, 21] by decreasing
intracellular oxidative stress and NF-κB activation, a pivotal
regulator of inflammatory gene expression.

In the present study, we evaluated the protective effect
of HT on endothelial dysfunction by analysing inflamma-
tory and angiogenic response in PMA-triggered endothelial
cells (Figure 1). Figure 1 shows that HT (1–30μmol/L), in a
concentration-dependent manner, reduced the expression
of thePMA-stimulated inflammatory cytokines, tumornecro-
sis factor- (TNF-) α and interleukin- (IL-) 1β (Figure 1(a)), as
well as the endothelial adhesion molecules, vascular cell
adhesion molecule- (VCAM-) 1 and intercellular adhesion
molecule- (ICAM-) 1 (Figure 1(b)). Figure 1 also shows that
HT pretreatment reduced the PMA-induced angiogenic
response (Figures 1(c) and 1(d)). The new vessel formation
occurs through a series of steps, including endothelial cell
migration and morphological differentiation/reorganization
of endothelial cells into a three-dimensional tubular struc-
ture [31]. Therefore, we analysed the endothelial cell migra-
tion by scratch wound healing and capillary-like tube

Table 1: Primer sequence of real-time quantitative PCR.

Gene Accession number Primers (sequence 5′–3′) Size (bp)

TNF-α NM_000594.2
CCTGTGAGGAGGACGAACAT
AGGCCCCAGTTTGAATTCTT

240

IL-1β NM_000576.2
CTGTCCTGCGTGTTGAAAGA
AGTTATATCCTGGCCGCCTT

228

VCAM-1 NM_001078.3
CATGGAATTCGAACCCAAAC
CCTGGCTCAAGCATGTCATA

140

ICAM-1 NM_000201.2
AGACATAGCCCCACCATGAG
CAAGGGTTGGGGTCAGTAGA

190

ATP5β NM_001686
TGAGGGACTACCACCAATTC
TTTCTGGCCTCTAACCAAGC

141

TFAM NM_001270782.1
CCGAGGTGGTTTTCATCTGT
ACGCTGGGCAATTCTTCTAA

147

NRF-1 NM_005011.3
CCGTTGCCCAAGTGAATTAT
ACTGTAGCTCCCTGCTGCAT

181

PGC-1α NM_013261.3
GCTGACAGATGGAGACGTGA
TGCATGGTTCTGGGTACTGA

178

36B4 NM_001697.2
TCGACAATGGCAGCATCTAC
ATCCGTCTCCACAGACAAGG

191

D-loop AC_000022.2
GGTTCTTACTTCAGGGCCATC
TGACCTTCATGCCTTGACGG

201

Gapdh NG_007073.2
ATGCCTTCTTGCCTCTTGTC
CATGGGTGGAATCATATTGG

245
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formation by the Matrigel assay. As shown in the bar
graph (Figure 1(c)), the HT pretreatment inhibited, in a
concentration-dependent manner, the migration of endothe-
lial cells stimulated by PMA. Moreover, HT suppressed the
PMA-challenged endothelial angiogenic activity by decreas-
ing the capillary-like tube formation on Matrigel, as docu-
mented by the reduced number of branch points, shown in
bar graph quantification (Figure 1(d)). The HT inhibitory
effects were significantly evident at 10μmol/L and reached
maximum inhibition at 30μmol/L.

Since increased mtROS production appears to be a criti-
cal event in endothelial dysfunction [8], in the present study,
we deepened the HT effects on superoxide production and
mitochondrial function in inflammatory angiogenesis.

In Figure 2(a), we reported the HT effects on mtROS in
PMA-triggered endothelial cells showing that PMA stimula-
tion greatly increased superoxide generation in HUVEC, as
evaluated by increased MitoSOX Red fluorescence, resulting
from the oxidation of MitoSOX Red by mitochondrial super-
oxide. HT pretreatment reduced the PMA-induced superox-
ide production: 10μmol/L HT decreased superoxide by
about 33% and 30μmol/L HT lowered it to the control levels
(Figure 2(a)). The inhibitory effect of HT on PMA-induced
mitochondrial superoxide production was confirmed by

fluorescence microscopy imaging (Figure 2(b)). HUVEC
challenged with PMA showed bright red fluorescence, which
was markedly blunted after HT treatment in a concentration-
dependent manner (Figure 2(b)). In addition, we investigated
the temporal effects of HT on mtROS production in HUVEC
challenged with PMA for short times (0–90min). Figure 2(c)
shows that PMA boosted mtROS already at 30min. HT at
10μmol/L, the lowest effective concentration against endo-
thelial inflammation and dysfunction, significantly blunted,
at 60min, MitoSOX Red fluorescence, suggesting an early
role of mtROS in PMA-triggered endothelial cells. The
kinetics of mtROS production followed a trend similar to
that of cytosolic ROS, determined by CM-H2DCFDA fluo-
rescence (Figure 2(d)). In our model system, the levels of
nitric oxide, a marker of endothelial dysfunction, were also
evaluated. Results showed no difference in nitric oxide levels
either after PMA stimulation or after HT treatment (Supple-
mentary Figure 1). These results highlight a crucial role of
mtROS both in PMA-induced endothelial dysfunction and
in HT protective action.

Noteworthy, the inhibitory actions of HT occurred only
under proinflammatory conditions induced by PMA treat-
ment and in the absence of any toxicity as determined by
the MTT assay and protein content and cellular counts (data
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Figure 1: HT effects on PMA-induced endothelial dysfunction. HUVEC were pretreated with HT (1–30 μmol/L) or vehicle (control, CTR)
for 1 h and stimulated by PMA (10 nmol/L) for 16 h; then, TNF-α and IL-1β (a) or VCAM-1 and ICAM-1 (b) mRNA levels were determined
by quantitative RT-PCR. HUVEC were pretreated with HT (1–30μmol/L) for 1 h; afterwards, a scratch wound was performed and
monolayers were stimulated by 10 nmol/L PMA for 16 h. Cell migration was monitored under phase-contrast microscopy and quantified
(c). HUVEC were plated onto a 3-dimensional collagen gel (Matrigel) surface, pretreated with HT (1–30μmol/L), for 1 h, and then
stimulated with 10 nmol/L PMA for 16 h. Tube formation was monitored under phase-contrast microscopy and reported as branch points
per field (d). ∗p < 0 05 versus CTR; #p < 0 05 versus PMA alone.
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not shown). Indeed, HT treatment did not display significant
effects in HUVEC under basal conditions on mitochondrial
ROS production, cell migration, and capillary-like formation
(data not shown).

Finally, to analyse the role of superoxide produced by
mitochondria in inflammatory angiogenic response, HUVEC
were pretreated with rotenone or antimycin A, inhibitors of
the mitochondrial complexes I and III, main sites of ROS
production in the electron transport chain, respectively.
The effects of the two inhibitors on PMA-induced endothe-
lial cell migration and tubule formation were evaluated. As
shown in the bar graph (Figure 3(a)) and in representative
scratch wound healing images (Figure 3(b)), the pretreat-
ment with rotenone or antimycin A inhibited the migration

of endothelial cells stimulated by PMA. Moreover, both
the inhibitors suppressed the PMA-challenged endothelial
angiogenic activity by decreasing the capillary-like tube
formation on Matrigel, as documented by the reduced
number of branch points, shown in representative images
(Figure 3(d)) and in bar graph quantification (Figure 3(c)).
These inhibitory effects of rotenone or antimycin A point
out the key role of mtROS in aberrant angiogenesis under
inflammatory conditions. In HUVEC under basal unstimu-
lated conditions, rotenone and antimycin A alone did not
cause substantial effects on mtROS production, cell migra-
tion, and capillary-like formation.

In addition to macrovascular endothelial cells (HUVEC),
microvascular endothelial cells (HMEC-1) were used in

0

20

40

60

80

100

CTR – 1 10 30M
ito

SO
X 

Re
d 

flu
or

es
ce

nc
e

(%
 o

f P
M

A
) 

PMA

#

#

HT (�휇mol/L)

⁎

(a)

PMA

– 1 10 30

(b)

0

50

100

150

200

0 15 30 60 90

CTR
PMA

Time (min)

# #

M
ito

SO
X 

Re
d 

flu
or

es
ce

nc
e

(%
 o

f c
on

tro
l T

 =
 0

 m
in

) 

HT 10 �휇mol/L + PMA

⁎
⁎

⁎

(c)

CM
-H

2D
CF

D
A

 fl
uo

re
sc

en
ce

(%
 o

f c
on

tro
l T

 =
 0

 m
in

) 

0

50

100

150

200

0 15 30 60 90
Time (min)

# #

CTR
PMA
HT 10 �휇mol/L + PMA

⁎
⁎ ⁎

(d)

Figure 2: Effects of HT on PMA-induced intracellular ROS and mitochondrial superoxide production. HUVEC were pretreated with HT
(1–30 μmol/L) or vehicle (control, CTR) for 1 h and loaded by CM-H2DCFDA or MitoSOX Red as described in Materials and Methods,
then stimulated with 10 nmol/L PMA for 16 h (a, b) and for the indicated times (c, d), and next fluorescence levels were evaluated by a
fluorescence plate reader (a), fluorescence microscope (b), or fluorimeter (c, d). Data represent three independent experiments performed
in triplicate and are expressed as means± SD. ∗p < 0 05 versus CTR; #p < 0 05 versus PMA alone.
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Figure 3: HT effects on PMA-induced mitochondrial superoxide production in cell migration and in inflammatory angiogenesis. HUVEC
were pretreated with HT (10 μmol/L) and rotenone or antimycin A (1 μmol/L) for 1 h; afterwards, a scratch wound was performed and
monolayers were stimulated by 10 nmol/L PMA for 16 h. Cell migration was quantified and monitored under phase-contrast microscopy
(a, b). HUVEC were plated onto a 3-dimensional collagen gel (Matrigel) surface, pretreated with HT (10 μmol/L) and rotenone or
antimycin A (1 μmol/L) for 1 h, and then stimulated with 10 nmol/L PMA for 16 h. Tube formation was monitored under phase-contrast
microscopy, photographed, and analysed (c, d). Images are representative of cell migration (b), and capillary-like tube formation is
reported as branch points per field (d) in PMA-stimulated endothelial cells (×100 magnification). Data are representative of three
independent experiments, expressed as means± SD, and presented as percentage of PMA-stimulated endothelial cells. Each experiment
consisted of four replicates for each condition. ∗p < 0 05 versus CTR; #p < 0 05 versus PMA alone.
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comparative experiments and similar results were obtained
(data not shown).

To further analyse the protective role of HT in endothe-
lial oxidative stress under inflammatory conditions, the HT
effects on SOD activities and oxidative damage were exam-
ined. We found that PMA reduced MnSOD activity, which
was rescued by 30μmol/L HT pretreatment (Figure 4(a)).
The uncontrolled production of cellular ROS induced, among
others, direct damages of cellular lipids, the so-called lipid
peroxidation, which was assayed by measuring the level of
its end product MDA [32]. PMA stimulation increased
cellular MDA levels by about 40%, with respect to control
unstimulated cells, thus confirming an enhancement of cel-
lular oxidative stress (Figure 4(b)). Pretreatment with HT
reduced PMA-induced lipid peroxide production by about
27% at 10μmol/L and 35% at 30μmol/L (Figure 4(b)).

The present findings reveal an important role of mtROS
in inflammatory angiogenesis and show that HT treatment
can improve endothelial function by decreasing mitochon-
drial superoxide production and oxidative damage.

3.2. Hydroxytyrosol Prevents Mitochondrial Oxidative
Dysfunction in the Inflamed Endothelium. There is increasing
evidence that mitochondrial alterations are implicated in vas-
cular endothelial inflammation and angiogenesis [8]. Since
mitochondrial membrane potential (MMP) is an important
indicator of mitochondrial function in situ, we monitored
the MMP in PMA-challenged endothelial cells by using the
JC-1 assay. Figure 5(a) shows that PMA stimulation induced
a significant MMP decrease, with respect to unstimulated
control cells. Pretreatment with HT reverted the PMA-
induced depolarization of the mitochondrial membrane with
an effect already significant at 10μmol/L (Figure 5(a)).

MMP drives the synthesis of ATP; therefore, changes
in the membrane potential can affect mitochondrial ATP
synthesis. We assessed whether in endothelial cells the
MMP, reduced by PMA, was connected with changes in
mitochondrial ATP synthesis, and we analysed the effects

of HT pretreatment. In accordance with MMP alterations
(Figure 5(a)), we observed that PMA challenge reduced by
about 34% the fraction of ATP produced by endothelial
mitochondrial FoF1-ATP synthase (Figure 5(b)). In detail,
in unstimulated endothelial cells, the amount of ATP synthe-
sized by the FoF1-ATP synthase was 10.3± 1.3 nmol of ATP
formed/min/1× 106 cells; meanwhile, in PMA-challenged
cells, it was lowered to 6.8± 1.1 nmol of ATP formed/
min/1× 106 cells. HT pretreatment reverted the PMA-
reduced mitochondrial ATP production in a concentration-
dependent manner, increasing it by about 35% versus PMA
at 10μmol/L HT and reaching the control values at
30μmol/L HT. Since it is well known that the activity of
ATP synthase is influenced by the expression of the enzyme
catalytic subunit ATP5β, we investigated the ATP5β protein
and mRNA levels. We found that PMA significantly reduced
the expression of ATP5β protein in endothelial cells, while
HT pretreatment reverted PMA-reduced ATP5β expression
already at 10μmol/L HT and caused a further increase in the
protein content at 30μmol/L HT (Figure 5(c)). Consistently
with ATP5β protein levels, the ATP5β mRNA abundance
significantly decreased following PMA stimulation with
respect to unstimulated control cells, while preincubation
with 10μmol/L HT reverted PMA-reduced ATP5β mRNA
amount to the unstimulated control level (Figure 5(d)).

These results highlight that HT treatment was able to
improve endothelial mitochondrial function under inflam-
matory conditions, by counteracting the decrease in MMP
as well as in ATP synthesis and ATP5β expression.

3.3. Hydroxytyrosol Promotes Mitochondrial Biogenesis in the
Inflamed Endothelium. To determine whether in PMA-
challenged endothelial cells the observed improvement in
mitochondrial function promoted by HT was associated with
increased mitochondrial biogenesis, the mtDNA content and
the expression of PGC-1α, NRF-1, and TFAM, which play a
pivotal role in this process, were investigated. Western
blotting analysis and real-time qRT-PCR revealed that the
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Figure 4: HT effects on SOD activity and oxidative damage in stimulated endothelial cells. HUVEC were pretreated with HT (1–30μmol/L)
for 1 h and then stimulated with PMA for further 16 h; afterwards, the activity of MnSOD (a) and lipid peroxidation, followed by MDA
production (b), were evaluated. Data are representative of three independent experiments (mean± SD) and expressed as percentage of
PMA-stimulated endothelial cells. ∗p < 0 05 versus CTR; #p < 0 05 versus PMA alone.
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expression of the mitochondrial biogenesis factors, PGC-1α
and NRF-1, was significantly reduced by PMA treatment
(Figures 6(a) and 6(b)). HT preincubation reverted the
PMA-reduced expression of NRF-1 and PGC-1 with a signif-
icant effect at 10μmol/L, at both protein (Figure 6(a)) and
mRNA levels (Figure 6(b)). PMA significantly reduced also
the abundance of TFAM mRNA, which was increased by
HT treatment (Figure 6(c)). Finally, the mtDNA copy num-
ber, which is a critical determinant of overall mitochondrial
health, was analysed. To this aim, mtDNA and nuclear
DNA (nDNA) were measured by real-time qPCR. The
mtDNA copy number was expressed as the ratio of mtDNA
(D-loop) to nDNA (Gapdh). PMA stimulation of endothelial
cells decreased the mtDNA copy number with respect to
unstimulated control cells. HT treatment reverted the PMA
reduction of the mtDNA copy number already at 10μmol/L
with a further increase at 30μmol/L (Figure 6(d)).

The present findings unveil that HT can improve
endothelial function by promoting mitochondrial biogenesis
under inflammatory conditions.

4. Discussion

HT, the major phenolic compound present in olives and
virgin olive oil, exerts anti-inflammatory and antiangiogenic
function through inhibition of intracellular ROS levels and
NF-κB activation in the inflamed endothelium [20, 21].
However, the role of HT in mtROS production in inflamma-
tory angiogenic response has not been to date clarified.

In the present study, we show that the endothelial protec-
tive effect of HT occurs by inhibiting the expression of
inflammatory cytokines and endothelial adhesion molecules
and that HT prevents inflammatory angiogenesis by reduc-
ing mitochondrial superoxide production and by improving
mitochondrial function and biogenesis.

At low concentrations, ROS could behave as proangio-
genic signalling molecules in endothelial cells, but at elevated
levels, ROS could cause endothelial cell dysfunction and
pathological angiogenesis [33–35]. In vascular endothelial
cells, mitochondria, far from being simply ATP-producing
organelles, also play a key role in cell signalling through
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Figure 5: HT improves mitochondrial function in PMA-stimulated endothelial cells. HUVEC were pretreated with HT (1–30μmol/L) for 1 h
and then stimulated with PMA (10 nmol/L) for further 16 h. After treatments, MMP was assayed by using JC-1 staining and evaluated by
using a fluorescence plate reader (a). Mitochondrial oligomycin-sensitive ATP synthesis was measured in endothelial cells incubated in the
absence (−) or in the presence of HT (1–30μmol/L) (b). The expression of β subunit of ATP synthase was evaluated at protein (c) and
mRNA levels (d) by Western blotting or quantitative RT-PCR, respectively. ATP5β protein expression was normalized to β-actin, and
ATP5β mRNA amount was normalized to Gapdh mRNA. Data are representative of four independent experiments (mean± SD), each
consisting of four replicates for each condition, and expressed as percentage of PMA-stimulated endothelial cells. ∗p < 0 05 versus CTR;
#p < 0 05 versus PMA alone.
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mtROS production [36, 37]. High levels of mtROS alter
normal ROS signalling and mitochondrial functions leading
to endothelial dysfunction and ultimately to the development
of cardiovascular disease [38]. In vascular endothelial cells,
the mitochondrial electron transport chain represents one
of the major sites of ROS production. Although most elec-
trons through the chain redox gradient reach at the end
complex IV, they prematurely can react with oxygen, at
the level of complexes I and III, to form superoxide [39]. In
this study, we found that PMA induced aberrant angiogene-
sis, as shown by increased endothelial cell migration and
tubule-like structure formation. The inflammatory angio-
genic response triggered by PMA occurred through mecha-
nisms that determine an increase in mtROS production.

Indeed, PMA-induced endothelial migration and capillary
morphogenesis were suppressed by preincubation with rote-
none and antimycin A, inhibitors of the electron transport
chain, respectively, at the level of mitochondrial complexes
I and III, major sources of mtROS. In our model system,
mtROS were boosted already at 30min after PMA stimula-
tion and their levels remained high after 16 h, suggesting
mtROS as an initial and late player in PMA-induced endo-
thelial dysfunction. Our results are in accordance with
previous findings by Joo et al. [40] who reported that Mito-
TEMPO, a specific mitochondrial antioxidant, inhibited the
PMA-stimulated expression of endothelial adhesion mole-
cules, implying an important role of mtROS in endothelial
inflammation. About the role of HT in PMA-induced
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Figure 6: HT increases mitochondrial biogenesis in stimulated endothelial cells. HUVEC were pretreated with HT (1–30μmol/L) for 1 h and
then stimulated with PMA for further 16 h. The expression of mitochondrial biogenesis factors was evaluated byWestern blotting (a), and the
corresponding mRNA levels were assessed by quantitative RT-PCR (b, c). DNA was isolated, and quantitative real-time PCR was used to
determine nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) contents. The mtDNA content was expressed as the ratio of the
mtDNA copy number to the nDNA copy number (mtDNA/nDNA) (d). Data are representative of four independent experiments
(mean± SD) and expressed as percentage of PMA-stimulated endothelial cells. ∗p < 0 05 versus CTR; #p < 0 05 versus PMA alone.
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superoxide, we found that HT pretreatment decreased, in a
concentration-dependent manner, superoxide production
as well as membrane lipid peroxidation. Overall, our findings
point out the key role of mtROS overproduction in aberrant
inflammatory angiogenesis and suggest that the HT antian-
giogenic effect could be ascribed to its protective action on
endothelial mitochondria. It should be remarked that endo-
thelial superoxide can be detoxified through the action of
the mitochondrial MnSOD, a matrix-abundant and highly
efficient enzyme that can convert superoxide to hydrogen
peroxide, which is the more stable and less reactive form
than superoxide [41]. Here, we found, in agreement with
the reduced superoxide levels, that HT increased MnSOD
activity in PMA-triggered endothelial cells. This result is
in accordance with previous data showing HT effects on
the activation and expression of several cytoprotective
enzymes [12–14].

The primary function of mitochondria is to generate ATP
by the oxidative process. ATP synthesis is driven via the
transfer of electrons through complexes I to IV, generating
a concentration gradient of protons across the inner mito-
chondrial membrane thus maintaining membrane potential.
During stress conditions, electron transport and ATP synthe-
sis often fail leading to the accumulation of ROS and mito-
chondrial dysfunction, along with a significant reduction
of oxidative phosphorylation efficiency, due to membrane
potential breakdown, ATP depletion, and uncoupled oxida-
tive phosphorylation [42]. We found that associated with
an overproduction of mtROS, PMA significantly reduced
MMP as well as mitochondrial ATP synthesis in endothelial
cells. The reduced production of mitochondrial ATP by
PMA would seem in contrast with its proangiogenic action,
since angiogenesis is a highly energetic process. However,
our findings are in agreement with reports showing that
the inhibition of mitochondrial ATP synthesis does not
impair endothelial vessel sprouting [43] but has a critical
role as a stress sensor in the dysfunctional endothelium
[38]. According to decreased overproduction of mtROS, HT
pretreatment attenuated the PMA-induced mitochondrial
membrane depolarization in endothelial cells, and it recov-
ered the lowered ATP levels by inducing FoF1-ATP synthase
activity and the expression of catalytic subunit, ATP5β.
These results highlight that HT can protect the endothelium
against inflammation-induced injury, improving mitochon-
drial function and preventing mtROS overproduction.

To deepen the mechanisms of action underlying the HT
endothelial mitochondrial protection, we studied the effects
of HT on mitochondrial biogenesis, which has recently
emerged as a potential therapeutic target to improve endo-
thelial function [38]. Mitochondrial biogenesis is a highly
regulated process requiring replication of mtDNA and
expression of nuclear and mitochondrial genes [44–46].
The primary role is performed by PGC-1α, which activates
NRF-1 to coordinate expression of nuclear genes required
for biogenesis [47, 48]. PGC-1α also activates TFAM that is
responsible for the transcriptional control of mtDNA [49].
It has been established that the increased expression of these
factors modulates mitochondrial biogenesis in endothelial
cells and plays a pivotal role in optimizing cellular

mitochondrial function [50]. Our findings reveal that PMA
decreased mitochondrial biogenesis by reducing the expres-
sion of PGC-1α, NRF-1, and TFAM as well as by decreasing
the mtDNA copy number. The reduction of PMA-induced
mitochondrial biogenesis is in accordance with the decreased
ATP5β expression and mitochondrial ATP production. HT
pretreatment restored PMA-reduced mitochondrial biogene-
sis, enhancing mtDNA content and PGC-1α, NRF-1, and
TFAM expression. In line with this, HT also increased
ATP5β expression and mitochondrial ATP production,
resulting in an improved mitochondrial performance in
endothelial cells under inflammatory conditions. Our obser-
vations are in agreement with previous in vitro findings about
the HT ability to activate PGC-1α and to induce mitochon-
drial biogenesis in 3T3-L1 murine adipocytes and in ARPE-
19 human retinal pigment epithelial cells [14, 51, 52]. Multi-
ple lines of evidence have shown a multifactorial protection
of PGC-1α in vascular health [46]. Vascular risk factors
including hyperglycaemia significantly decrease PGC-1α
protein expression and reduce the mitochondrial number as
shown in the retina of diabetic patients and in retinal endo-
thelial cells treated with high glucose [53, 54]. PGC-1α over-
expression decreased endothelial inflammatory response
[55], whereas PGC-1α-deficient mice displayed increased
inflammatory markers in atherosclerotic plaques [56]. More-
over, PGC-1α can protect the endothelium through the inhi-
bition of the redox-sensitive transcription factor NF-κB, a
crucial regulator of inflammation and endothelial dysfunc-
tion [55]. The increased PGC-1α expression by HT, shown
in this study, is in accordance with previous findings, which
indicate that HT reduced inflammatory angiogenesis by
suppressing the activation of NF-κB [20, 21]. Moreover,
our findings further support other studies regarding the
role of natural bioactive compounds as molecules capa-
ble of modulating mitochondrial biogenesis, MMP, mito-
chondrial electron transport chain, and ATP synthesis as
well as mitochondrial oxidative status in endothelial cells
[9, 33, 50, 57–59]. Noteworthy, HT protective effects were
observed to occur at micromolar concentrations, which are
physiologically relevant and nutritionally achievable, as HT
is well absorbed in the small intestine and metabolized in
the body after intake of virgin olive oil and/or olives [60].

Taken together, these results indicate that HT could rep-
resent a mitochondria-targeting antioxidant nutrient in
endothelial cells under inflammatory conditions, having a
beneficial impact at a mitochondrial level by preventing the
oxidative stress and improving the mitochondrial function
and biogenesis (Figure 7).

5. Conclusion

This study demonstrates, for the first time, that HT can coun-
teract inflammatory angiogenesis through the improvement
of endothelial mitochondrial function and biogenesis. These
properties point out HT as a mitochondrial nutrient target-
ing the inflamed endothelium and provide a new mechanism
of action by which HT could prevent chronic degenerative
pathologies, including cardiovascular diseases.
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Policosanol has been reported to improve blood pressure, lipid profile, and HDL functionality via inhibition of cholesteryl ester
transfer protein (CETP) both in vitro and in vivo in zebrafish and human models. However, there are limited reports and
randomized, double-blinded trials on policosanol that could advocate the blood pressure-lowering effect in prehypertensive
participants. Therefore, we performed in vitro, in vivo, and ex vivo experiments to provide more substantial and concrete data
on the blood pressure-lowering effect of policosanol. Consumption of policosanol for 8 weeks enhanced plasma antioxidant
activity. In the policosanol group, plasma total cholesterol (TC) and triglyceride (TG) levels were reduced up to 20% and 14%,
respectively, and HDL-C level was elevated up to 1.3-fold compared to that at week 0. TG/HDL-C and cholesteryl ester transfer
protein (CETP) activities were reduced up to 36% and 20%, respectively. Uptake of oxidized LDL in macrophages was reduced
as oxidized species levels were reduced, and HDL2-associated paraoxonase activities were enhanced by 60% compared to
those at week 0. Encapsulation of policosanol into reconstituted HDL (PCO-rHDL) enhanced cholesterol efflux activity and
insulin secretion capacity. In conclusion, consumption of policosanol for 8 weeks in healthy female subjects resulted in
lowered blood pressure and CETP activity via elevation of HDL/apoA-I contents and enhancement of HDL functionalities,
including cholesterol efflux and insulin secretion. These functional enhancements of HDL can contribute to the prevention
of aging-related diseases, hypertension, and stroke.

1. Introduction

It is well known that elevation of serum HDL-C levels
is an effective strategy for suppressing the incidence of
aging-related diseases such as cardiovascular disease
(CVD), diabetes, and Alzheimer’s disease [1]. In addition
to HDL-C quantity, it has been firmly established that

HDL quality and functionality are more important in the
suppression of aging-related diseases [2]. However, there
has been no strategy involving the use of dietary foods or
medicines in the elevation of HDL-C quantity and enhance-
ment of HDL functionality except for aerobic exercise [3].
As a functional food, Cuban policosanol (PCO) was
reported to elevate HDL-C levels in hypercholesterolemic
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rabbits and humans as well as reduce LDL-C levels and
oxidation [4–6].

Policosanol enhances the beneficial functions of HDL
and maximizes its antioxidant, antiglycation, and antiathero-
sclerotic activities along with inhibition of CETP activity
[7–9]. These results suggest an association between policosa-
nol activity and HDL functionality for enhancement of lon-
gevity. Reconstituted HDL (rHDL) containing policosanol
(PCO-rHDL) was shown to induce upregulation of tissue
regeneration activity in a zebrafish model [7] along with a
lipid-lowering effect [8]. However, until now, the basic
mechanism of policosanol has not been fully elucidated.
One problematic hurdle preventing any investigation into
the physiological functions of policosanol is its water
insolubility in enzyme assay, cell-based assay, and in vivo
animal systems. To overcome this, a policosanol mixture
was assimilated into reconstituted HDL with apoA-I in order
to investigate the physiological functions of policosanol in
lipoprotein metabolism [7]. Policosanol in rHDL has potent
antioxidant, antiglycation, and CETP inhibitory activities
as well as tissue regeneration activity, especially upon inte-
gration into HDL. The physiological effect of policosanol
was investigated in brain cells (neuroglioma) and hyper-
cholesterolemic zebrafish. Nine weeks of policosanol con-
sumption resulted in decreased serum TC and TG levels,
increased HDL-C levels via CETP activity inhibition, and
amelioration of fatty liver [8]. Kaup et al. previously
reported that Egyptian rice bran extract, which is enriched
with policosanol and γ-oryzanol, has an antidiabetic effect
in rats [10].

We recently reported that daily consumption of policosa-
nol by young smoker (YS, n = 7) and middle-aged male
participants (MN, n = 11) for 8 weeks resulted in a lowering
of systolic blood pressure up to 4%. The serum TG levels
exhibited a reduction up to 28 and 26% from the baseline
values in the young nonsmoker (YN, n = 7) and middle-aged
participants. Nonetheless, the percentage of HDL-C in total
cholesterol was elevated in all male participants (YN, 36%;
YS, 35%; MN, 8%) after 8 weeks of policosanol consumption
[9]. Nonetheless, our previous report was a pilot study in a
different group of participants and needed a more specific
data that may suggest the efficacy of policosanol on blood
pressure. Moreover, the study lacks an appropriate control.

Although there have been many conflict data and
arguments about the cholesterol-lowering efficacy of poli-
cosanol [11, 12], a recent meta-analysis [13] of random-
ized controlled trials from 22 studies including 1886
subjects concluded that policosanol could significantly
reduce total cholesterol and LDL-C and increase HDL-C.
In spite of many reports having examined the efficacy of
policosanol in human subjects and animal models, there
has been no in vitro or in vivo study on HDL functionality
such as enhancement of cholesterol efflux and antioxidant
ability with individually purified lipoprotein by sequential
density gradient ultracentrifugation rather than concentra-
tion measured in the serum sample. Therefore, we tested
the physiological effects of policosanol consumption on
blood pressure and HDL functionality in healthy Korean
female subjects.

2. Materials and Methods

2.1. Policosanol and Encapsulation. Policosanol tablet
(10mg) was obtained from Rainbow & Nature Pty, Ltd
(Thornleigh, NSW, Australia). Policosanol (sugar cane
wax alcohol, SCWA) contains several alcohol chains of
various lengths. Contents of higher aliphatic alcohols
were >90%. The individual alcohols present in policosanol
are 1-tetracosanol (C24H49OH; molecular weight (MW):
354.7mμ) ≤2%, 1-hexacosanol (C26H53OH; MW: 382.4mμ)
≤4.5–10%, 1-heptacosanol (C27H55OH; MW: 396.4mμ)
≤5%, 1-octacosanol (C28H57OH; MW: 410.5mμ) ≤60–
70%, 1-nonacosanol (C29H59OH; MW: 424.8mμ) ≤2%,
1-triacontanol (C30H61OH; MW: 438.5mμ) ≤10–15%, 1-
dotriacontanol (C32H65OH; MW: 466.5mμ) ≤3–8%, and
1-tetratriacontanol (C34H69OH; MW: 494.5mμ) ≤2%.

To overcome the insolubility of policosanol in aque-
ous isotonic buffer, we synthesized rHDL-containing PCO
(PCO-rHDL). A rHDL-containing policosanol was synthe-
sized according to our previous report [7] by the sodium
cholate dialysis method using initial molar ratios of 95 : 5 : 1
for POPC : cholesterol : apoA-I containing 0.5μg, 2.5μg, or
5μg of policosanol.

2.2. Participants. We recruited healthy female volunteers
who had prehypertension (systolic 120–139mmHg, diastolic
80–89mmHg). All volunteers were prescreened for eligibility
for the following inclusion criteria: age 18–65 years who had
prehypertension without any known endocrinological disor-
der. Heavy alcohol consumers (>30 g EtOH/day) and those
who consumed any prescribed drugs for hyperlipidemia,
diabetes mellitus, or hypertension were excluded. All subjects
had unremarkable medical records without prohibited drug
use or history of systemic diseases. On the first visit day, all
participants casted dice for randomized grouping. The
description of the study is shown in Figure 1, and the
recruited participants consumed policosanol for 8 weeks.
We analyzed serum parameters from all participants who
consumed policosanol daily (10mg tablet) or placebo for
8 weeks. Informed consent was obtained from all partici-
pants prior to commencement of the study, and the Institu-
tional Review Board at Yeungnam University (Gyeongsan,
South Korea) approved the protocol (IRB no. 7002016-A-
2016-021).

2.3. Study Design. This study was a double-blinded, ran-
domized, and placebo-controlled trial with 8-week treat-
ment periods. Subjects were instructed to take one tablet
containing policosanol (10mg of sugar cane wax alcohol)
or placebo consisting of a dextrin and lactose mixture,
manufactured in Cosmax Bio Inc. (Jecheon, Korea), per
day. Other ingredients to make tablet are corn starch,
cellulose, gelatin, stearic acid, and so on. All ingredients,
the manufacturing process, and the facility were approved
by Korean FDA.

All participants were instructed to avoid excess alcohol
drinking (less than 30 g of EtOH per day). They were also
instructed to avoid vigorous exercise (less than 30min per
day at 60–80% maximum capacity). If subjects had a
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sedentary lifestyle before enrollment, we recommended them
to maintain their lifestyle during the consumption period to
avoid bias due to excess exercise.

2.4. Anthropometric Analysis. Height, body weight, body
mass index (BMI), total body fat (%), total body fat mass
(kg), and visceral fat mass (kg) of each participants were
measured at the same time of the day at 4-week intervals
using an X-Scan Plus II body composition analyzer (Jawon
Medical, Gyeongsan, Korea).

2.5. Measurement of Blood Pressure. Blood pressure was
measured each visit for three times, and the average was
recorded at 4-week intervals using three methods. First, we
used a digital blood pressure monitor (Omron HBP-9020,
Kyoto, Japan). Second, a pulse wave analyzer, SphygmoCor
system (AtCor Medical, Sydney, Australia), was used to
measure brachial and aortic artery blood pressure. Third, a
mercury sphygmomanometer was used for manual measure-
ment by a licensed technician.

To diagnose hypertension, three different methods were
employed in the current study to measure blood pressure
based on the brachial and radial arteries. However, there
exists a discrepancy in blood pressure measurement among
these devices [14]. Instruments such as the Omron digital
blood pressure device and mercury sphygmomanometer are
commonly used in hospitals to estimate blood pressure.
However, in epidemiological studies, focusing on central
aortic blood pressure is advisable due to its various advan-
tages over traditional blood pressure measurements. Aortic
blood pressure is the pressure exerted on the heart and brain
and is dissimilar to blood pressure in the limbs such as the
arms. Central aortic blood pressure is more accurate and
standardized for the diagnosis and management of hyper-
tension compared to blood pressure measurements based
on brachial arteries [15]. In comparing their predictive
values for cardiovascular mortality, central blood pressure
was shown to be better than brachial blood pressure [16].
Brown reported that measurement of blood pressure using

a mercury sphygmomanometer or Omron digital machine
is based on the brachial artery, which has a structure that
is reportedly unaffected by hypertension [17]. To overcome
these limitations, this study used three different types of
methods for measuring blood pressure.

2.6. Measurement of Augmentation Index and Augmentation
Pressure. Augmentation index, which is the difference
between the second and first systolic peaks expressed as a per-
centage of the pulse pressure, is a measure of systemic arterial
stiffness and wave reflection, as described previously [18]. A
licensed technician trained in the technique and blinded to
the characteristics of each subject performed measurements
of augmentation pressure and augmentation index.

2.7. Plasma Analysis. Blood was obtained from the subjects
following overnight fasting. Blood was collected using a
vacutainer (BD Biosciences, Franklin Lakes, NJ, USA) con-
taining EDTA (final concentration of 1mM) at weeks 0 and
8 during intake of policosanol. Plasma was isolated by low-
speed centrifugation (3000g) and stored at −80°C until
analysis. To analyze plasma, total cholesterol (TC), triglycer-
ide (TG), high-density lipoprotein cholesterol (HDL-C),
glucose, uric acid, aspartate aminotransferase (AST), and
alanine aminotransferase (ALT) levels were measured using
commercially available kits (Cleantech TS-S; Wako Pure
Chemical, Osaka, Japan). Plasma aldosterone levels was mea-
sured by radioimmunoassay (RIA) using the instrument
1470-Gamma Counter (PerkinElmer) via Seegene Medical
Foundation (Seoul, Korea).

2.8. Ferric Reducing Ability of Plasma Assay. The ferric
reducing ability of plasma (FRAP) was determined using
the method described by Benzie and Strain [19]. The antiox-
idant activities of individual HDL fractions (20μg each in
PBS) were estimated by measuring increases in absorbance
induced by generated ferrous ions.

2.9. Characterization of Lipoproteins. Very low-density
lipoprotein (VLDL, d < 1 019 g/mL), low-density lipoprotein

Flow diagram of subjects include in the study

Total female participant
(n = 62)

Exclusion (n = 10)
-Taking medicine, dyslipidemia, alcohol

Inclusion
(n = 52)

Policosanol
group (n = 31)

completed

Placebo group
(n = 21)

completed

Figure 1: Design of study and participants. Inclusion criteria were normolipidemic, normoglycemic, and healthy subjects. Exclusion criteria
were heavy alcohol drinkers (30 g> day of EtOH), patients with endocrinological disorders, and those taking hyperlipidemic medicine.

3Oxidative Medicine and Cellular Longevity



(LDL, 1 019 < d < 1 063), high-density lipoprotein2 (HDL2,
1 063 < d < 1 125), and high-density lipoprotein3 (HDL3,
1 125 < d < 1 225) were isolated from the individual plasma
of each group via sequential ultracentrifugation [20], and
the density was adjusted by addition of NaCl and NaBr
in accordance with standard protocols. Samples were cen-
trifuged for 22 hr at 10°C and 100,000g using a Himac
CP100NX (Hitachi, Tokyo, Japan) at the Instrumental
Analysis Center of Yeungnam University. To measure
lipoproteins, total cholesterol (TC) and triglyceride (TG)
levels were analyzed using commercially available kits
(Cleantech TS-S; Wako Pure Chemical, Osaka, Japan).
Protein concentrations of lipoproteins were calculated via
Lowry protein assay, as modified by Markwell et al. [21].

To estimate the degree of oxidation in lipoprotein,
the concentration of oxidized species in lipoproteins was
determined by the thiobarbituric acid reactive substance
(TBARS) assay method using malondialdehyde as a stan-
dard [22]. To differentiate the extent of glycation between
the groups, advanced glycation end products (AGEs) in
lipoproteins were determined from reading fluorometric
intensities at 370nm (excitation) and 440 nm (emission),
as described previously [23], using a spectrofluorometer
LS55 (PerkinElmer, Shelton, CT, USA) with the WinLab
software package (version 4.0).

2.10. Cholesteryl Ester Transfer Protein Assay. A rHDL-
containing apoA-I and cholesteryl oleate were synthesized
in accordance with the method described by Cho [24]
using trace amounts of [3H]-cholesteryl oleate (TRK886,
3.5μCi/mg of apoA-I; GE Healthcare). Briefly, lipids (POPC,
cold cholesteryl oleate, and [3H]-cholesteryl oleate) were
mixed in a glass vial and gently vortexed, followed by drying
under a N2 gas stream at 37°C. After drying, the lipids were
dispersed by addition of TBS with slight agitation. Phospho-
lipid bilayer formation was facilitated by addition of sodium
cholate and apoA-I. After extensive dialysis for 24 hr to
remove cholate, [3H]-CE-rHDL was recovered and charac-
terized by scintillation counting and protein determination.

[3H]-CE-rHDL was immobilized using CNBr-activated
Sepharose 4B resin (Amersham Biosciences) for easy sepa-
ration after the reaction, in accordance with the manufac-
turer’s instructions. CE transfer reaction was performed in
300μL reaction mixtures containing human serum (20μL)
or HDL3 (20μL, 2mg/mL) as a cholesteryl ester transfer pro-
tein (CETP) source, [3H]-rHDL-agarose (20μL, 0.25mg/mL)
as a CE donor, and human LDL (20μL, 0.25mg/mL) as a CE
acceptor. After incubation at 37°C, the reaction was halted via
brief centrifugation (10,000g) for 3min at 4°C. The superna-
tant containing the CE acceptor (150μL) was then subjected
to scintillation counting, and percentage transfer of [3H]-CE
from [3H]-rHDL to LDL was calculated.

2.11. Paraoxonase Assay. Paraoxonase-1 (PON-1) activity
was determined by measuring the initial velocity of p-nitro-
phenol production at 37°C based on its absorbance at
405nm (microplate reader, Bio-Rad model 680; Bio-Rad,
Hercules, CA, USA), as described previously [25] with slight

modification [26]. Prior to the measurement, HDL was
thoroughly dialyzed against PBS to eliminate EDTA.

2.12. LDL Oxidation. Oxidized LDL (oxLDL) was obtained
by incubation of the LDL fraction with CuSO4 (final concen-
tration of 10μM) for 4 hr at 37°C. oxLDL was then filtered
through a 0.22μm filter (Millex; Millipore, Bedford, MA)
and measured by thiobarbituric acid reactive substances
(TBARS) assay to determine the extent of oxidation [22].

2.13. Phagocytosis of LDL into Macrophages. THP-1 cells,
a human monocytic cell line, were obtained from the
American Type Culture Collection (ATCC, TIB-202™,
Manassas, VA, USA) and maintained in RPMI 1640 medium
(HyClone, Logan, UT) supplemented with 10% fetal bovine
serum until needed. Cells below 20 passages were incubated
in medium containing phorbol 12-myristate 13-acetate
(PMA, 150nM) in 24-well plates for 48 hr at 37°C in a
humidified incubator (5% CO2, 95% air) in order to induce
differentiation into macrophages. Differentiated and adher-
ent macrophages were then rinsed with warm PBS, followed
by incubation with 450μL of fresh RPMI 1640 medium con-
taining 0.1% FBS and 50μg of each LDL (1mg of protein/mL
in PBS) for 48hr at 37°C in a humidified incubator. After
incubation, cells were washed with PBS three times and then
fixed in 4% paraformaldehyde for 10min. Next, fixed cells
were stained with Oil Red O staining solution (0.67%) and
washed with distilled water. THP-1 macrophage-derived
foam cells were then observed and photographed using a
Nikon Eclipse TE2000 microscope (Tokyo, Japan) at 400x
magnification, as in our previous report [27]. Cell medium
(0.2mL) was then analyzed by the TBARS assay to evaluate
changes in the levels of oxidized species using a malondialde-
hyde (MDA) standard.

2.14. Antiatherogenic Activity of HDL3. Differentiated and
adherent macrophages were then washed with warm PBS
and incubated with 400μL of fresh RPMI 1640 medium
containing 0.1% fetal bovine serum, 50μg of oxLDL
(1mg of protein/mL in PBS), and 30μg of HDL3 (2mg
of protein/mL in PBS) from each group for 48 hr at 37°C
in a humidified incubator. After incubation, cells were
stained with Oil Red O solution (0.67%) to visualize the
amount of lipid species in cells. THP-1 macrophage-derived
foam cells were then observed and photographed using a
Nikon Eclipse TE2000 microscope (Tokyo, Japan) at 400x
magnification. Quantification area was carried out via
computer-assisted morphometry using Image-Pro Plus soft-
ware (version 4.5.1.22, Media Cybernetics, Bethesda, MD).

2.15. In Vitro Cholesterol Efflux. THP-1 cells were incu-
bated in medium containing phorbol 12-myristate 13-
acetate (PMA, 150nM) on a plate for 48 hr at 37°C in
a humidified incubator to induce differentiation into macro-
phages. The macrophages were treated with radiolabeled
cholesterol (0.1μCi of [3H]-cholesterol) in RPMI 1640
medium (HyClone, Logan, UT) containing 1% fetal bovine
serum (HyClone, Logan, UT) per well (0.5mL) for 48hr.
The medium containing the isotope was saved and replaced
with fresh media containing 0.3mM 8-(4-chlorophenylthio)-
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cyclic adenosine monophosphate (cAMP, Cat. No. C3912,
Sigma-Aldrich, St. Louis, MO) for upregulation of cellular
cholesterol pump (adenosine triphosphate- (ATP-) binding
cassette (ABC) transporter-1, ABCA-1) for 18 hr. After
removal of media containing cAMP, human HDL3 (28μg
of apoA-I) or rHDL containing policosanol was added and
incubated with serum-free media (0.5mL) for 24 hr. Subse-
quently, the cell medium (0.5mL) in individual wells was
collected in a 1.7mL tube. Cells were rinsed with PBS three

times and dissolved in 0.2mL of RIPA buffer (50mM Tris-
HCl [pH8.0], 150mM NaCl, 5mM EDTA [pH8.0], 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl
sulfate) for cell lysis. An aliquot of the cell lysate (0.1mL) was
mixed with scintillation cocktail (3mL) to quantify the
isotope amount of cholesterol taken up into cells. After
scintillation counting of [3H]-cholesterol in cells and
medium, the amount of effluxed cholesterol from cells was
calculated using the following formula [28]:

2.16. ELISA and Western Blot. To evaluate CETP activity in
plasma, each well of a polystyrene microplate (no. 3590;
Corning Inc., Corning, NY, USA) was coated with anti-
human CETP rabbit antibody (ab19012; Abcam, Cambridge,
UK) at a concentration of 0.25μg/mL and incubated over-
night at 4°C. Equally, diluted serum samples were incubated
for 2 hr at room temperature. After extensive washing, anti-
human CETP mouse antibody (ab2726; Abcam, 1μg/mL)
was treated and incubated for 2 hr at room temperature.
To develop the color reaction, anti-mouse IgG antibody
(ab6728; Abcam, 0.5μg/mL conjugated with horseradish
peroxidase) was added. For color development, 3,3′,5,5′
tetramethylbenzidine (TMB) substrate solution (Cat. No.
555214; BD Biosciences, Franklin Lakes, NJ, USA) was
treated and quantified using a VICTOR X4 microplate
reader (Perkin Elmer, Waltham, MA).

Apolipoprotein/lipoprotein constitution was compared
via sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) with identical protein loading quantities
(5μg of total protein per lane) from cell lysate via immu-
nodetection. Anti-human apoA-I antibody (ab7613), anti-
ABCA1 antibody (ab24261), and anti-GAPDH antibody
(ab6672) were purchased from Abcam (Cambridge, UK).
The relative band intensities were compared via band scan-
ning using a Gel Doc® XR (Bio-Rad, Hercules, CA) with
Quantity One software, version 4.5.2. We used simple basic
steps to measure the band intensity by densitometry analysis.
Blot images are imported into the Quantity One software,
and then the contrast was adjusted in such a manner that
the bands were clearly noticeable on the blot image. The area
around each band was selected; further, the background
intensity was subtracted from the blot image. The bands were
then outlined by drawing a boundary around it; band inten-
sities were exported in excel format for further analysis.

2.17. Insulin Secretion Assay. A rat insulinoma cell line
(INS-1), kindly provided by K-C. Won (Department of
Internal Medicine, College of Medicine, Yeungnam Univer-
sity), was maintained at 37°C in RPMI 1640 medium (Gibco
BRL, Grand Island, NY, USA) containing 11.1mmol/L of

glucose and 2mmol/L of L-glutamine. The medium was
supplemented with 10% FBS, 1mmol/L of pyruvate,
10mmol/L of HEPES, 50μmol/L of β-mercaptoethanol,
100 units/mL of penicillin, and 100μg/mL of streptomycin
(INS-1 medium), as in our previous report [29]. INS-1 cells
were incubated at 37°C in the presence or absence of PCO-
rHDL or plasma HDL. Incubations were carried out under
low (final concentration of 2.8mM) or high glucose concen-
tration (final concentration of 25mM) in culture medium, as
previously reported [30]. After incubation, insulin secretion
was determined using a radioimmunoassay kit (rat insulin
RI-13K; Millipore, Billerica, MA, USA), according to the
manufacturer’s recommendation.

2.18. Electron Microscopy. Transmitted electron microscopy
(TEM) was performed with a Hitachi electron microscope
(model H-7600; Ibaraki, Japan) operated at 80 kV, as in our
previous reports [31]. VLDL, LDL, and HDL were negatively
stained with 1% sodium phosphotungstate (pH7.4) with a
final apolipoprotein concentration of 0.3mg/mL in TBS.

2.19. Data Analysis. All data are expressed as the mean ± SD
from the three independent experiments with duplicate sam-
ples. Data comparisons were carried out by Student’s t-test
using the SPSS program (version 14.0; SPSS Inc., Chicago,
IL, USA). The differences between the means were assessed
using Duncan’s multiple-range test. Statistical significance
was defined as p < 0 05.

3. Results

3.1. Changes in Body Composition. After 8 weeks of policosa-
nol consumption, both groups had the same BMI. However,
total body fat mass decreased up to 12% in the policosanol
group, whereas the control group showed almost no change
in body fat mass, as shown in Table 1. For fat distribution,
visceral fat mass was reduced more than subcutaneous fat
mass up to 20% in the policosanol group.

3.2. Blood Pressure. Based on the three measurements, the
policosanol group showed significantly reduced average

%Cholesterol ef f lux = media counts × dilution factor
media count × dilution factor + cell lysis count × dilution factor × 100,

%Net ef f lux = %cholesterol ef f lux with HDL3 −%blank ef f lux without HDL3
1
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systolic and diastolic blood pressure levels up to 10% and
14%, respectively, whereas the control group showed similar
blood pressure levels during 8 weeks of consumption. The
policosanol group showed a significant reduction of augmen-
tation index (AI) and augmentation pressure (AP) up to 57%
and 72%, respectively, whereas the control group showed no
change after consumption (Table 1).

3.3. Plasma Lipid Profile and CETP Activity. As shown in
Table 1, the policosanol group showed 19% and 14% reduc-
tions in TC and TG levels, respectively, at week 8 compared

with week 0, whereas the control group showed no difference.
Plasma HDL-C level and percentage of HDL-C in TC were
significantly elevated in the policosanol group up to 1.3-fold
and 1.6-fold, respectively, compared with those at week 0.
Furthermore, the calculated ratio of the TG/HDL-C level in
the policosanol group was reduced to 1.4 after 8 weeks,
whereas the control group showed no change (around 2.1).
The calculated LDL-C level was also reduced in the policosa-
nol group by 35%, whereas the control group showed no
change. Before policosanol consumption (at week 0), all
groups showed relatively high CETP activity (around 38%

Table 1: Change of blood pressure and plasma profile after 8 weeks consumption.

Placebo (n = 21) Policosanol (n = 31)
Age 31± 16 31± 15

Week 0 Week 8 Week 0 Week 8

Body composition

BMI 21± 3 21± 3 21± 4 21± 4
Total body fat (kg) 13.5± 3 13.1± 3 15.2± 4 13.8± 4∗

Percentage of body fat (%) 24± 5 23± 6 25± 6 23± 5
Subcutaneous fat (kg) 11.9± 2.1 11.7± 2.4 13.6± 3.3 12.5± 3.0
Visceral fat (kg) 1.3± 0.4 1.4± 0.4 1.5± 0.5 1.2± 0.4∗

Blood pressure (mmHg)

SphygmoCor XCEL

Systolic 133± 14 126± 8 131± 10 118± 14
Diastolic 87± 10 85± 8 82± 9 75± 7

Omron blood pressure monitor

Systolic 131± 16 129± 9 130± 10 119± 8
Diastolic 86± 11 85± 7 83± 8 67± 7∗

Mercury sphygmomanometer

Systolic 131± 9 125± 8 129± 8 116± 12∗

Diastolic 84± 6 83± 5 84± 8 72± 8∗

Average blood pressure

Systolic 132± 12 127± 7 130± 7 117± 14∗

Diastolic 86± 9 84± 6 83± 8 72± 8∗

Augmentation index (AI) 17± 3 16± 3 16± 3 7± 1∗

Augmentation pressure (AP) 7± 1 5± 1 7± 2 2± 0∗

Plasma profile

TC (mg/dL) 195± 22 201± 21 180± 14 146± 10∗

TG (mg/dL) 84± 17 92± 20 83± 16 72± 12∗

HDL-C (mg/dL) 42± 3 45± 4 42± 4 53± 8∗∗

%HDL-C 21± 3 22± 3 23± 2 36± 4∗∗

TG/HDL-C 2.0± 0.6 2.1± 0.6 2.0± 0.2 1.4± 0.1∗

Calculated LDL-C (mg/dL) 138± 22 137± 20 125± 11 81± 7∗

Glucose (mg/dL) 87± 5 89± 5 91± 6 83± 5
CETP activity (% CE transfer) 38± 4 40± 4 39± 5 31± 4∗

CETP amount (μg/mL) 1.9± 0.2 1.9± 0.2 2.0± 0.2 1.5± 0.1
Uric acid (mg/dL) 6.7± 1.4 6.5± 2.4 6.6± 0.8 5.3± 1.2∗

Aldosterone (ng/dL) 19± 7 25± 8 38± 10 23± 6∗

AU: arbitrary unit; BP: blood pressure; BMI: body mass index; CETP: cholesteryl ester transfer protein; HDL-C: high-density lipoprotein cholesterol; TC: total
cholesterol; TG: triglyceride; ∗p < 0 05; versus 0–8 weeks in each group.
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CE transfer). After 8 weeks, the policosanol group showed a
significant reduction in CETP activity (around 31% CE
transfer), whereas the control group showed no change. In
addition, the serum CETP amount was reduced in the polico-
sanol group up to 25% compared with that at week 0,
whereas the placebo group showed no change. There was
no significant change in glucose level in both groups from
weeks 0 to 8. Uric acid and aldosterone levels were signifi-
cantly reduced in the participants who consumed policosanol
for 8 weeks (10mg per day). However, there were no signifi-
cant changes in uric acid and aldosterone in the placebo
group after 8 weeks.

3.4. Serum Antioxidant Activity. The ferric ion reduction
ability of plasma was elevated by 22% in the policosa-
nol group after 8 weeks of consumption, as shown in
Figure 2(a), whereas the control group showed no difference
over 8 weeks. Malondialdehyde content also significantly
decreased up to 50% after 8 weeks of policosanol consump-
tion compared with that at week 0 (Figure 2(b)). The serum
uric acid level was reduced by 20% in the policosanol group
after 8 weeks of consumption, whereas the control group
showed no change (Table 1).

3.5. Antioxidative Extent of Lipoproteins. After 8 weeks
of policosanol consumption, LDL from the policosanol
group showed slower electromobility following cupric ion-
mediated oxidation and agarose electrophoresis, as shown
in Figure 3(a), whereas LDL from the control group showed
faster electromobility. Without cupric ion treatment, all
LDL showed similar electromobility, although LDL from
the policosanol group after 8 weeks showed the slowest elec-
tromobility suggesting less production of negatively charged
molecules and less fragmentation of apoB in LDL. However,
the oxidized LDL moved faster to the cathode position

because of the high negative charge and fragmentation of
apoB (Figure 3(a)). Quantification of oxidized species using
the TBARS method revealed that the policosanol group
showed a significantly reduced malondialdehyde (MDA)
content (up to 30% less) after 8 weeks, whereas the control
group showed no change (Figure 3(b)). After policosanol
consumption, PON activities for HDL2 and HDL3 in the
policosanol group were elevated by 14% and 38%, respec-
tively, compared to those of the control group, as shown
in Figure 4.

3.6. Glycation Extent of Lipoproteins. After 8 weeks of poli-
cosanol consumption, the policosanol group showed a sig-
nificantly lowered glycation extent in all lipoprotein
fractions, as shown in Figure 5(a). For VLDL and LDL,
the policosanol group showed 43% and 39% less produc-
tion of advanced glycation end products (AGEs) compared
to the control group. For HDL2 and HDL3, the policosanol
group showed 25% and 38% less production of AGEs,
respectively, than the control group.

Protein content was detected in lipoprotein species, as
shown in Figure 5(b). For VLDL, the policosanol group
showed 20% less protein content than the control group
did, whereas protein content in LDL was similar between
the groups. However, protein contents in HDL2 and HDL3
increased in the policosanol group by 1.3- and 1.2-fold,
respectively, compared to the control.

3.7. Enhanced Antiatherosclerotic Activity of HDL3 in
Policosanol Group.As shown in Figures 6(a) and 6(b), oxLDL
was easily taken up into macrophages, as evidenced by Oil
Red O staining, and HDL3 from the control group resulted
in 30% inhibition of phagocytosis. Interestingly, HDL3 from
the policosanol group resulted in 70% reduction of phagocy-
tosis, which was 2.4-fold greater than that of the control
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Figure 2: Changes in antioxidant ability and extent of oxidized species in serum upon policosanol consumption (bar represents the standard
deviation of the mean). (a) Ferric ion reduction ability of serum (0.05mL). (b) Determination of oxidized species using the thiobarbituric acid
reactive substance method in serum (0.1mL).
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group. Quantification of oxidized species in cell culture
media showed that oxLDL treatment resulted in the highest
level of MDA (around 4.5μM) in media. HDL3 from the

policosanol group resulted in the lowest MDA level (around
2.1μM) in media, whereas control cells showed a 2.9μM
MDA level (Figure 6(c)).
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Figure 4: Changes in activity of paraoxonase in HDL at 8 weeks after policosanol consumption. Error bars indicate the SD from three
independent experiments with duplicate samples. (a) Equally diluted HDL2 (20mL, 2mg/mL) was added to 230mL of paraoxon-ethyl
(Sigma Cat. No. D-9286) containing solution (90mM Tris-HCl/3.6mM NaCl/2mM CaCl2 [pH 8.5]). (b) Equally diluted HDL3 (20mL,
2mg/mL) was added to 230mL of paraoxon-ethyl (Sigma Cat. No. D-9286) containing solution (90mM Tris-HCl/3.6mM NaCl/2mM
CaCl2 (pH 8.5)) (bar represents the standard deviation of the mean).
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Figure 3: Comparison of LDL oxidation extent during policosanol consumption. (a) Comparison of electromobility of LDL between weeks 0
and 8 with or without cupric ion on a 0.5% agarose gel. (b) Determination of oxidized species using the thiobarbituric acid reactive substance
method in LDL (1mg of protein) in native state at weeks 0 and 8 (bar represents the standard deviation of the mean).
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3.8. HDL Particle Size and Number. TEM image analysis
revealed that the control and policosanol groups showed
similar particle size after 8 weeks (photos of Figure 7). How-
ever, the particle number was significantly elevated up to 1.5-
fold in the PCO group compared to the control group
(graphs of Figure 7).

3.9. Insulin Secretion. Under basal and high glucose condi-
tions (final concentrations of 2.8 and 25mM in media),
HDL2 from the control group induced 5% and 8% insulin
secretion over 8 weeks in rat insulinoma cells (INS-1), as
shown in Figure 8. HDL2 from the policosanol group caused
a significant increase in insulin secretion under basal glucose
and high glucose conditions compared to that at week 0.

HDL3 from the policosanol group showed a significant
enhancement of insulin secretion. In particular, HDL3 from
the policosanol group caused a 14% increase in secretion
compared to that at week 0 under high glucose conditions.
Additionally, HDL3 from the policosanol group caused a
5% increase in secretion compared to that at week 0 under
basal glucose conditions. Moreover, there was no significant
difference observed in insulin secretion in control groups
under basal and high glucose conditions.

3.10. Enhanced Cholesterol Efflux by rHDL-Containing
Policosanol. As shown in Supplementary Figure 1A,
cholesterol efflux activity increased from 24% to 29% as
the policosanol content of rHDL significantly increased
from 0.5 to 2.5μg in the presence of the same amount
of rHDL (p = 0 03, under 56μg of apoA-I). Although
there was no significant change (p = 0 06), 2.5μg of
policosanol in the presence of a lower amount of rHDL
(28μg of apoA-I) more strongly enhanced cholesterol efflux

activity than did 0.5μg of policosanol in the same amount
of rHDL (28μg of apoA-I). However, 0.5μg of policosanol
adequately enhanced cholesterol efflux activity compared
with apoA-I alone, and a greater amount of policosanol
(2.5μg) treatment resulted in a higher cholesterol efflux
activity with the same amount of apoA-I in rHDL.

In addition to efflux activity, immunodetection revealed
that uptake of apoA-I into macrophages was more facilitated
(up to 60%) as policosanol content increased with the same
amount of apoA-I regardless of cAMP treatment, as shown
in Supplementary Figure 1B. The expression level of ABCA1
also increased up to 2-fold upon PCO-rHDL treatment,
especially in the presence of cAMP, whereas GAPDH
expression as a loading control (total 10μg of protein from
cell lysate) had no effect.

3.11. Improved Insulin Secretion by Policosanol. Rat INS-1
cells were incubated with rHDL-containing policosanol
under basal (2.8mM glucose in culture medium) and
high glucose conditions (25mM glucose). After 48 hr of
incubation, rHDL-treated cells had insulin secretion levels
of 20± 2 and 39± 4ng/mL under basal and high glucose
conditions, respectively (Supplementary Figure 2). In
contrast, cells treated with PCO-rHDL containing 28μg of
apoA-I and policosanol (from 2.5 to 5μg) showed elevated
insulin secretion levels up to 90 and 98ng/mL, respectively.
Cells treated with PCO-rHDL containing 56μg of apoA-I
and policosanol (from 2.5 to 5μg) showed elevated insulin
secretion levels up to 116 and 127ng/mL under basal and
high glucose conditions, respectively. In the presence of the
same amount of apoA-I, insulin secretion was elevated up
to 1.4-fold depending on the policosanol content in rHDL
(Supplementary Figure 2).
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Figure 5: Glycation extent and total amounts of proteins in lipoproteins between groups after 8 weeks of policosanol consumption.
(a) Fluorometric determination (Ex = 370 nm, Em = 440 nm) of glycation extent (bar represents the standard deviation). (b) Protein
determination of individual lipoproteins (bar represents the standard deviation).
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4. Discussion

In the current study, 8 weeks of policosanol consumption
resulted in a reduction in blood pressure and visceral fat
amount in healthy female subjects with prehypertension.
The lowering effects of policosanol on blood pressure were
accompanied by lowering of serum total cholesterol and
triglyceride levels as well as increased HDL-C levels via
inhibition of serum CETP activity (Table 1). One of the
interesting findings of this study is that policosanol could
enhance cholesterol efflux in a dose-dependent manner by
stimulating the expression of ABCA-1 (Supplementary
Figure 1). Cholesterol efflux is a key feature of HDL that
exerts regression activity via removal of cholesterol from
atherosclerotic plaques in the reverse cholesterol transport
pathway. It has been reported that efflux activity is mainly
dependent on the configuration of apoA-I [32]. Therefore,
the current finding shows that policosanol enhanced
cholesterol efflux synergistically with apoA-I. It has been

suggested that the apoA-I configuration in discoidal HDL
may be important for the recognition of cellular proteins
as well as for interactions with specific lipid domains of
the cell membrane. Our group previously reported that
encapsulation of policosanol in rHDL caused a reduction in
α-helix content in apoA-I along with an increased expo-
sure of Trp residues [7]. These configurational changes
might increase the affinity between apoA-I and the lipid
domain of ABCA-1 for enhancement of cholesterol efflux.

Native apoA-I and HDL can stimulate insulin secretion
[33] and exert antidiabetic activity, whereas modified apoA-
I/HDL cannot. Native reconstituted HDL also displayed
insulin secretion activity along with a wound-healing effect.
Many studies on patients have reported that policosanol
has efficacy in the treatment of hyperlipidemia, diabetes,
and hypertension [34, 35], although the detailed molecular
mechanism has not been elucidated. As there has been
almost no study on the effects of policosanol on healthy sub-
jects with hyperlipidemia and hypertension, this study
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Figure 6: Comparison of oxLDL uptake into macrophages in the presence of HDL3 from each group. (a) Inhibition of oxLDL phagocytosis by
HDL from each group, as visualized by Oil Red O staining. (b) Quantification of Oil Red O-stained area by computer-assisted morphometry.
(c) Quantification of oxidized species in cell culture media using the TBARS method.
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investigated the efficacy of policosanol in ordinary and
healthy subjects with prehypertension.

A recent paper reported that hexacosanol reduces
plasma and hepatic cholesterol by activation of adenosine
5′-monophosphate- (AMP-) activated protein kinase (AMPK)
and suppression of sterol regulatory element-binding
protein-2 in HepG2 and C57BL/6J mice [36]. It has been
well known that AMPK activation activities were correlated
with increased export of cholesterol and excretion of
cholesterol [37]. Recently, AMPK activation enhances anti-
atherogenic effects of HDL with slightly lowering serum
total cholesterol and body weight in apoE−/− mice [38].
Taken together, these papers make agreement that polico-
sanol can enhance HDL functionality via AMPK activation
and CETP inhibition.

CETP is an atherogenic factor, which is capable of degen-
erating HDL functionality and composition. Elevated CETP
activity is associated with increased serum TG and TG-
enriched LDL levels. We previously reported that policosanol
can potently inhibit human CETP in vitro [7, 8], similar
to MK-0859 (anacetrapib), a CETP inhibitor from Merck
(Kenilworth, NJ, USA). Supplementation with policosanol
was previously shown to cause significant reduction of
CETP activity in zebrafish plasma [8] and human plasma,
especially in young and middle-aged healthy male subjects
[9]. In the current report, female subjects also showed signif-
icant reduction of CETP activity and amount (25%) in serum
upon policosanol consumption. It has been well established
that impairment of HDL functionality in patients with rheu-
matoid arthritis is associated with elevation of CETP activity
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Figure 7: Electron microscopic observation of HDL2. (a) Illustrative image of negatively stained high-density lipoprotein 2 (HDL2) from
control and policosanol group (electron microscopy). All micrographs are shown at a magnification of 40,000x. Scale bar corresponds to
100 nm. (b) Graphs show measured width and length from 20 particles of HDL. (c) Histogram shows calculated particle numbers per
0.053μm2 area.
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and expression, as in our recent report [39]. Especially in an
autoimmune disease state, such as rheumatoid arthritis,
arterial stiffness was shown to be positively correlated
with elevation of CETP activity [40]. Furthermore, CETP
inhibition might be connected to lower visceral fat and
antiobesity effect. Since higher CETP activity explains
lower HDL-C in obese subjects, it has been suggested that
plasma CETP levels may be regulated by the degree of total
body fat accumulation [41].

The lipid profile most associated with exacerbation of
metabolic syndrome is high TG levels, whereas low HDL-C
levels are associated with high risk of insulin resistance [42]
and systemic inflammation due to high visceral fat mass
[43]. Policosanol consumption reduced the TG/HDL-C ratio
and visceral fat amount (Table 1). In the current study,
reduction of serum TG level was correlated with reduction
of visceral fat mass in the policosanol group, and a Taiwanese
study revealed that the serum TG level independently con-
tributes to visceral fat amount [44]. Reduction of serum TG
level could cause reduction of visceral fat mass. Nonobese
patients with polycystic ovary syndrome show significantly
higher serum TG and lower HDL-C levels along with 1.7-fold
increased visceral fat thickness [45] despite having normal
BMI levels. It has been suggested that visceral fat thickness
is negatively correlated with HDL-C level and positively
correlated with serum TG level [46]. Further, the TG/HDL
ratio can be a predictive marker for the success of antidiabetic
medications following weight loss [47].

Systolic and diastolic blood pressures are positively corre-
latedwithvisceral fat accumulation inpremenopausal subjects
[48]. These results are in good agreement with our previous
report in which male subjects showed reduction of visceral
fat mass and blood pressure after 8 weeks of policosanol

consumption [9]. Nevertheless, the previous report involved
many limitations such as small sample size, weak study design
(absence of randomized, double-blinded, and placebo-
control), and diagnostic method of blood pressure.

Interestingly, antioxidant ability in plasma was elevated
while oxidation of LDL was reduced upon policosanol
consumption. PCO-rHDL also showed antioxidant ability
against cupric ion treatment, as in our previous report
[7, 8]. Resistance of LDL oxidation to cupric ion (Figure 3)
is associated with enhancement of HDL-associated paraoxo-
nase activity (Figure 4). Higher paraoxonase activity is also
associated with protection of LDL oxidation from lipid per-
oxidation [49]. The glycation extent of each lipoprotein frac-
tion was reduced by policosanol consumption (Figure 5(a)),
although protein content was similar to or higher than that
of the control. The antiglycation effect of policosanol
consumption (Figure 5) is well correlated with our previous
report [7] that PCO-rHDL shows an inhibitory effect in vitro
against fructose-mediated glycation of HDL. The antiglyca-
tion effect is known to be associated with vasorelaxation via
improvement of atrial stiffness since AGEs are a proven
marker of CVD, diabetes, and hypertension [50]. From a
study with Chinese subjects, plasma AGE concentration
was found to be positively correlated with pulse wave velocity
from the carotid to femoral arteries [51]. More interestingly,
the serum TG level was elevated under conditions of high
plasma AGE content.

Interestingly, HDL functionality and particle numbers
were elevated by policosanol, which is a new finding since
there are no agents known to enhance apoA-I expression
and HDL quality except curcumin [52]. Although several
nutraceuticals have been reported to induce lipid-lowering
[53] and arterial hypertension [54], the beneficial
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Figure 8: Insulin secretion activity of HDL from each group after 8 weeks of policosanol consumption. Rat insulinoma cells (INS-1) were
incubated for 2 hr in the presence of HDL2 and HDL3 (final 100 μg of protein) at different glucose concentrations (final concentration of
2.8 or 25mM in culture medium). Insulin levels in medium were quantified using a radioimmunoassay kit. Results are expressed as the m
ean ± standard deviation (SD) from three independent experiments with duplicate samples.
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functions of lipid-free apoA-I and HDL can be impaired
by oxidation and glycation, resulting in amyloid forma-
tion and aggregation [55, 56].

PCO-rHDL was taken up more by macrophages via
upregulation of ABC-A1 (Supplementary Figure 1). Since
dysfunction of ABCA1 is associated with a significant
reduction in serum HDL levels, cholesterol efflux ability
is positively correlated with apoA-I expression. A few
angiotensin receptor blockers such as telmisartan and
candesartan are known to interact with ABC transporters
[57, 58]. Our current results suggest that policosanol might
regulate the expression of apolipoproteins and transporters,
which are involved in reverse cholesterol transport. Apart
from the functionality of HDL-C and structural changes
in lipoproteins, we determine the levels of uric acid and
aldosterone levels in both groups. Previous studies have
linked the elevation of these biomarkers in blood which
may increase the risk of causing hypertension [59–61].
These reports suggested a plausible role of biomarker
uric acid and aldosterone levels. Hence, we examine the
concentration of these biomarkers before and after
policosanol consumption. Our results have demonstrated
that the levels of uric acid and aldosterone were
significantly reduced after consumption of policosanol for 8
weeks. We did not find any significant difference in the
levels of these biomarkers in the placebo group. Clinically,
these results imply that enhancement of HDL functionality
is well correlated with improvement of blood pressure and
visceral fat mass. These results are in good agreement with
our previous report in which male subjects showed a
reduction of visceral fat mass and blood pressure after 8
weeks of policosanol consumption [9]. The novelty of this
study was the study design, notably participant’s number,
use of placebo group, recruitment of prehypertensive
participants (SBP 120–139mmHg, DBP 80–89mmHg),
three devices used to measuring blood pressure, and
homogenous data with a considerable time period of
therapy of policosanol. Additionally, this study measured
the important biomarkers such as renin and aldosterone,
which are previously known parameters that could associate
with increased risk of hypertension and CVD. Therefore,
the study result could determine the appropriateness and
authenticity with respect to the study design, recruitment,
and number of participants used in this study.

5. Conclusions

The present study tested the effects of policosanol on
biomarkers of HDL functionality, including cellular choles-
terol efflux, insulin secretion, CETP activity, paraoxonase
activity, and apoA-I level, after 8 weeks of policosanol con-
sumption. Improvement of HDL functionality was associated
with lowered blood pressure and inhibition of CETP activity
in female prehypertension subjects.
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Supplementary Figure 1: (A) cholesterol efflux activity of
rHDL-containing apoA-I and policosanol. Macrophages
were treated with radiolabeled cholesterol. The isotope
amount of cholesterol taken up into cells was quantified,
as detailed in the text; (B) immunodetection of apoA-I
and ABCA-1 in cell lysate after treatment with rHDL.
BI: band intensity. Supplementary Figure 2: insulin secretion
activity of rHDL-containing policosanol. Rat insulinoma
cells (INS-1) were incubated for 2 hr in the presence of rHDL
with or without policosanol (final concentration of 2.5–5mg
in media) at different glucose concentrations (final concen-
tration of 2.8 or 25mM in culture medium). Insulin levels
in medium were quantified using a radioimmunoassay kit.
Results are expressed as the mean± standard deviation (SD)
from three independent experiments with duplicate samples.
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The transient receptor potential ankyrin 1 (TRPA1) channel is expressed in cardiomyocytes and involved in many cardiovascular
diseases. However, the expression and function of TRPA1 in doxorubicin- (Dox-) induced acute cardiotoxicity have not been
elucidated. This study aimed at investigating whether blocking the TRPA1 channel with the specific inhibitor HC-030031 (HC)
attenuates Dox-induced cardiac injury. The animals were randomly divided into four groups: control, HC, Dox, and Dox+HC.
Echocardiography was used to evaluate cardiac function, and the heart was removed for molecular experiments. The results
showed that the expression of TRPA1 was increased in the heart after Dox treatment. Cardiac dysfunction and increased serum
CK-MB and LDH levels were induced by Dox, but these effects were attenuated by HC treatment. In addition, HC mitigated
Dox-induced oxidative stress, as evidenced by the decreased MDA level and increased GSH level and SOD activity in the
Dox +HC group. Meanwhile, HC treatment lowered the levels of the proinflammatory cytokines IL-1β, IL-6, IL-17, and
TNF-α induced by Dox. Furthermore, HC treatment mitigated endoplasmic reticulum (ER) stress and cardiomyocyte
apoptosis induced by Dox. These results indicated that inhibition of TRPA1 could prevent Dox-induced cardiomyocyte
apoptosis in mice by inhibiting oxidative stress, inflammation, and ER stress.

1. Introduction

Doxorubicin (Dox), an anthracycline anticancer drug, is one
of the most preferred agents for the treatment of different
malignant tumors, including leukemia, lymphomas, breast
cancer, and ovarian cancer. However, its application is ham-
pered due to a significant dose-dependent cardiotoxicity
manifested by cardiomyopathy and congestive heart failure
[1, 2]. A recent study reported that 21% of patients developed
chemotherapy-related cardiotoxicity after Dox administra-
tion [3]. Therefore, considerable efforts have been made to
identify an effective therapeutic target for mitigating Dox-
induced cardiac damage.

Transient receptor potential (TRP) channels are nonse-
lective cation channels that mediate sensory transduction
and respond to various stimuli. The 28 mammalian TRP
channels can be grouped into six subfamilies based on
sequence homology. Among them, TRPA1 is predominantly
expressed in nociceptive neurons and is also expressed at
high levels in the heart, lung, skeletal muscle, skin, and
vascular endothelial cells [4, 5]. It is well established that oxi-
dative stress metabolites, such as reactive oxygen species
(ROS) and specific metabolites of lipid peroxidation, are
endogenous agonists of TRPA1 [6]. Takahashi et al. demon-
strated that TRPA1 directly detects molecular oxygen and
plays a pivotal role in maintaining oxygen homeostasis [7].
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In addition, mounting evidence suggests that TRPA1 may be
a key gatekeeper in detecting stimuli and regulating the
inflammatory response [8, 9].

Accumulating evidence indicates the important role of
TRPA1 in the pathophysiology of cardiac disease [10].
TRPA1 activators given prophylactically could reduce the
infarct size in a rat model of myocardial ischemia-
reperfusion injury [11]. However, the role of TRPA1 in
Dox-induced cardiotoxicity is still unknown. In the present
study, we clearly show that the inhibition of TRPA1 amelio-
rated Dox-induced cardiomyocyte apoptosis and cardiac
dysfunction, which correlated with decreases in oxidative
stress products, proinflammatory cytokine levels, and endo-
plasmic reticulum (ER) stress.

2. Materials and Methods

2.1. Animals. All procedures involving animals were con-
ducted in compliance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals
and were approved by the Ethics Committee for Animal
Research of Wuhan University (Wuhan, China). Male
C57BL/6J mice, aged 6–8 weeks and weighing 23–25 g, were
obtained from Vital River Laboratory Animal Technology
Co. Ltd. (Beijing, China). Mice were acclimatized for 7 days
before assignment to their experimental groups and housed
in a light-controlled room (12 h light/dark cycle) with free
access to standard chow and water. The animals (n = 80)
were randomly divided into four treatment groups of 20 mice
each: control (CTRL), HC-030031 (HC), Dox, and Dox
+HC. The CTRL and HC alone groups received an equiva-
lent volume of placebo or HC orally for ten consecutive days.
Dox-treated mice were injected with a single dose of Dox
dissolved in normal saline (20mg/kg i.p.) at day 5. Mice in
the Dox+HC group were pretreated with HC (10mg/kg)
for 5 days by gavage and then treated for 5 additional days
after the injection of Dox.

2.2. Echocardiography. Echocardiography was performed in
anesthetized (1.5–2% isoflurane) mice using a Mylab30CV
ultrasound (Biosound Esaote Inc.) equipped with a 10MHz
linear array ultrasound transducer. The left ventricle (LV)
was assessed in both parasternal long-axis and short-axis
views. End-systole and end-diastole were defined as the
phases in which the smallest and largest areas of the LV were
obtained, respectively. LV ejection fraction (EF) and LV
fractional shortening (FS) were measured via LV M-mode
tracing with a sweep speed of 50mm/s at the midpapillary
muscle level.

2.3. Biochemical Determination. Blood was collected, and the
serum was separated by centrifugation. Serum concentra-
tions of creatine kinase isoenzymes (CK-MB) and lactate
dehydrogenase (LDH) in different treatment groups were
measured by an automatic biochemical analyzer (ADVIA®
2400, Siemens Ltd., China).

2.4. Oxidative Stress Detection. At the end of the experiment,
the cardiac tissues were removed and washed in ice-cold
phosphate-buffered saline. The cardiac tissues (30mg) were

added to 300μl of phosphate-buffered saline, ground into
homogenates, and centrifuged at 3000 rpm at 4°C for
15min to collect the supernatant. The activities of superoxide
dismutase 1 (SOD) and the content of malondialdehyde
(MDA) and glutathione (GSH) were detected by commer-
cially available kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

2.5. Histological Analysis. Hearts were arrested in diastole
with 10% potassium chloride solution, fixed by perfusion
with 10% paraformaldehyde, and embedded in paraffin. Sub-
sequently, heart paraffin blocks were transversely sectioned
at 4-5μm, stained with hematoxylin, and eosin (H&E) for
histopathology, and then visualized by light microscopy.

2.6. Western Blot. Protein was extracted from left ventricular
tissue, and the protein concentration was assessed using a
BCA protein assay kit (23,227, Thermo Fisher Scientific,
Waltham, MA, USA). Protein (50μg) was separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred onto polyvinylidene fluoride mem-
branes (IPFL00010, Millipore, Billerica, MA, USA), and
incubated with different primary antibodies. The following
primary antibodies were used: TRPA1 (1 : 1000 dilution,
NOVUS), GAPDH (1 : 1000 dilution, Cell Signaling Technol-
ogy), cleaved caspase-3 (1 : 1000 dilution, Cell Signaling
Technology), Bax (1 : 1000 dilution, Cell Signaling Technol-
ogy), Bcl-2 (1 : 1000 dilution, Cell Signaling Technology),
Phospho-NF-κB p65 (1 : 1000 dilution, Cell Signaling Tech-
nology), CHOP (1 : 1000 dilution, Cell Signaling Technol-
ogy), Phospho-eIF2α (1 : 1000 dilution, Cell Signaling
Technology), caspase-12 (1 : 1000 dilution, Cell Signaling
Technology), NF-κB p65 (1 : 1000 dilution, Bioworld), Nox2
(1 : 200 dilution, Santa Cruz Biotechnology), Nox4 (1 : 200
dilution, Santa Cruz Biotechnology), GRP78 (1 : 200 dilution,
Santa Cruz Biotechnology), ATF-6α (1 : 200 dilution, Santa
Cruz Biotechnology), and XBP-1 (1 : 200 dilution, Santa Cruz
Biotechnology). The secondary antibody, goat anti-rabbit
IgG (926–32,211; LI-COR), was incubated with the mem-
brane for 1 h. The bands were visualized using a two-
colored infrared imaging system (Odyssey; LI-COR) to quan-
tify protein expression. The protein expression levels were
normalized to GAPDH levels.

2.7. Real-Time Polymerase Chain Reaction Analysis. RNA
was collected from LV tissue using TRIzol (15596026; Invi-
trogen Life Technologies, Carlsbad, CA, USA). cDNA was
synthesized from 2g of RNA from each group using oligo
(DT) primers and the Transcriptor First Strand cDNA
Synthesis Kit (04896866001; Roche). Quantitative analysis
was conducted using a LightCycler 480 and SYBR Green
Master Mix (04707516001; Roche). All details about the
primers are presented in Table 1.

2.8. Statistical Analysis.Data are presented as the mean± S.D.
Comparisons between groups were made using analysis
of variance (ANOVA), followed by Dunnett’s test or Tukey’s
test. Differences with a P value less than 0.05 were consid-
ered significant.
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3. Results

3.1. Dox Treatment Increases Cardiac TRPA1 Expression. To
investigate the potential role of TRPA1 in the development
of Dox-induced myocardial lesions, we first examined the
expression of TRPA1 in the heart after Dox treatment. The
RT-PCR results showed that Dox treatment enhanced
myocardial TRPA1mRNA levels (Figure 1(a)). Then, western
blot results showed the same trend for TRPA1 expression in
the Dox-treated heart (Figure 1(b)). These results suggested
that TRPA1 expression is induced by Dox treatment and that
TRPA1 may be involved in Dox-induced cardiotoxicity.

3.2. Inhibition of TRPA1 Ameliorates Cardiac Dysfunction in
Mice Treated with Dox. To explore the potential function of
TRPA1 in Dox-induced cardiotoxicity, the TRPA1-specific
inhibitor HC was applied for 5 days before and after Dox
treatment. We first evaluated the body weight (BW) and
heart weight (HW) of mice in each group. Compared to
control mice, mice treated with Dox showed a decrease in
BW and HW (Figures 2(a)-2(b)). However, HC treatment
did not improve the decreased BW and HW induced by Dox.
The expression of serum enzymes such as CK-MB and LDH,

which reflect cardiac injuries, was significantly increased after
the administration of Dox (Figures 2(c)-2(d)). Interestingly,
the administration of HC significantly decreased the level
of serum enzymes, indicating attenuated cardiotoxicity. In
addition, the decreased cardiac ejection fraction (EF) and
fractional shortening (FS) in the Dox group were signifi-
cantly improved by HC treatment (Figures 2(e)-2(f)).
Histological examination revealed increased vacuolar and
myofibrillar disorganization in Dox-treated mice, and
these effects were significantly ameliorated in the Dox
+HC group (Figure 2(g)). The HC alone group did not
show any significant changes in any of these markers com-
pared to the control group (Figures 2(a)–2(g)).

3.3. Inhibition of TRPA1 Protects against Dox-Induced
Oxidative Stress in Cardiac Tissue. Dox treatment caused a
significant reduction in the activities of SOD and GSH and
an increase in the levels of MDA compared with the control
group (Figures 3(a)–3(c)). However, HC treatment signifi-
cantly decreased MDA levels and restored SOD activity and
GSH antioxidant levels compared with the Dox-treated mice
(Figures 3(a)–3(c)). Furthermore, the expression of Nox2

Table 1: Primers for quantitative polymerase chain reaction.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
TRPA1 GTCCAGGGCGTTGTCTATCG CGTGATGCAGAGGACAGAGAT

IL-1β GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC

IL-6 CCAAGAGGTGAGTGCTTCCC CTGTTGTTCAGACTCTCTCCCT

IL-17 TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC

TNF-α GACGTGGAACTGGCAGAAGAG TTGGTGGTTTGTGAGTGTGAG

GAPDH AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC
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Figure 1: Dox treatment increases TRPA1 expression in heart tissue. (a) The relative mRNA levels of TRPA1 in the left ventricle of mice from
the indicated groups. (b). Representative Western blot bands and quantitative results of protein levels of TRPA1 in Dox-induced cardiac
injury. (n = 6). ∗P < 0 05 versus CTRL.
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and Nox4, which are important generators of ROS, was lower
in the Dox+HC group compared with the Dox group
(Figure 3(d)). These findings indicate that HC treatment
decreases the cardiac oxidative stress induced by Dox.

3.4. Inhibition of TRPA1 Reduces Dox-Induced Inflammation
in Cardiac Tissue.As shown in Figure 4, the expression in the
heart of proinflammatory cytokines, including IL-1β, IL-6,
IL-17, and TNF-α, was significantly increased by Dox
(Figure 4(a)). Conversely, significant reductions in IL-1β,
IL-6, IL-17, and TNF-α were observed in the Dox+HC
group compared with the Dox group (Figure 4(a)). In

addition, the inhibitory effects of HC on inflammation were
further confirmed by western blot results showing that HC
reduced NF-κB signaling (Figure 4(b)). These results demon-
strate that HC protects against heart injury by inhibiting
inflammatory responses.

3.5. Inhibition of TRPA1 Attenuates Dox-Induced ER Stress.
Emerging evidence suggests that ER stress plays a crucial role
in Dox-induced cardiotoxicity [12, 13]. Thus, we investigated
whether the cardioprotective effects of HC against Dox-
induced cardiotoxicity are associated with decreased ER
stress. The results showed that HC treatment suppressed
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Figure 2: Inhibition of TRPA1 ameliorates cardiac function in mice treated with Dox. (a, b) The body weight (BW) and heart weight (HW) in
different groups (n = 10). (c, d) The serum levels of cardiotoxicity markers, including creatine kinase isoenzymes (CK-MB) and lactate
dehydrogenase (LDH) (n = 6). (e, f) The echocardiographic parameters in different groups (n = 8). (g) The pathological structure indicated
by HE staining (scale bar, 50μm) (n = 6). ∗P < 0 05 compared with the CTRL group. #P < 0 05 compared with the Dox group. EF: ejection
fraction; FS: fractional shortening.
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the expression of glucose-regulated protein 78 (GRP78), an
important marker indicating the severity of ER stress. In
addition, we found that Dox induction increased the levels
of C/EBP homologous protein (CHOP) and cleaved
caspase-12, important mediators of ER stress-induced apo-
ptosis, and this induction was attenuated by HC treatment.
Furthermore, the activation of ER stress signaling pathways
was inhibited by HC treatment, as evidenced by the
decreased expression of activating transcription factor 6
(ATF6), eukaryotic translation initiation factor 2α (eIF2α),
and X-box binding protein 1 (XBP-1) in the Dox+HC group
(Figure 5). These results indicate that HC treatment attenu-
ates the ER stress induced by Dox.

3.6. Inhibition of TRPA1 Attenuates Dox-Induced
Cardiomyocyte Apoptosis. It is well known that apoptosis is
involved in Dox-induced cardiotoxicity [14, 15]. We evalu-
ated the severity of apoptosis and identified the potential
signaling pathways related to apoptosis in the heart. The
levels of Bax and cleaved caspase-3 in myocardial tissue were
upregulated in the Dox group compared with the control
group (Figure 6). By contrast, the expression level of Bcl-2
was significantly lower in the Dox group than in the control
group. The HC alone group did not show any significant

changes in any of these markers compared to the control
group (Figure 6). However, HC treatment significantly atten-
uated the increased Bax and cleaved caspase-3 levels and
improved the expression of Bcl-2 after Dox treatment. These
findings demonstrate that HC can decrease Dox-induced
cardiomyocyte apoptosis.

4. Discussion

Cardiotoxicity is induced by a single intraperitoneal injection
of Dox (20mg/kg) in mice, which triggers the development of
cardiac dysfunction and congestive heart failure [16, 17]. The
present study demonstrated the potential role of TRPA1 in
Dox-induced cardiotoxicity and elucidated the potential
underlying molecular mechanisms. First, we observed that
the expression level of TRPA1 was upregulated in the heart
after Dox treatment. Moreover, we demonstrated that
inhibition of TRPA1 with the specific inhibitor HC amelio-
rated Dox-induced cardiac injuries, as evidenced by attenu-
ated heart dysfunction, structural damage, oxidative stress,
inflammatory response, and ER stress. More importantly,
Dox-induced cardiomyocyte apoptosis was attenuated by
HC treatment. These findings imply that the inhibition of
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Figure 3: Inhibition of TRPA1 protects against Dox-induced oxidative stress. The serum levels of superoxide dismutase (SOD) (a),
malondialdehyde (MDA) (b), and glutathione (GSH) (n = 6) (c). (d) Western blots showing the protein levels of Nox2 and Nox4 in
different groups (n = 6). ∗P < 0 05 compared with the CTRL group, #P < 0 05 compared with the Dox group.

5Oxidative Medicine and Cellular Longevity



TRPA1 could effectively attenuate the progression of
Dox-induced cardiotoxicity.

Redox homeostasis, which depends on the fine balance
between enzymatic cascades, serves a pivotal role in adaptive

responses under stress conditions. However, uncontrolled
accumulation of reactive oxygen species (ROS), a state
known as oxidative stress, occurs during tissue damage and
impaired cell function [18, 19]. It is well established that
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TRPA1 acts as a polymodal nociceptor and molecular inte-
grator of cellular stressors, including ROS and reactive nitro-
gen species (RNS) [20]. Genetic deletion of TRPA1, or the
blockade of its activation with a selective antagonist, abro-
gated trigeminal neuropathic pain and oxidative stress [21].

In the present study, the levels of myocardium bio-
markers, including lipid peroxidation products (MDA) and
antioxidant enzymes (SOD and GSH), were used to estimate
oxidative stress. The administration of Dox significantly
increased MDA levels, reduced the activity of SOD, and
reduced GSH content in the heart. Interestingly, HC treat-
ment reduced the extent of Dox-induced oxidative stress by
increasing SOD activity and MDA levels and decreasing
GSH levels. Furthermore, previous studies reported that
Dox could induce the production of ROS via activation of
the NADPH oxidase pathway [22]. Zhao et al. found that
Nox2 deficiency protected mice against cardiac injury and
apoptosis after Dox treatment [23]. Consistent with these
studies, we found that the expression of Nox2 and Nox4,
the pivotal NADPH oxidase subunit, was upregulated after
Dox administration. However, treatment with HC inhibited
the oxidative stress, possibly by downregulating the expres-
sion of Nox2 and Nox4 in the heart.

The inflammatory process is absolutely essential for
defense privilege that intended to eliminate or neutralize
invading pathogens, clear damaged tissues, and promote
their repair, but the termination of the response is of equal
importance. Failure to control inflammation can lead to
immunopathology, such as systemic inflammation leading
to organ dysfunction and death. In previous research, TRPA1
emerged as a key regulator of sensory neuropeptide release
and acute neurogenic inflammation. However, there is
accumulating evidence for a link between TRPA1 and
immunoinflammatory processes. In the cornea following a
chemical injury, the absence of TRPA1 or TRPA1 antagonist
treatment suppressed inflammation and fibrosis by decreas-
ing levels of IL-6, TGF-β1, and vascular endothelial growth
factor [24]. Similarly, loss of TRPA1 restrained neutrophil
infiltration and proinflammatory cytokines, mainly IL-1β,

produced by monosodium urate. These reports highlight
the potential for anti-inflammatory signaling via alternative
mechanisms targeting TRPA1 [25]. Besides its direct delete-
rious effect, Dox can also induce inflammatory responses
via enhanced expression and release of proinflammatory
cytokines [26, 27]. It has been demonstrated that Dox treat-
ment induces the release of proinflammatory cytokines, such
as TNF-α, via the activation of NF-κB in the heart [28]. Stud-
ies demonstrated that the inhibition of TRPA1 results in a
relevant reduction of the proinflammatory cytokines IL-1β
and TNF-α in cystic fibrosis patients [29]. Similarly, our
results indicated that Dox treatment provokes a series of
inflammatory responses and increases the expression levels
of inflammatory cytokines, which lead to the deterioration
of myocardial function. Inhibition of TRPA1 significantly
reduced the expression of proinflammatory cytokines, such
as IL-1β, IL-6, IL-17, and TNF-α and suppressed the
expression of NF-κB. This study indicates that the anti-
inflammatory consequences of TRPA1 inhibition may partly
contribute to the potential cardioprotective effect against
Dox-induced cardiotoxicity.

To further investigate the potential mechanisms behind
TRPA1-mediated Dox-induced cardiotoxicity in the heart,
we examined the level of ER stress that plays a pivotal role
in the development of heart failure [30, 31]. Consistent with
previous reports, ER stress-related proteins were enhanced in
Dox-treated mice. Many studies have demonstrated that Dox
promotes the endoplasmic reticulum-initiated apoptotic
response by activating the expression of proapoptotic factors
and inhibiting the expression of antiapoptotic factors [32].
As a specific proapoptotic pathway, ER stress can activate
the CHOP and caspase-12 pathways and thereby mediate
apoptosis [33]. In our study, HC treatment attenuated the
expression of CHOP and caspase-12, leading to decreased
myocardial apoptosis and ameliorated cardiac dysfunction.
Furthermore, many studies have demonstrated that CHOP
can also directly regulate apoptosis factors such as Bax, Bcl-
2, and cleaved caspase-3, which are key determinants of cell
death [34]. Our data also support this hypothesis, since HC
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treatment significantly increased the expression of Bcl-2 and
decreased the expression of Bax and cleaved caspase-3.

In conclusion, our study indicates that the inhibition of
TRPA1 could protect the heart from Dox-induced cardio-
myocyte apoptosis and cardiac dysfunction by inhibiting oxi-
dative stress, inflammatory responses, and ER stress. These
findings suggest that TRPA1 could be a potential therapeutic
target for the treatment of cardiotoxicity caused by Dox.
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Diabetes was induced in high-fat diet-fed ApoE−/− mice via administration of low-dose streptozotocin (STZ) for five days.
Mice were then treated with GBE (200 or 400mg/kg) by gastric gavage daily for 12 weeks. Mice in the untreated diabetic
group received saline instead, and nondiabetic C57BL/6J mice served as controls. Collagen І and ІІІ mRNA expression was
measured by real-time PCR. TNF-α, IL-1β mRNA levels, and NF-κB expression were determined to analyze
intramyocardial inflammation. Hallmarks of endoplasmic reticulum stress- (ERS-) related apoptosis pathways, including
phosphorylated c-Jun N-terminal kinase (p-JNK), C/EBP homologous protein (CHOP), caspase-12, and cleaved caspase-3,
were analyzed by Western blotting. Diabetic ApoE−/− myocardial injury was associated with increased cardiomyocyte
apoptosis (increased expression of p-JNK, CHOP, caspase-12, and cleaved caspase-3), interstitial fibrosis (increased mRNA
levels of collagen І and ІІІ), and inflammation (increased mRNA levels of TNF-α and IL-1β, and NF-κB expression). GBE
at 200 and 400mg/kg/day significantly attenuated cardiomyocyte apoptosis, collagen deposition, and inflammation in
diabetic mice via inhibition of the p-JNK, CHOP, and caspase-12 pathways. Serum levels of the proinflammatory cytokines
(IL-6, IL-1β, and TNF-α), blood glucose, and lipid profiles were also regulated by GBE treatment. GBE might be beneficial
in the treatment of diabetic myocardial injury.

1. Introduction

Diabetic cardiomyopathy (DCM), one of the leading cardio-
vascular complications of diabetes, ultimately leads to heart
failure, which increases the mortality among diabetes
patients. Diabetic myocardial injuries, including cardiomyo-
cyte apoptosis, myocardial fibrosis, and intramyocardial
inflammation, are important pathological characteristics of
DCM. Diabetes-induced cardiomyocyte apoptosis often
occurs concomitantly with interstitial collagen deposition
and myofiber disarray [1]. In addition, accumulating evi-
dence has shown that substrate metabolic alteration,

oxidative stress, and chronic inflammation contribute to
DCM and diabetic myocardial injury [2, 3].

Endoplasmic reticulum stress (ERS) plays a critical role
in the development of diabetic myocardial injury because
the sustained and uncorrected unfolded protein response
(UPR) could induce cell death [4]. The UPR is mediated by
three pathways, the inositol-requiring kinase-1 (IRE1),
protein kinase R-like ER kinase (PERK), and activating tran-
scription factor 6 (ATF6) pathways. ERS-mediated cell death
involves activation of c-Jun N-terminal kinase (JNK), C/EBP
homologous protein (CHOP), and caspase-12, which conse-
quently activates caspase-3.
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IRE1 and JNK activation may result in the upregulation
of nuclear factor kappa-B (NF-κB) expression via phosphor-
ylation of IkB kinase (IKK) [5, 6]. Upregulation of NF-κB
expression leads to increased production of proinflammatory
cytokines, such as tumor necrosis factor-α (TNF-α), interleu-
kin-1β (IL-1β), and IL-6, which contribute to cardiomyocyte
apoptosis and myocardial fibrosis [7].

Recently, herbal treatment of diabetic myocardial injury
has gained much attention. Ginkgo biloba leaves have been
used as a traditional herbal medicine for hundreds of years
in China. The major components of Ginkgo biloba leaf
extract (GBE) include two active substances, namely, terpe-
noids (including ginkgolides and bilobalide) and flavonoids
(Figure 1). GBE was shown to exhibit antioxidant, free radi-
cal scavenging and membrane-stabilizing activities, which
contributed to its beneficial effects in ischemia/reperfusion
injury in a diabetic rat myocardium [8]. In addition, it
showed anti-inflammatory and antioxidant effects in the
pancreas of streptozotocin- (STZ-) induced diabetic animals
[9, 10]. Moreover, GBE enhanced insulin sensitivity and pre-
vented insulin resistance by increasing insulin-induced Akt
phosphorylation and insulin receptor substrate 1 expression
[11]. GBE was also shown to ameliorate diabetic nephropa-
thy in STZ-induced diabetic rats [12].

Currently, few studies have investigated the potential use
of GBE for the treatment of diabetic myocardial injury. In the
present study, we aimed to investigate whether GBE could
protect against diabetic myocardial injury and elucidate the
underlying mechanisms.

2. Materials and Methods

2.1. Drugs. GBE powders and atorvastatin were purchased
from Beijing Handian Pharmaceutical Co. Ltd. and Pfizer
Pharmaceutical Co. Ltd., respectively. GBE used in the pres-
ent study contains 44.9% ginkgo flavonoids, 6.3% terpenoids,
and <1 ppm ginkgo acid.

2.2. Experimental Animals. Male ApoE−/− mice, aged 6-7
weeks and weighing 19–21 g (C57BL/6J background,

introduced from Jackson Laboratory of USA by Peking Uni-
versity Health Science Center Laboratory Animal Science
Department; quality certification number SCXK (Beijing)
2016-0012), were used in this study. The rearing condition
of the mice was grade 2. Mice were maintained under con-
trolled conditions (room temperature, 22–24°C; relative
humidity, 50%; and lights on; from 7:00 to 19:00). The exper-
imental protocol was approved by the institutional animal
care and use committee of Xiyuan Hospital, China Academy
of Chinese Medical Sciences. Animal experiments were car-
ried out in accordance with the Guide for the Care and Use
of Laboratory Animals published by the US National Insti-
tutes of Health.

2.3. Experimental Protocol. ApoE−/− mice were fed with a
high-fat diet (basic diet, 78.85%; fat, 21%; and cholesterol,
0.15%) for four weeks before diabetes was induced by intra-
peritoneal injection of 50mg/kg/day STZ (Sigma) diluted
with citrate buffer (pH4.5; final concentration, 1%) for five
consecutive days, as described in a previous study [13]. Mice
exhibiting plasma glucose levels> 12mmol/L were consid-
ered diabetic and were used in the study (n = 58) [13, 14].
The diabetic mice were then treated with atorvastatin
[15, 16] (10mg/kg/day, intragastric (i.g.), n = 14), GBE at
a low dose (200mg/kg/day, i.g., n = 16), or GBE at a high
dose (400mg/kg/day, i.g., n = 17). The doses of GBE were
selected based on previous studies [17, 18]. Diabetic mice
treated with equal volumes of saline served as the untreated
diabetic group (n = 11). All ApoE−/− mice were maintained
on a high-fat diet and sacrificed after 12-week treatment.
C58BL/6J mice (n = 20) served as the control group. The
study timeline is shown in Figure 2.

2.4. Body Weight and Plasma Glucose Changes. The body
weight and fasting plasma glucose levels were measured
before the initial GBE dose and every four weeks thereafter.
Plasma samples were collected by the cutting tail method,
and the plasma glucose levels were measured using a
glucometer (Roche).
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Figure 1: Chemical structures of the constituents of GBE. (a) Bilobalide, (b) ginkgolide, and (c) ginkgo flavonol glycosides.
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2.5. Tissue Preparation and Histological Examination. All
animals were euthanized, and the heart samples were col-
lected before they were perfused with heparin saline. The
specimens were transversely cut and fixed with 4% parafor-
maldehyde for 24h. They were then embedded in paraffin
and cut into 5μm thick sections for hematoxylin/eosin and
Masson’s staining. Immunohistochemical staining of cleaved
caspase-3 was also performed (rabbit polyclonal anti-cleaved
caspase-3, CST, 1 : 200 dilution). Immunohistochemical
semiquantitative analysis was conducted on microscopic
images using Image-pro plus 6.0 software (Media Cybernet-
ics Inc., Rockville, MD, USA) under 200x magnification.
The positive expression of cleaved caspase-3 was represented
by integral optical density (IOD).

2.6. Western Blot Analysis. The heart tissues were removed
from liquid nitrogen, weighed, and homogenized in radioim-
munoprecipitation assay (RIPA) lysis buffer. Protein concen-
tration was determined using the bicinchoninic acid method.
Equal amounts of protein (40μg) from each sample were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a nitro-
cellulose membrane. Nonspecific sites were blocked by
incubating the membranes with 5% nonfat milk and
0.2% tween 20 in Tris-buffered saline for 2 h at room tem-
perature. After washing, the membranes were incubated
overnight at 4°C with the following primary antibodies:
anti-CHOP (CST2895S, 1 : 2000), anti-JNK (CST9252S,
1 : 2000), anti-p-JNK (CST9251S, 1 : 1000), anti-caspase-12
(CST2202S, 1 : 1000), anti-cleaved caspase-3 (CST9664S,
1 : 1000), and anti-NF-κB (Abcam 86299, 1 : 2000). The
membranes were washed with TBS-T and incubated with
horseradish peroxidase- (HRP-) conjugated secondary
antibodies. Then, the membrane was assayed using an
enhanced chemiluminescence system. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used to ensure
equal sample loading. The expression levels of CHOP, cas-
pase-12, cleaved caspase-3, and NF-κB were adjusted for
GAPDH, and the values were normalized over the untreated
diabetic group. The expression levels of p-JNK were adjusted
for total JNK and then normalized over the untreated dia-
betic group.

2.7. Quantitative Real-Time PCR. Real-time polymerase
chain reaction (PCR) was performed to determine the mRNA
expression of collagen I and III, TNF-α, and IL-1β. GAPDH
was used as an internal control. The primer sequences were
as follows: collagen I, 5′-TGGAAACCCGAGGTATGCTT-3′

(forward) and 5′-CATTGCATTGCACGTCATCG-3′ (reverse);

collagen III, 5′-ACTGGTGAACGTGGCTCTAA-3′ (forward)
and 5′-AACCTGGAGGACCTGGATTG-3′ (reverse); TNF-α,
5′-CTCATGCACCACCATCAAGG-3′ (forward) and 5′-ACC
TGACCACTCTCCCTTTG-3′ (reverse); IL-1β, 5′-GAAGAA
GAGCCCATCCTCTG-3′ (forward) and 5′-TCATCTCGG
AGCCTGTAGTG-3′ (reverse); and GAPDH, 5′-TGCCCCC
ATGTTTGTGATG-3′ (forward) and 5′-TGTGGTCATGAG
CCCTTCC-3′(reverse). Relative mRNA level was normalized
over the untreated diabetic group. All experiments were
repeated for at least three times.

2.8. Serum Lipid Profile and Glucose Analysis. At the end of
the 12-week period, all mice were fasted overnight before they
were sacrificed, and blood samples were collected and centri-
fuged at 3000 rpm for 10min. Serum glucose, high-density
lipoprotein cholesterol (HDL-c), total cholesterol (TC), tri-
glycerides (TG), and low-density lipoprotein cholesterol
(LDL-c) levels were determined using an automated system.

2.9. Measurement of Serum Inflammatory Cytokine Levels.
Serum levels of inflammatory cytokines (IL-6, IL-1β, and
TNF-α) were measured using commercially available ELISA
kits, purchased from Beijing Fang Cheng Jia Hong Technology
Co. Ltd. (catalog numbers FU-X0850, FU-X0840, and FU-
X1059, resp.). The serumwas collected as previously described.
Five serial dilutions of the standardwere prepared according to
the manufacturer’s instructions. Blank and sample wells were
set, respectively. Sample diluent (40μL) was added to the sam-
ple wells in the precoated ELISA plates, followed by the addi-
tion of the samples (10μL). After sealing the plates with a
closure plate membrane, they were incubated for 30min at
37°C. HRP-conjugated reagent (50μL) was added to all wells,
except for the blank well. After incubation at 37°C, the liquid
in the wells was removed, and the plate was washed with a
wash liquid. Chromogen solution A (50μL) and chromogen
solution B (50μL) were added to each well. The plates were
incubated in dark at 37°C for 15min. The blank well was con-
sidered zero, and the absorbance of each well was measured at
450nm within 15min after adding the stop solution.

2.10. Statistical Analysis. SPSS 17.0 was used for statistical
analyses. The data were presented as the means± standard
deviation (x ± s). One-way analysis of variance (ANOVA)
was used to perform comparisons among group means,
and the least significant difference (LSD) test was used
for multiple comparisons between the untreated diabetic
group and other groups. P < 0 05 was considered statisti-
cally significant. GraphPad Prism 5.0 software was used
for graphical presentation.

High-fat diet 

7 w 11 w 12 w 13 w 25 w
i.p. 5 days

intragastric administration

Figure 2: Timeline of the experimental protocol in vivo.
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3. Results

3.1. Body Weight and Plasma Glucose Levels. STZ resulted in
a significant increase in plasma glucose levels, compared
to those in the control group (14.8± 2.2 versus 5.3
± 0.8mmol/L, P < 0 01). At the end of the 12-week
gavage, the untreated diabetic mice showed severe hyper-
glycemia compared to the control group (23.4± 6.4 versus
7.5± 1.0mmol/L, P < 0 01). GBE treatment at 200 and
400mg/kg/day suppressed the plasma glucose levels; how-
ever, only high-dose GBE resulted in a statistically significant
difference (low-dose GBE group versus untreated diabetic
group, 18.8± 6.5mmol/L versus 23.4± 6.4mmol/L, P = 0 06;
high-dose GBE group versus untreated diabetic group, 15.3
± 7.1mmol/L versus 23.4± 6.4mmol/L, P = 0 01).

There was a significant weight loss in the diabetic mice
compared to those in the control group (22.37± 11.67 ver-
sus 26.58± 11.56 g, P < 0 01). Body weight loss was associ-
ated with hyperglycemia and polyuria. Body weight of
mice in the untreated diabetic group was significantly
lower than that in the control group at the end of the
study course (30.01± 1.35 versus 26.38± 22.72 g, P < 0 01).
Atorvastatin and GBE treatment did not affect the body
weight in diabetic mice.

3.2. Effect of GBE on Serum Lipid and Glucose Profiles. Serum
lipid and blood glucose levels were measured before the mice
were sacrificed. LDL-c, TC, TG, and blood glucose levels sig-
nificantly increased in the untreated diabetic group, com-
pared to those in the control group. Atorvastatin and GBE
(200 and 400mg/kg/day) significantly decreased LDL-c,
TC, and TG levels (P < 0 01, Figures 3(a)–3(c)). GBE at
200mg/kg/day lowered the serum glucose levels, compared
to those in the untreated diabetic group (P < 0 05,
Figure 3(e)). There were no significant differences in HDL-
c levels among the control, untreated diabetic, atorvastatin,
low-dose GBE, and high-dose GBE groups (Figure 3(d)).

3.3. Effect of GBE on Serum Inflammatory Cytokine Levels.
The levels of serum inflammatory cytokines, including IL-6,
IL-1β, and TNF-α, significantly increased in the diabetic mice,
compared to the control mice. GBE (200 and 400mg/kg/day)
significantly decreased serum IL-1β, TNF-α, and IL-6 levels.
Moreover, high-dose GBE (400mg/kg/day) resulted in lower
levels of inflammatory cytokines, compared to those adminis-
tered with low-dose GBE (P < 0 01, Figures 4(a)–4(c)).

3.4. Effect of GBE on the Histomorphology of Diabetic Hearts.
Similar to the findings reported by Ahmed et al. [19], H&E
staining showed diffuse disruption of the myocardium, with
a fragmented and feathery appearance of DCM. Fibroblasts
and inflammatory cells infiltrated the untreated diabetic
myocardium, whereas atorvastatin and GBE treatment allevi-
ated their infiltration (Figure 5(a)). In addition, Masson’s
staining showed that GBE treatment blunted the total cardiac
collagen content (Figure 5(b)).

Immunostaining showed that cleaved caspase-3 expres-
sion significantly increased in the untreated diabetic mice,
compared to that in the control group, whereas atorvastatin
and GBE at 200 and 400mg/kg/day significantly decreased

the expression of cleaved caspase-3 (P < 0 05, Figures 5(c)
and 5(d)). The difference between low-dose and high-dose
GBE was not statistically significant.

3.5. Effect of GBE on mRNA Levels of Collagen I and III. Col-
lagen I and III mRNA levels increased in the untreated dia-
betic mice. Atorvastatin and GBE (200 and 400mg/kg/day)
treatment resulted in a statistically significant decrease in col-
lagen I and III mRNA levels (P < 0 05, Figures 6(a) and 6(b)).
There was no significant difference between low-dose and
high-dose GBE.

3.6. Effect of GBE on Intramyocardial Inflammation. NF-κB
plays a crucial role in the regulation of intramyocardial
inflammation in the development of DCM. The untreated
diabetic mice displayed increased expression of NF-κB. Ator-
vastatin and GBE significantly decreased the expression of
NF-κB (P < 0 05, Figures 7(a) and 7(b)). TNF-α and IL-1β
mRNA levels increased in the untreated diabetic mice; how-
ever, GBE treatment at doses of 200 and 400mg/kg/day
significantly inhibited the STZ-induced increase in TNF-α
and IL-1β mRNA levels (P < 0 05, Figures 7(c) and 7(d)).
The difference between the findings for low-dose and high-
dose GBE was not statistically significant.

3.7. Effect of GBE on Hallmarks of ERS-Associated Apoptosis.
Western blot analysis showed that the expression of the hall-
marks of ERS-associated apoptosis, including p-JNK, CHOP,
caspase-12, and cleaved caspase-3, significantly increased in
the myocardium of diabetic mice, compared to those in the
normal control group. This suggested that the p-JNK, CHOP,
and caspase-12 cascades were activated in the diabetic myo-
cardium. Atorvastatin and GBE (200 and 400mg/kg/day)
significantly decreased the expression of p-JNK, CHOP, cas-
pase-12, and cleaved caspase-3 (P < 0 05, Figures 8(a)–8(h)).
There were no statistical differences between the low-dose
and high-dose GBE.

4. Discussion

Diabetes mellitus is a worldwide metabolic disease responsi-
ble for increased morbidity and mortality. Patients with dia-
betes mellitus are at a high risk of cardiovascular diseases,
such as atherosclerosis and DCM, which are comorbidities
of diabetes mellitus [20]. STZ has been frequently used to
induce diabetes in experimental animals because of its toxic
effects on the pancreatic β-cells and its potential to induce
oxidative stress [21]. Hence, in the present study, we estab-
lished a diabetic myocardial injury ApoE−/− mouse model
by STZ injection combined with a high-fat diet, as previously
described [22, 23]. Although it was not able to distinguish
between hyperlipidemia- and diabetes-induced myocardial
injury, this study aimed to investigate whether GBE attenu-
ated diabetic myocardial injury in ApoE−/− mice, thus pro-
viding potential evidence for the treatment of diabetes
patients with DCM and atherosclerosis as comorbidities.
We found that collagen I and III mRNA expression was
elevated in diabetic mice. TNF-α and IL-1β mRNA levels,
which represent intramyocardial inflammation, increased in
a diabetic heart owing to increased NF-κB activation.

4 Oxidative Medicine and Cellular Longevity
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Figure 3: Serum lipid profiles and glucose levels. ∗P < 0 05 and ∗∗P < 0 01 versus the untreated diabetic group.
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Additionally, hallmarks of ERS-related apoptosis, including
p-JNK, CHOP, caspase-12, and cleaved caspase-3, were
upregulated in the diabetic heart. These indicated that
interstitial collagen deposition, ERS-related apoptosis, and
NF-κB-mediated inflammation were induced in diabetic
ApoE−/− mice. Consistent with the results of previous studies
[15, 16, 19, 24], atorvastatin treatment improved the histo-
logical abnormalities, fibrosis, and apoptosis of cardiomyo-
cytes via inhibition of NF-κB-induced inflammation and
cleaved caspase-3-mediated apoptosis in the diabetic heart.
To our knowledge, the present study is the first study to show
that traditional Chinese medicine, GBE, could protect
against diabetic myocardial injury, particularly apoptosis,

myocardial fibrosis, and NF-κB-mediated inflammation via
inhibition of ERS-related apoptosis, as evidenced by the
decrease in p-JNK, caspase-12, and cleaved caspase-3
expression. Furthermore, GBE regulated the lipid profile
and blood glucose levels.

Cell death, including necrosis and apoptosis, in response
to hyperglycemia has been defined as one of the important
pathophysiological features of diabetic myocardial injury
[1]. Cardiomyocyte loss, myocardial fibrosis, and inflamma-
tion result in myocardial remolding that leads to compro-
mised cardiac function. In line with the results of previous
studies, the present study showed that hyperglycemia trig-
gered apoptosis of cardiomyocytes. The UPR is an adaptive
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Figure 4: Serum proinflammatory cytokines determined by ELISA. ∗∗P < 0 01 versus the untreated diabetic group; #P < 0 01 versus the
200mg/kg/day GBE group.
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Figure 5: Continued.
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process to restore the normal ER function. However, the
excess and prolonged UPR in hyperglycemic conditions
induces cardiomyocyte apoptosis. Three proapoptotic path-
ways are associated with ERS [4]. The first apoptotic pathway
involves activation of JNK by the IRE-1-tumor necrosis
factor receptor-associated factor 2- (TRAF2-) apoptosis
signal-regulating kinase-1 (ASK1) complex. The second

apoptotic pathway is the caspase-12 pathway in rodents.
Clustering of caspase-12 in the endoplasmic reticulum
membranes may be attributable to TRAF2 recruitment
by activated IRE-1 and PERK [25]. Activated caspase-12
translocates from the ER to the cytosol, where it cleaves
procaspase 9, and subsequently activates the downstream
effector caspase-3. CHOP, which is regulated by IRE1,

⁎⁎

⁎

⁎

⁎⁎

Re
lat

iv
e c

ol
la

ge
n 

I m
RN

A
 le

ve
l

(n
or

m
al

iz
ed

 o
ve

r u
nt

re
at

ed
di

ab
et

ic
 g

ro
up

)

0.0

0.5

1.0

1.5

2.0

C
on

tro
l g

ro
up

U
nt

re
at

ed
 d

ia
be

tic
 g

ro
up

At
or

va
st

at
in

 g
ro

up

20
0 

m
g/

kg
/d

ay
 G

BE
 g

ro
up

40
0 

m
g/

kg
/d

ay
 G

BE
 g

ro
up

(a)

⁎⁎

⁎
⁎⁎

⁎⁎

Re
lat

iv
e c

ol
la

ge
n 

II
I m

RN
A

 le
ve

l
(n

or
m

al
iz

ed
 o

ve
r u

nt
re

at
ed

di
ab

et
ic

 g
ro

up
)

0.0

0.5

1.0

1.5

C
on

tro
l g

ro
up

U
nt

re
at

ed
 d

ia
be

tic
 g

ro
up

At
or

va
st

at
in

 g
ro

up

20
0 

m
g/

kg
/d

ay
 G

BE
 g

ro
up

40
0 

m
g/

kg
/d

ay
 G

BE
 g

ro
up

(b)

Figure 6: Relative mRNA expression of collagen I and III (normalized over the untreated diabetic group). ∗P < 0 05 and ∗∗P < 0 01 versus the
untreated diabetic group.
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Figure 5: Effects of GBE on the cardiac histomorphological changes in diabetic ApoE−/−mice. (a) H&E staining of cross-sectional tissue slices
of the myocardium. (b) Masson’s staining of collagen in the myocardium. The blue area against the red represents collagen deposition.
Arrows indicate interstitial fibers. (c, d) Immunostaining of cleaved caspase-3. The brown-yellow area represents the positive expression of
cleaved caspase-3. Images of the samples incubated only with the secondary antibody were provided correspondingly. (1A, 1B) Control
group; (2A, 2B) untreated diabetic group; (3A, 3B) atorvastatin group; (4A, 4B) 200mg/kg/day GBE group; and (5A, 5B) 400mg/kg/day
GBE group. (A) 100x magnification; (B) 200x magnification. ∗P < 0 05 and ∗∗P < 0 01 versus the untreated diabetic group.
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ATF6, and particularly PERK, is the third proapoptotic
pathway related to ERS. Caspase-12 and CHOP are consid-
ered specific apoptotic pathways associated with ERS [26].
The present study showed that the three proapoptotic path-
ways related to ERS were upregulated in the untreated dia-
betic ApoE−/− mice, accompanied by increased expression
of cleaved caspase-3, an effector of caspase-12. Our findings
are consistent with the results of Zhang et al. [4], who showed
that both the mRNA and protein levels of caspase-12 and
CHOP were upregulated in STZ-induced diabetic rats. Taken
together, ERS plays an important role in diabetic myocardial
injury [27].

An earlier study conducted by Fitzl et al. [28] showed that
EGb761, a standard GBE, attenuated the decrease in the

volume fraction of myofibrils. According to Qiao et al. [17],
GBE could attenuate ischemia/reperfusion-induced cardiac
myocyte apoptosis by inhibiting cytochrome c release from
the mitochondria and blocking the activation of caspase-3.
The present study revealed that GBE downregulated the
expression of p-JNK, CHOP, caspase-12, and cleaved cas-
pase-3, indicating that GBE exerted antiapoptotic effects
by attenuating ERS.

It has been reported that the IRE1α and PERK pathways
of the UPR could trigger the NF-κB-mediated inflammatory
pathway by phosphorylation of IKK; in addition, the ATF6
pathway is linked to NF-κB activation, suggesting that the
three pathways of the UPR could activate this inflammatory
cascade [5, 6, 29]. Nuclear translocation of NF-κB results in
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Figure 7: Effects of GBE on NF-κB-mediated intramyocardial inflammation. (a, b) NF-κB expression was determined by Western
blotting. (c, d) Relative mRNA expression of TNF-α and IL-1β measured by real-time PCR. ∗P < 0 05 and ∗∗P < 0 01 versus the
untreated diabetic group.
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Figure 8: Continued.
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increased expression of the downstream proinflammatory
cytokines, including IL-6, IL-1β, and TNF-α. IL-1β and
TNF-α further activate ERS (a positive loop), resulting in a
more potent inflammatory response, myocardial interstitial
fibrosis, and cardiomyocyte apoptosis. TNF-α promotes
reactive oxygen species (ROS) production and inflammation
[30] and mediates JNK activation leading to caspase-3 activa-
tion and cardiac cell apoptosis [14]. Therefore, inflammation

can also induce ERS [31] (Figure 9). In the present study,
GBE decreased collagen type I and III mRNA levels and
interstitial collagen deposition, as revealed byMasson’s stain-
ing. The increase in TNF-α and IL-1β mRNA levels in the
diabetic heart was inhibited by GBE at 200 and 400mg/kg/
day. This was associated with reduced NF-κB expression.
Collectively, our findings suggest that GBE attenuated inter-
stitial fibrosis via inhibition of inflammation and ERS, as well
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Figure 8: Effects of GBE on ERS-related apoptosis hallmark expression. Expression levels of p-JNK/JNK, CHOP, caspase-12, and cleaved
caspase-3 were determined by Western blotting. The expression levels of CHOP, caspase-12, and cleaved caspase-3, were adjusted
for GAPDH, and the expression of p-JNK was adjusted for total JNK. These values were normalized over the untreated diabetic
group. (a, b) Expression levels of p-JNK/JNK; (c, d) expression of CHOP; (e, f) expression of caspase-12; and (g, h) expression of
cleaved caspase-3. ∗P < 0 05 and ∗∗P < 0 01 versus the untreated diabetic group. 1: control group; 2: untreated group; 3: atorvastatin
group; 4: 200mg/kg/day GBE group; and 5: 400mg/kg/day GBE group.
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Figure 9: Mechanism underlying the protective effects of GBE against myocardial injury induced by hyperglycemia. The three pathways of
UPR could activate NF-κB by phosphorylation of IKK, promoting the production of inflammation cytokines. TNF-α activates NF-κB in the
presence of ROS in a positive feedback loop, resulting in the generation of more inflammatory cytokines, leading to intramyocardial
inflammation, cardiomyocyte apoptosis, and myocardial fibrosis. GBE attenuated diabetic myocardial injury via blocking ERS. ROS:
reactive oxygen species.
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as owing to its direct radical scavenging activity and ability to
inhibit the opening of the mPTP channel [32]. Although it
was not possible to establish whether GBE directly attenuated
ERS or acted via modulation of inflammation, it was definite
that GBE blocked the positive loop of ERS and inflammation
via attenuation of ERS (Figure 9).

In the present study, we observed that GBE at 200 and
400mg/kg/day decreased plasma glucose levels at the end of
the study period. GBE at 200mg/kg/day decreased the serum
glucose level before the mice were sacrificed; additionally,
GBE at 400mg/kg/day could decrease the serum glucose
levels; however, it did not reach statistical significance. Cheng
et al. [9] showed that GBE restored the activities of antioxi-
dant enzymes, including superoxide dismutase (SOD), cata-
lase (CAT), and glutathione peroxidase (GSH-Px) in the
liver and pancreas of STZ-induced diabetic rats. Other stud-
ies showed that GBE could alleviate STZ-induced pancreatic
damage in mice via inhibition of pancreatic inflammation
and expression of proinflammatory cytokines, such as IL-
1β, TNF-α, and IL-6 [10, 33]. The decrease in the serum
levels of IL-6, IL-1β, and TNF-α by GBE treatment in our
study suggested that the hypoglycemic effects were partly
attributable to the inhibition of inflammation.

In the present study, STZ-induced diabetic ApoE−/−mice
displayed severe hyperlipidemia, characterized by elevated
serum LDL-c, TC, and TG levels, which were reversed by
GBE administration, suggesting that GBE could lower lipid
levels in diabetic settings. Zhang et al. [34] reported that
GBE exhibited multidirectional lipid-lowering effects in rats,
including reduction of cholesterol absorption, inactivation of
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-COA), and
favorable regulation of the profiles of essential polyunsatu-
rated fatty acids. Yao et al. [35] showed that GBE at doses
of 48 and 96mg/kg/day normalized ethanol-induced
dysregulation of the lipid profiles in rats. According to
the study conducted by Cheng et al. [9], the lipid-
lowering effects were probably attributed to the improve-
ment of insulin resistance.

In conclusion, GBE attenuated diabetic myocardial inju-
ries, including cardiomyocyte apoptosis, interstitial fibrosis,
and intramyocardial inflammation in ApoE−/− diabetic mice
by inhibiting ERS. Interestingly, in the present study, the
cardioprotective effects of GBE in diabetic conditions were
not dose-dependent, which might be because at doses of
200–400mg/kg/day, the anti-inflammatory and antiapopto-
tic efficacy of GBE reached a plateau.
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Obesity is characterized by excess body fat accumulation due to an increase in the size and number of differentiated mature
adipocytes. Adipocyte differentiation is regulated by genetic and environmental factors, and its inhibition could represent a
strategy for obesity prevention and treatment. The current study was designed with two aims: (i) to evaluate the changes
in the expression of adipogenic markers (C/EBPα, PPARγ variant 1 and variant 2, and GLUT4) in 3T3-L1 murine
preadipocytes at four stages of the differentiation process and (ii) to compare the effectiveness of sulforaphane, genistein,
and docosahexaenoic acid in reducing lipid accumulation and modulating C/EBPα, PPARγ1, PPARγ2, and GLUT4 mRNA
expression in mature adipocytes. All bioactive compounds were shown to suppress adipocyte differentiation, although with
different effectiveness. These results set the stage for further studies considering natural food constituents as important
agents in preventing or treating obesity.

1. Introduction

Obesity is the main dysfunction of adipose tissue and is
associated with premature death and the development of
chronic diseases such as cardiovascular diseases (CVD), type
2 diabetes, hypertension, and certain cancers [1]. In particu-
lar, a chronic inflammation in the absence of overt infection
or autoimmune process is a puzzling phenomenon linked to
obesity [2].

Environment, lifestyle, and genetic susceptibility cer-
tainly contribute to the increased risk of obesity, one of the
easiest to be recognized and the most difficult to treat medical
conditions [3]. Antiobesity drugs lack physiology specificity
and have side effects [4].

Obesity is characterized by an excess accumulation of
white adipose mass, resulting from both the increase in
adipocyte cell size and the development of mature cells
from undifferentiated precursors. Particularly, de novo

generation of fat cells plays a key role in the development
of obesity.

Discovering compounds able to regulate the size, num-
ber, and function of adipocytes and understanding their
mechanisms of action could greatly contribute to obesity
prevention and treatment. In this light, natural compounds
represent a potential novel strategy, already exploited for pre-
venting other metabolic disorders [5]. Bioactive compounds
have been shown to exert specific effects on the biochemical
and metabolic functions of adipocytes [6–8], in particular
inhibition of preadipocyte differentiation, lipolysis stimula-
tion, and induction of apoptosis of existing adipocytes [9],
therefore contributing to a possible decrease in adipose tissue
mass [10].

The aim of the current study was to compare the antiadi-
pogenic effect of three bioactive compounds, namely, docosa-
hexaenoic acid (DHA), genistein (GEN), and sulforaphane
(SFN). DHA (C22:6 n-3) is an n-3 polyunsaturated fatty acid
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(PUFA) abundant in fatty fish. It is considered effective in the
prevention of many chronic diseases, mainly CVD [11]. GEN
(4,5,7-trihydroxyisoflavone), the most abundant isoflavone
found in soybeans, has received particular attention for its
structural similarity to estrogen and its high affinity to the
estrogen receptor. It is a well-known antioxidant, chemopre-
ventive, and anti-inflammatory agent [12, 13]. SFN, an
isothiocyanate compound, is a constituent of cruciferous
vegetables such as broccoli sprouts, Brussels sprouts, and
cabbage. SFN is known to have antioxidant, immunomodu-
latory, anticancer, and antidiabetic properties [14, 15].

In some previous earlier studies [16–19], all tested bioac-
tive compounds have been shown to be antiadipogenic in the
3T3-L1 cell line. Notwithstanding, to our knowledge, their
effectiveness has never been compared in the same experi-
mental conditions. Although in vitro studies always need
confirmation in vivo, the selection of the most active bioac-
tive could be useful to formulate functional foods contribut-
ing to the development of new strategies to prevent obesity.

3T3-L1 cells constitute the most frequently used preadi-
pocyte model, sharing many properties with normal adipo-
cytes [20]. Their differentiation into mature adipocytes
involves the exposure of a confluent, quiescent population
of cells to a variety of effectors that activate a complex
cascade of genes [21].

It is well documented that adipogenesis is finely con-
trolled by key transcription factors such as peroxisome
proliferator-activated receptor-γ (PPARγ) and CCAAT-
enhancer-binding protein-α (C/EBPα). PPARγ and C/
EBPα regulate the expression of various genes involved
in lipogenesis, lipolysis, and insulin sensitivity, such as
the one encoding for glucose transporter type 4 (GLUT4)
[22, 23]. In the first part of the study, changes in the
expression of PPARγ, C/EBPα, and GLUT4 genes were
evaluated in the murine 3T3-L1 cell line at various stages
of the differentiation process.

In the second part of the study, preadipocytes were
supplemented during and after differentiation with DHA,
GEN, and SFN, and both lipid accumulation and the mRNA
expression of PPARγ, C/EBPα, and GLUT4 were evaluated
to evidence and compare their potential inhibitory activity
on adipogenesis.

2. Materials and Methods

Dulbecco’s modified Eagle’s medium (DMEM)/F12
GlutaMAX I was purchased from Invitrogen (Darmstadt,
Germany), donor bovine serum (DBS) was from Gibco Life
Technologies (Darmstadt, Germany), fetal bovine serum
(FBS GOLD) was from PAA Laboratories (Pasching,
Austria), and TRIzol Reagent was from Ambion, Life Tech-
nologies (Darmstadt, Germany). All other chemicals were
purchased from Sigma-Aldrich (Schnelldorf, Germany) and
were of the highest analytical grade.

2.1. Cell Culture and Differentiation. 3T3-L1 mouse preadi-
pocytes were obtained from the American Type Culture
Collection (ATCC) and maintained at 37°C in a humidified
atmosphere containing 95% air and 5% CO2; preadipocytes

were subcultured every three days when 80% confluent or
less into a new 175 cm2

flask. Cells were cultured in
DMEM/F12 GlutaMAX I with the addition of D-glucose
(3151mg/L f.c.) (GM) containing 10% DBS and 1% peni-
cillin/streptomycin (PS). Cells were seeded in 12-well
plates or a 25 cm2

flask at a concentration of 50,000
cells/mL. Three days after seeding, cells were stimulated to
differentiate with GM supplemented with 10% FBS, 1% PS,
insulin (10μg/mL), dexamethasone (1μM), isobutylmethyl-
xanthine (0.2mM), and rosiglitazone (10μM) (differentia-
tion medium). After further 3 days (differentiation), cells
were maintained in GMwith FBS, PS, and insulin (postdiffer-
entiation medium) for another 5 days (postdifferentiation)
when approximately 90% of the cells displayed the character-
istic lipid-filled adipocyte phenotype.

2.2. Bioactive Supplementation. DHA, GEN, and SFN were
added to the differentiation and postdifferentiation medium
at three different final concentrations (10, 25, or 50μM).
The SRB assay was performed in preliminary experiments,
evidencing no cytotoxicity for any of the tested concentra-
tions of each bioactive.

The treatment with bioactives began three days after
seeding and lasted until the end of postdifferentiation (eleven
days from seeding). All bioactive compounds were purchased
from Sigma-Aldrich (Schnelldorf, Germany). Each com-
pound was dissolved in dimethyl sulfoxide (DMSO). Unsup-
plemented control cells (CTR) received a corresponding
amount of DMSO (<0.5% final concentration). The medium
was changed every two days during postdifferentiation.

2.3. Lipid Staining. The effect of the bioactive compounds
on adipogenesis was evaluated morphologically by staining
accumulated lipids with Oil Red O [24] as previously
described [25]. Briefly, cells were fixed with 4% formalin
solution in phosphate-buffered saline (PBS) for two hours,
washed with water, rinsed with isopropanol 60%, and
stained with Oil Red O for 30 minutes at room tempera-
ture. After washing with distilled water for 3 times, the
lipid droplets were quantified by dissolving Oil Red O in
isopropanol 100% and measuring the optical density at
500 nm.

The lowest bioactive concentrations able to influence
lipid accumulation (10μM GEN, 10μM SFN, 25μM DHA)
were then used in gene expression experiments.

2.4. Gene Expression Analysis. Unsupplemented, control
cells were collected at four different steps of the differenti-
ation protocol: one day after seeding (T1); three days after
seeding (postconfluent cells), before the beginning of
differentiation (T2); six days after seeding (end of the
differentiation), before the addition of the postdifferentia-
tion medium (T3); and eleven days after seeding, at the
end of postdifferentiation (T4). Cells were collected at
the different time points, and total RNA was extracted as
described below.

In experiments evaluating bioactives’ effect, 10μM GEN,
10μM SFN, or 25μM DHA was added to the differentiation
and postdifferentiation media as described above. At the end
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of the postdifferentiation period (T4), cells were collected,
and total RNA was extracted with TRIzol Reagent following
the manufacturer’s protocol. Contaminating DNA was elim-
inated by DNase treatment (DNA-free Kit from Ambion,
Life Technologies, Darmstadt, Germany). RNA quantity
and quality, respectively, were assessed by spectrophotomet-
ric analyses at 260/230 nm using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA) and by the microfluidics-based Bioanalyzer plat-
form with an RNA Nano 6000 Chip (Agilent Technology,
Waldbronn, Germany).

cDNA was synthesized from 0.5μg or 1μg of DNase-
treated total RNA using SuperScript II reverse transcriptase
(Invitrogen, Darmstadt, Germany) according to the manu-
facturer’s instructions. Quantitative real-time PCR (qPCR)
was performed using the Universal ProbeLibrary system
(Roche, Mannheim, Germany) on a Roche LightCycler
480 real-time PCR system (Roche, Mannheim, Germany).
The cycling program for analysis was 15min at 95°C
followed by 45 cycles of 10 s at 95°C, 20 s at 55°C, and
10 s at 72°C with the primer pairs and the respective monoco-
lor hydrolysis probes indicated in Table 1. The expression
levels of target mRNAs were normalized to three reference
genes: β-actin (ACTB), hypoxanthine phosphoribosyltrans-
ferase 1 (HPRT1), and TATA-box-binding protein (TBP).

2.5. Statistical Analysis. Gene expression data were analyzed
using DataAssist software version 3.01 (Applied Biosystems,
Foster City, CA, USA) and expressed as the mean fold change
in relative expression compared with the untreated control
cells, which were normalized to one. Average fold change
and standard deviation (SD) were obtained from three
biological replicate samples per condition.

All data were analyzed by one-way ANOVA, followed by
Dunnett’s or Tukey’s tests. Statistical analysis of the data was
performed using the GraphPad Prism 5 software (San Diego,
CA, USA).

3. Results

3.1. Characterization of Preadipocyte Differentiation. Dur-
ing differentiation (T1–T4), preadipocytes acquired the
characteristics of mature adipocytes. At three days after

seeding (T2), nondifferentiated cells showed typical fibro-
blastoid morphology, while at the end of the differentia-
tion process (T4), cells had abundant intracytoplasmic
lipid accumulation, showing typical white adipocyte mor-
phology (Figure 1).

To characterize the differentiation process, PPARγ1,
PPARγ2, C/EBPα, and GLUT4 gene expression was evalu-
ated at four different stages of adipocyte differentiation:
one day after seeding (T1), three days after seeding (T2),
at the end of the differentiation (T3), and at the end of
postdifferentiation (T4).

The expression of selected genes was very low and similar
at T1 and T2, while it significantly increased at T3. For all
analyzed genes, a prominent increase in mRNA levels was
observed in mature adipocytes (T4) (Figure 2).

3.2. Effects of Bioactive Compound Supplementation. The
antiadipogenic potential of DHA, GEN, and SFN was first
investigated evaluating their influence on lipid accumula-
tion. Preadipocytes were supplemented with different con-
centrations (10, 25, and 50μM) of the test compounds
during the differentiation and postdifferentiation periods,
as described above, and lipid accumulation was detected
by Oil Red O staining. All bioactive compounds markedly
reduced lipid droplet formation compared to controls.
GEN and SFN were effective at the lowest concentration
used for supplementation (10μM), while a higher DHA
concentration (25μM) was required to reduce lipid accu-
mulation (Figure 3).

The lowest bioactive concentrations causing a significant
decrease in lipid accumulation were used to verify the modi-
fication in the mRNA levels of the adipogenesis marker genes
after differentiation.

At T4, all bioactive compounds significantly reduced
the transcript levels of PPARγ1, PPARγ2, C/EBPα, and
GLUT4. The effect of GEN and SFN on PPARγ and
GLUT4 expression appeared stronger than the DHA effect
did (Figure 4).

4. Discussion

Adipose tissue has an important function in the energy bal-
ance by regulating lipid metabolism, glucose homeostasis,

Table 1: Primer sequences used in qPCR.

Gene Forward primer Reverse primer Probe number

Target genes

PPARγ1 GAAAGACAACGGACAAATCACC GGGGGTGATATGTTTGAACTTG 7

PPARγ2 TGCTGTTATGGGTGAAACTCTG CTGTGTCAACCATGGTAATTTCTT 2

C/EBPα AAACAACGCAACGTGGAGA GCGGTCATTGTCACTGGTC 67

GLUT4 GACGGACACTCCATCTGTTG GCCACGATGGAGACATAGC 5

Reference genes

ACTB GTGGGAGAGCAAGGAAGAGA CACTCTTGGCCCAGTCTACG 56

HPRT1 TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC 95

TBP CGGTCGCGTCATTTTCTC GGGTTATCTTCACACACCATGA 107
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and adipokine secretion. Thus, its dysfunction is critical in
developing metabolic diseases [26]. Indeed, the incidence of
metabolic syndrome, a combination of cardiometabolic risk
determinants, is increasing worldwide largely as a conse-
quence of the continued obesity epidemic [27].

In general, obesity is related to the extent of adipocyte
differentiation, intracellular lipid accumulation, and lipoly-
sis [17]. The process of adipocyte differentiation requires

the activation of numerous transcription factors which
are in charge of the coordinated induction and silencing
of more than 2000 genes [28]. Several transcriptional reg-
ulators, including C/EBP and PPARγ, play a pivotal role
in this process.

The master regulator PPARγ is both necessary and suffi-
cient for adipogenesis [29, 30]. PPARγ has two isoforms, the
ubiquitary PPARγ1 and the adipose tissue-specific PPARγ2.

T1 T2 T3 T4
0.0

0.5

1.0

1.5

A

B
C C

Fo
ld

 ch
an

ge

(a)

T1 T2 T3 T4
0.0

0.5

1.0

1.5

A

BC C

Fo
ld

 ch
an

ge

(b)

T1 T2 T3 T4
0.0

0.5

1.0

1.5

A

C
C

BFo
ld

 ch
an

ge

(c)

T1 T2 T3 T4
0.0

0.5

1.0

1.5

A

BC C

Fo
ld

 ch
an

ge

(d)

Figure 2: (a) PPARγ1, (b) PPARγ2, (c) C/EBPα, and (d) GLUT4 mRNA expression at 4 different stages of adipocyte differentiation. T1: one
day after seeding; T2: three days after seeding, before the beginning of differentiation; T3: at the end of the differentiation, before the addition
of the postdifferentiation medium; T4: at the end of postdifferentiation (mature adipocytes). Data are expressed as the mean fold change
relative to the mature cells (T4), normalized to one. Statistical analysis was by one-way ANOVA (p < 0 001 for all panels) followed by
Tukey’s HSD test. The expression is significantly different between groups marked with different letters (at least p < 0 05).

(a) (b) (c)

Figure 1: Morphological changes among (a) preadipocytes three days after seeding (T2), (b) adipocytes at the end of the differentiation (T3),
and (c) adipocytes at the end of postdifferentiation (T4). Images showing different cell morphologies were captured at the different steps using
a Leica DM IL microscope (Wetzlar, Germany), with 10x magnification.
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Both isoforms are strongly induced during preadipocyte dif-
ferentiation [25], and our data confirm that PPARγ1 induc-
tion foreruns PPARγ2 induction [31].

C/EBPβ and C/EBPδ are overexpressed in the earlier
phases of differentiation and have been shown to play a role
in PPARγ induction [30]. C/EBPα is involved in the

maintenance of the terminally differentiated adipocyte phe-
notypes [28, 32, 33]. In agreement, we observed a lower C/
EBPα expression at T1 and T2 than at T3 and T4.

In adipocytes, C/EBPα regulates the expression of the
gene encoding for GLUT4, the major insulin-responsive glu-
cose transporter in adipose tissue as well as in skeletal and
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Figure 3: Lipid accumulation in supplemented and control cells. Data are expressed as a percentage relative to unsupplemented control cells
(CTR), assigned as 100%. Statistical analysis was performed by one-way ANOVA (p < 0 001) followed by Dunnett’s test: ∗∗∗p < 0 001 versus
CTR. ND: nondifferentiated cells, before the beginning of the differentiation process.

CTR DHA GEN SFN
0.0

0.5

1.0

1.5

A

B

C C

Fo
ld

 ch
an

ge

(a)

CTR DHA GEN SFN
0.0

0.5

1.0

1.5

A

B
D C

Fo
ld

 ch
an

ge

(b)

CTR DHA GEN SFN
0.0

0.5

1.0

1.5

A

B
B B

Fo
ld

 ch
an

ge

(c)

CTR DHA GEN SFN
0.0

0.5

1.0

1.5

A

B C C

Fo
ld

 ch
an

ge

(d)

Figure 4: Modulatory effect of GEN, SFN, and DHA on (a) PPARγ1, (b) PPARγ2, (c) C/EBPα, and (d) GLUT4 mRNA expression. Data are
expressed as the mean fold change relative to the unsupplemented control cells (CTR) at T4, normalized to one. Statistical analysis was by
one-way ANOVA (p < 0 001 for all panels) followed by Tukey’s HSD test. The expression is significantly different between groups marked
with different letters (at least p < 0 05).
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cardiac muscles [34]. Accordingly, in the present study,
GLUT4 expression paralleled C/EBPα expression.

Overall, our results confirm that differentiation of 3T3-
L1 cells includes distinguishable multiple stages [35, 36].

Our results evidence that all tested bioactives efficiently
block adipocyte differentiation. At T4, the expression of all
the tested genes was significantly lower in supplemented cells
than in unsupplemented ones and comparable to the expres-
sion level observed in unsupplemented cells at the first stages
of differentiation.

The antiadipogenic effect of DHA, GEN, and SFN has
been already reported in previous earlier studies [16–19].
Our study is not simply a confirmation that the tested bioac-
tives act mainly through modification of the adipocyte life
cycle [8], but mainly a representation of the first study
comparing the effectiveness of DHA, GEN, and SFN in
the same experimental conditions. Although GEN and SFN
appeared effective at lower concentrations than DHA did, it
is worth noting that in vivo the latter is absorbed and
delivered to peripheral cells in its parent form. GEN and
SFN are extensively metabolized, and they are detectable
at very low concentrations in the bloodstream [37–39].
On the contrary, the DHA concentration used in this
study for cell supplementation is easily reachable in vivo
in the human plasma [40–42].

5. Conclusions

Our results represent an additional step in the evaluation
of the antiadipogenic effects of three natural bioactive
molecules, DHA, GEN, and SFN. Although in vitro all
tested bioactive compounds appeared to be putative con-
tributors to the prevention and treatment of obesity, their
in vivo metabolism suggests that mainly DHA could
potentially be used for the formulation of new functional
food products devoted to a new dietetic natural strategy
for overweight counteraction.

Further investigations are needed to verify whether the
antiadipogenic properties evidenced in vitro do translate into
in vivo efficacy in humans and to sort out the pathway(s)
responsible for the beneficial effects. Moreover, the
compounds here considered have been studied as discrete
molecules and not as part of a food, ignoring both the matrix
effect and the eventual synergistic or enhanced activities
between the selected compounds and other food components
or other bioactive molecules [43]. This issue also deserves
future attention.
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Studying the biotransformation of natural products by intestinal microflora is an important approach to understanding how and
why some medicines—particularly natural medicines—work. In many cases, the active components are generated by metabolic
activation. This is critical for drug research and development. As a means to explore the therapeutic mechanism of Dioscorea
nipponica (DN), a medicinal plant used to treat myocardial ischemia (MI), metabolites generated by intestinal microflora from
DN were identified, and the cardioprotective efficacy of these metabolites was evaluated. Our results demonstrate that diosgenin
is the main metabolite produced by rat intestinal microflora from DN. Further, our results show that diosgenin protects the
myocardium against ischemic insult through increasing enzymatic and nonenzymatic antioxidant levels in vivo and by
decreasing oxidative stress damage. These mechanisms explain the clinical efficacy of DN as an anti-MI drug.

1. Introduction

Ischemic heart disease (IHD) is a significant threat to human
health, leading to high morbidity and mortality in the
Western world, even in China. It is estimated by the World
Health Organization that IHD will be the leading cause of
death in the world in the coming decades [1]. Recently, there
has been a growing interest in establishing the therapeutic
potentials of medicinal plants against IHD. For instance, total
peony glycosides from Radix Paeoniae rubrae and cinnamic
acid and cinnamic aldehyde from Cinnamomum cassia have
been evaluated for their protective effect against isoprena-
line- (ISO-) induced myocardial ischemia in rats [2, 3]. In
particular, it is noteworthy that bioactive steroidal saponins
from the medicinal plant Dioscorea nipponica (DN) have
been successfully developed as effective herbal medicines by

the pharmaceutical industry for treating IHD. These herbal
medicines developed from DN have been in use since the
1970s; they include “Polysponin” approved by the former
Soviet Union’s Ministry of Health, and Diosconin Tablet
and Di’ao Xinxuekang Capsule produced in China and indi-
cated for myocardial ischemia or angina pectoris.

In the previous study, authors of the present report estab-
lished a mixed microscopic method for differentiating DN
from several Dioscorea species in order to ensure the authen-
tic origin of DN during herb collection [4] and later demon-
strated that major constituents of DN include Dioscorea
saponins but contained no free diosgenin [5, 6] and that
DN mediates a cardioprotective effect [7]. These findings
notwithstanding, the active components and therapeutic
mechanism of DN have not been fully characterized. The
constituents in DN in their native forms as expressed by
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plant tissues may be prodrugs; the metabolites, of which,
mediate therapeutic effects. Thus, further research is to
better characterize their bioactive properties. Such work
is anticipated to yield improved insight into clinical use
of DN. Our recent research further showed that diosgenin,
as a main metabolite from DN, was found and quantified
in the plasma from the experimental rat group orally
receiving DN [8]. Thus, we hypothesized that diosgenin
is a bioactive metabolite related to the antimyocardial
ischemia (MI) activity of DN. Diosgenin exerts diverse
bioactivities, but most of its pharmacological actions are
related to the management of cardiovascular disorders,
such as lowering plasma total cholesterol and antithrom-
botic activity [9]. It is reported that Dioscorea bulbifera
extract, which is similar to the DN extract that both are rich
in diosgenin, improves vascular function by superoxide dis-
mutase (SOD) and catalase (CAT) activity. Thus, it is worth-
while further exploring the anti-MI activity of diosgenin [10].

Recently, identification of metabolites involved in the
biotransformation of phytochemicals by intestinal microflora
has been suggested as a potentially effective means to deter-
mine which compounds are active in living systems and to
gain a better understanding of how herbs affect biological
processes [11, 12]. To verify our hypothesis, this follow-up
study aimed, first, to determine if diosgenin was in fact a
metabolite of DN through organ-specific biotransformation
by intestinal microflora and, second, to validate the cardi-
oprotective effects of the screened diosgenin using an
ISO-induced myocardial ischemia model in rats. The
findings of the present study provide a basis for under-
standing the metabolism of DN, including the identity
and mode of action of its active components. The present
research supports the use of DN and diosgenin in the clinical
management of IHD.

2. Materials and Methods

2.1. Chemicals and Reagents. General anaerobic medium
broth (GAM broth), vitamin K1, and hematin chloride were
purchased from Shanghai Kayon Biological Technology Co.
Ltd. (Shanghai, China). Analytical grade ethanol purchased
from the Merck (Darmstadt, Germany) was used for the
extraction of DN samples. Water was purified using a
Milli-Q water system (Millipore; Bedford, MA, USA). Ace-
tonitrile (RCI Lab-Scan, Bangkok, Thailand) and methanol
(RCI Lab-Scan, Bangkok, Thailand) were used as the
mobile phase for analysis. Formic acid (Sigma-Aldrich, USA)
was added to the mobile phase for analysis. Isoprenaline was
purchased from Sigma (St. Louis, USA). Test kits for SOD,
CAT, GPx, T-AOC, and MDA were all purchased from
Nanjing Jiancheng Biotechnology Institute (Nanjing, China).
Other reagents were of analytical purity.

Standards (purity 98%) of protodioscin, dioscin, gracillin,
diosgenin, protogracillin, and polyphyllin V were purchased
from Phytomarker Ltd., Tianjin. Pseudoprotodioscin was
provided by National Institute for Food and Drug Control
(Beijing, China). The chemical structures of standards are
shown in Figure 1.

2.2. Preparation of DN Extract. The rhizomes of DN were
collected from the cultivation base in the city of Lingbao
in Henan Province, China. All crude drugs were of high
quality and authenticated by Dr. Tao Yi, School of Chinese
Medicine, Hong Kong Baptist University. Corresponding
voucher specimens (number DN-01) were deposited in the
Chinese Medicines Center, Hong Kong Baptist University.

The DN samples were dried at 60°C and then pulverized
into powder. The powder of DN (200 g) was extracted in an
ultrasonic bath with 1000mL 80% ethanol at room tempera-
ture for 1 h. The operation was repeated twice. The combined
extracts were evaporated to remove ethanol at reduced pres-
sure in a rotary evaporator (50°C) and then were lyophilized
with a freeze-drying system. DN extract (26.1 g, yield 13.05%,
w/w) was thus obtained. The DN extract of 0.1 g was diluted
in 10mL sterile water, filtered through a 0.22μm pore-sized
filter (Millipore, type GV). The filtrate was collected in a ster-
ile tube. These tubes were used as in vitro biotransformation
vessels. The dried extracts and diosgenin were suspended in
1% (w/v) aqueous carboxyl methylcellulose for administra-
tion to animals.

2.3. Preparation of Rat Fecal Samples. Fresh rat feces were
immediately collected from ten healthy male Sprague Dawley
rats (220–250 g). Samples were collected and mixed, on site,
on the day of the experiment and were used immediately.
Fecal slurries were prepared by mixing fresh feces samples
with autoclaved PBS (0.1M, pH7.2) to yield 10% (w/v)
suspensions. The fecal suspensions were filtered through
two layers of gauze. The filtered suspensions were then used
to inoculate the in vitro biotransformation vessels.

2.4. In Vitro Biotransformation of DN Extract by Rat
Intestinal Microflora. A 30 g GAM broth was dissolved in
1000mL water (70°C), filtered, while hot, treated with
antibacteria process with high pressure (0.15MPa) and
temperature (121°C) for 20min, and cooled to 45°C. The
GAM broth solution was then transferred to an anaerobic
chamber (37°C, anaerobic condition), and 1mg vitamin K1
and 6mg hematin chloride were dissolved in the solution.
Then biotransformation vessels were sterilized and filled
with 30mL of GAM broth solution.

Vessels were inoculated with 3mL of fecal suspension
(10%, w/v), and then 1mL of DN extract was added. In vitro
biotransformation was run under anaerobic conditions for
a period of 48 h. Two different control experiments were
conducted: (i) incubations of the intestinal microflora in
medium lacking the DN extract to monitor metabolites
arising from basal metabolism and (ii) incubations of the
DN extract in medium without intestinal microflora to
monitor changes due to the purely chemical transforma-
tion of precursor compounds of the substrate.

The biotransformation mixtures were then prepared
according to the method described in the literature [10].
Briefly, the biotransformation mixtures were extracted with
50mL ethyl acetate three times. The remaining residues were
reextracted three times with 50mL water-saturated n-
butanol. The combined n-butanol layers were washed with
water three times. Then, the ethyl acetate and n-butanol
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layers were mixed until homogeneous, concentrated under
vacuum, and then diluted to the desired volume with
methanol. All solutions were centrifuged at 13,000×g for
10min before being injected for ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) analysis.

2.5. UPLC-MS Analysis. An Agilent 1290 series UPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with
a binary pump, an autosampler, and a thermostatically con-
trolled column compartment was used for the chromato-
graphic analysis. A Waters ACQUITY™ BEH C18 column
(100× 2.1mm, 1.7μm;Milford, MA, USA) was used for sam-
ple separation at 40°C. The mobile phase consisted of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile
(B) using a gradient program of 0–2min, 20% B; 2–12min,
20–28% B; 12–20min, 28–45% B; 20–35min, 45–48% B;
and 35–46min, 48–75% B. The sample volume injected was
2μL, and the solvent flow rate was set at 0.4mL/min. For
mass spectrometric determination, the UPLC system was
hyphenated with an ultrahigh definition accurate mass
quadrupole time-of-flight mass spectrometry (MS) system
(Agilent Technologies G6540A) by a multimode ionization
source (G1978-65339) interface. The conditions of MS
analysis were optimized as follows: drying gas (N2) flow rate,
8.0 L/min; drying gas temperature, 300°C; nebulizer, 45 psi;
capillary, 2500V; and fragmentor voltage, 150V. Mass
spectra were recorded across the rangem/z 100–1700 in both

positive and negative modes. All operations and data analysis
were controlled by Agilent MassHunter Workstation soft-
ware version B.04.00.

2.6. Animals and Acute Myocardial Ischemia Induced by ISO.
Male Sprague Dawley rats weighing 150–200 g were pur-
chased from the Laboratory Animal Services Center, the
Chinese University of Hong Kong, Hong Kong. All ani-
mals were housed at a room temperature of 23± 1°C with
a 12 h light/dark cycle. A standard rodent diet and water
were provided ad libitum. All experimental protocols were
approved by the Committee on the Use of Human & Animal
Subjects in Teaching and Research of Hong Kong Baptist
University, in accordance with the Animal Ordinance
(Department of Health, Hong Kong).

A total of 42 rats were randomly divided into 7 groups: (1)
normal control (0.5% w/v aqueous CMC-Na, i.g.); (2) model
group (ISO injection only); (3) positive group (propranolol,
10mg/kg i.g. for 3 days after ISO injection); (4–6) diosgenin
treatment groups. For the diosgenin groups, diosgenin was
administered at rates of 20, 40, or 80mg/kg for 3 days
after ISO injection. Dosage was determined from our
previous study [7]; (7) DN treatment group was adminis-
tered with DN extract at 500mg/kg for 3 days after ISO
injection. Diosgenin, DN extract, and propranolol were
administered once daily except on the days on which
ISO injection was given.
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Figure 1: Chemical structures of constituents identified in Dioscorea nipponica.
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Animals were injected with ISO (1mg/kg, s.c.) to induce
experimental MI twice at an interval of 8 hours on the first
day. On the last day of experiment (4th day), the animals
were sacrificed. After the rats were anesthetized with diethyl
ether, then the blood samples were collected from the femo-
ral arteries of rats. Serum was saved at −80°C following
centrifugation at 4°C at 4000 rpm for 20min.

2.7. Histological Examination of Myocardium. Immediately
after the sacrifice of the rats, the hearts were removed, washed
with iced normal saline, fixed in 10% formalin, and decalci-
fied with formic acid (31.5% formic acid and 13% sodium
citrate). The hearts were embedded in paraffin for sectioning
by standard histological methods [13]. Sections (4μm, Leica
RM2125, Germany) from the left ventricle were stained with
hematoxylin and eosin (H&E) and examined by light micros-
copy (Leica DMR, Germany) at 200x magnification.

2.8. Assays for Biological Activities and Statistical Analysis.
Activities of SOD, GPx, CAT, T-AOC, and MDA were mea-
sured using kits according to the manufacturers’ instructions.
Values obtained from the experiments were expressed as the
means± standard deviation (SD). The statistical significance
of the differences was assessed by ANOVA followed by post
hoc test with LSD method [14, 15]. P values less than 0.05
were considered statistically significant.

3. Results and Discussion

3.1. Choice of Ion Source. Electrospray ionization (ESI) is a
soft ionization technique. It is especially useful in produc-
ing ions from macromolecules because it overcomes the
propensity of these molecules to fragment when ionized.
Atmospheric pressure chemical ionization (APCI) is an
ionization method used in mass spectrometry which uti-
lizes gas-phase ion-molecule reactions at atmospheric
pressure. ESI is today the most widely used ionization
technique in chemical and biochemical analyses [16, 17].
However, some analytes (e.g., Dioscorea saponin agly-
cones), for structural and polar reasons, cannot produce
enough strong ions with ESI; in these cases, APCI can
be used to increase the ion yield. Therefore, in our previ-
ous study, ESI and APCI were used to detect saponin gly-
cosides and saponin aglycones, respectively [6]. Due to the
need to use different ion sources, each sample had to be
analyzed twice, and analysis time was twice as long.

To solve this problem and save time, an ESI/APCI multi-
mode ionization source was used for LC-MS analysis in the
present study. The ESI/APCI multimode source is unique
in that it incorporates both ESI and APCI into a single ion
source, and it can simultaneously generate ions by ESI and
APCI. The main advantages of the multimode source include
eliminating the time required to switch ion sources on an
instrument and eliminating the need to run samples twice
to improve lab productivity [18]. Compared to the previous
study, saponin glycosides and saponin aglycones both were
ionized and identified in a single run with the help of multi-
mode ionization source. As a result, we find a newly gener-
ated peak 8, which corresponds to diosgenin, from the

chromatogram of the DN extract incubated with rat intesti-
nal microflora (Figure 2(d)).

3.2. Detection of Diosgenin as aMetabolite of DN Extract. The
effect of intestinal microflora on drug metabolism has
received increasing attention in recent years. Anaerobic
bacteria present in the small intestines are quite diverse in
species, and different species produce enzymes which are
different in functions; it is these enzymes that are also
responsible for drug biotransformation in organisms. Incu-
bation of test drugs, particularly phytochemicals, with fresh
fecal specimen is a commonmeans for investigating this kind
of biotransformation [11, 12].

In the present study, DN extract was tested by this
method; the resulting metabolic profile is shown in
Figure 2(d). Based on the comparison of samples with
standard compounds, seven peaks were unambiguously
identified as protodioscin (1), protogracillin (2), pseudopro-
todioscin (3), dioscin (5), gracillin (6), polyphyllin V (7),
and diosgenin (8) and peak 4 was tentatively identified as
pseudoprotogracillin (4) by comparing their m/z values and
MS spectra with the data in the literature [8]. Compared with
the identified peaks in Figure 2(a), the new generated peak 8
in Figure 2(d) was attributed to diosgenin. This finding
confirmed our hypothesis that intestinal bacteria produce
diosgenin from DN extract [8].

3.3. Effects of Diosgenin on Myocardial Histology. Light
microscopy of heart tissue sections from normal control
rat myocardium showed obvious integrity of myocardial
membrane, a normal myofibrillar structure with striations,
a branched appearance, and continuity with adjacent myo-
fibrils (Figure 3(a)). Tissue from the rat-given-ISO group
revealed loss of transverse striations, marked myocardial
cell swelling, large numbers of infiltrating inflammatory
cells, and cardiac necrosis (Figure 3(b)). Tissue sections
from the rat-given-propranolol-POS group presented
approximately normal myofibrillar structure with clear
striations and presence of a few inflammatory cells
(Figure 3(c)). Low dosage of diosgenin-treated groups
showed diminished myocardial cell swelling, unclear trans-
verse striations, and reduced inflammatory cell infiltration
compared to the ISO group (Figure 3(d)). Tissues from
medium dosage of diosgenin-treated groups revealed less
severe histological damage, such as normal myocardial
arrangement, clear transverse striations, and few invasive
inflammatory cells (Figure 3(e)). Groups treated with high
dosage of diosgenin and DN extract exhibited normal,
well-preserved cardiac muscle cell histology with no signif-
icant damage (Figures 3(f) and 3(g)). These findings dem-
onstrated that diosgenin and DN extract could protect
myocardial tissues from pathological damage that would
have otherwise occurred from the experimental treatments.

3.4. Effects of Diosgenin on SOD, CAT, GPx, T-AOC, and
MDA Serum Levels. It is widely accepted that isoprenaline
(ISO) injection can readily induce acute MI in rats; it is also
widely accepted that antioxidant activity is one of the key
mechanisms of anti-MI efficacy [2, 3, 19]. Therefore, it is
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reasonable to use the ISO model to compare the therapeutic
effect of diosgenin with respect to antioxidant activity.

Oxidative stress plays an essential role in the patho-
genesis of MI injury. One cause is reactive oxygen species
(ROS) resulting from mitochondrial dysfunction via the
electron transport chain during MI. The major ROS, such
as hydrogen peroxide (H2O2), superoxide anion (O2

−), and
hydroxyl radicals (OH·), are generated during ischemia and
particularly during reperfusion [19–21]. However, these
potentially deleterious ROS are controlled by external or
exogenous antioxidative defense systems which eliminate
prooxidants and scavenge free radicals. The most well-

known endogenous mitochondrial antioxidant enzyme is
SOD, which dismutates superoxide to H2O2. Other endoge-
nous antioxidant enzymes include catalase and glutathione
peroxidase. Exogenous antioxidants are mainly derived
from food and herbs. Numerous types of bioactive phyto-
chemicals, such as polyphenolics, glycosides, and steroids,
belonging to exogenous antioxidants, have gained attraction
in clinical as well as research areas [22–25]. According to
published reports describing anti-MI activity of herbal
medicine [3, 17, 18], five indices related to the antioxi-
dant activity in the MI model are usually monitored to
evaluate the protective effect against ISO-induced injury

1
3
4

5

6

7 

2

-BPC scan 1.d

1

0.5

0

×102

(a)

-BPC scan 2.d

1

0.5

0

×102

(b)

-BPC scan 3.d

1

0.5

0

×102

(c)

1
3
4

5

6

7
2

8

-BPC scan 4.d

1

0.5

0

×102

Diosgenin

Counts (%) versus acquisition time (min)
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

(d)

Figure 2: Base peak chromatograms (BPC) of Dioscorea nipponica (a), control I using intestinal microflora and medium (b), control II using
D. nipponica extract and medium (c), D. nipponica extract after biotransformed by intestinal microflora and medium (d) by LC–Q-TOF/MS
in negative ion mode (1 protodioscin, 2 protogracillin, 3 pseudoprotodioscin, 4 pseudoprotogracillin, 5 dioscin, 6 gracillin, 7 polyphyllin V,
and 8 diosgenin).
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in cardiomyocytes. These are an indicator of lipid perox-
idation, namely, malondialdehyde (MDA); three enzymatic
antioxidants, namely, total superoxide dismutases (SOD), cat-
alase (CAT), and glutathione peroxidase (GPx); and an indi-
cator of both nonenzymatic and enzymatic antioxidants,
namely, total antioxidant capacity (T-AOC) [26–28]. There-
fore, following the widely accepted international rule, SOD,
CAT, GPx, T-AOC, and MDA were chosen to assess the
anti-MI activity of diosgenin identified in the biotransforma-
tion study described above.

Compared with the normal control group, SOD, CAT,
GPx, and T-AOC levels in the ISO group decreased signifi-
cantly (##P < 0 01), while MDA levels increased significantly
(##P < 0 01) (Figures 4(a), 4(b), 4(c), 4(d), and 4(e)). This
meant that our modeling by ISO injection was successful.

Groups administered with different dosages of diosgenin
and DN extract exhibited varying degrees of antioxidant
activity, as revealed by these five markers (Figures 4(a),
4(b), 4(c), 4(d), and 4(e)). Pathological levels of SOD, CAT,
GPx, T-AOC, andMDA in experimental MI rats were almost
normalized by diosgenin and DN extract treatments
compared with those in the ISO group (∗∗P < 0 01 or
∗P < 0 05), except the SOD, GPx, T-AOC, and MDA serum
levels in the low dosage diosgenin-treatment groups. These

findings suggest that the anti-MI mechanism of diosgenin is
related not only to more varieties of enzymatic antioxidant
but also to nonenzymatic antioxidants.

Diosgenin administered orally at doses of 20, 40, and
80mg/kg showed significant dose-dependent increment of
the SOD, GPx, and T-AOC serum levels and dose-
dependent reduction of the MDA serum levels. The peak
treatment effects of diosgenin (78.9% and 77.3%) were
recorded with the dose of 80mg/kg in the SOD level and
GPx level, which were higher than those of propranolol with
the dose of 10mg/kg (57.9% and 70.5%), compared with
the ISO model group. These results demonstrate that dios-
genin has distinct antioxidant properties in vivo. Given
their known benefits, these antioxidant properties may be
responsible for the therapeutic effects of DN in the treat-
ment of MI.

Reduction in oxidative stress caused by ischemia-
reperfusion injury is clearly an appropriate countermeasure
to the major challenges associated with ischemia. It is worth
noting that the antioxidant is not a panacea. A recent study
reported that administration of 30mg/kg/day β-carotene
could significantly improve heart function of the isolated
ischemic/reperfused (I/R) rat hearts through enhancing
antioxidant capacity. However, increasing β-carotene dosage

(a) (b) (c) (d)

(e) (f ) (g)

Figure 3: Histopathological changes of myocardial tissue (H&E, ×200). (a) Normal control group showing normal myocardial histology,
clear transverse striations, and no inflammatory cell infiltration; (b) ISO group showing swelling of obvious myocardial cells, degeneration,
loss of transverse striations, and large numbers of invasive inflammatory cells; (c) POS group (propranolol, 10mg/kg) showing normal
myocardial arrangement, clear transverse striations, and slight inflammatory cell infiltration; (d) diosgenin (40mg/kg) showing myocardial
cell swelling, degeneration, unclear horizontal striations, and large numbers of inflammatory cells; (e) diosgenin (60mg/kg) showing
diminished myocardial cell swelling, unclear horizontal striations, and reduced inflammatory cell infiltration; (f ) diosgenin (80mg/kg)
showing normal myocardial arrangement, clear transverse striations, and little few inflammatory cells; (g) DN extract (500mg/kg)
showing normal myocardial arrangement, clear transverse striations, and few invasive inflammatory cells.
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did not add any cardiovascular benefits. Moreover, the agent
may mediate and, indeed, may exacerbate existing I/R
pathological mechanisms [29]. Antioxidants play a role
of double-edged sword in the occurrence and development
of diseases.

4. Conclusion

The present study identified the metabolites from DN
through analysis of organ-specific biotransformation and
validated the cardioprotective effects of the screened
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Groups SOD% CAT% GPx% T-AOC% MDA%
ISO — — — — —

POS 57.9 85.6 70.5 88.9 46.7
Diosgenin L 34.2 65.8 36.4 22.2 8.9
Diosgenin M 71.1 38.2 50.0 55.6 33.3
Diosgenin H 78.9 60.7 77.3 66.7 40.0
DN extract

Treatment % =
value treatment group‒value ISO group

value ISO group
× 100%

60.5 81.6 97.7 55.6 26.7

(f)

Figure 4: Effects of diosgenin andDioscorea nipponica extract on acute experimental myocardial ischemia and treatment percentage. (i) (a–e)
SOD, CAT, GPx, T-AOC, and MDA serum levels. (ii) (f) Treatment percentage of assay markers for each treatment group. Normal: normal
control; ISO: model group only injected with isoprenaline; POS: positive control (propranolol, 10mg/kg); Diosgenin L, Diosgenin M, and
Diosgenin H: orally given diosgenin 20, 40, and 80mg/kg of low, medium and high dose, respectively, after ISO injection; DN extract:
orally given Dioscorea nipponica extract (500mg/kg), after ISO injection. Data are expressed as mean± SD (n = 6). ##P < 0 01 versus
normal control; ∗P < 0 05, ∗∗P < 0 01 versus ISO group.
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metabolites using an isoprenaline-induced myocardial ische-
mia rat model. The findings of the present study provide evi-
dence that, first, diosgenin is generated fromDN by intestinal
microflora; second, diosgenin can protect the myocardium
against ischemic insult in a dose-dependent manner, almost
comparable to the effect of DN extract; and, third, DN’s
protective effect can be attributed to the increase of enzy-
matic and nonenzymatic antioxidants (SOD, CAT, GPx,
and T-AOC) in vivo and to a decrease in lipid peroxidation.
These phenomena help explain the clinical efficacy of DN
as an anti-MI drug.
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An increasing number of patients diagnosed with diabetes mellitus eventually develop severe coronary atherosclerosis disease. Both
type 1 and type 2 diabetes mellitus increase the risk of cardiovascular disease associated with atherosclerosis. The cellular and
molecular mechanisms affecting the incidence of diabetic atherosclerosis are still unclear, as are appropriate strategies for the
prevention and treatment of diabetic atherosclerosis. In this review, we discuss progress in the study of herbs as potential
therapeutic agents for diabetic atherosclerosis.

1. Introduction

Cardiovascular diseases (CVDs), including atherosclerosis,
are important complications of diabetes and the leading
causes of mortality in patients with diabetes. Systemic factors
accompanying diabetes, such as dyslipidaemia and hyper-
tension, are thought to affect the development of diabetic
vascular diseases. In addition, insulin resistance and excess
production of advanced glycosylation end products (AGEs)
contribute to disorders of lipid metabolism, oxidative stress,
endothelial dysfunction, monocyte recruitment, foam cell
formation, phenotype changes in vascular smooth muscle
cells (VSMCs), and thrombosis formation [1]. In addition,
diabetes and atherosclerosis exhibit common pathologies,
although the underlying mechanisms are still being explored.

Botanical and natural drugs have a long, documented his-
tory in treating diabetes and vascular diseases. The vascular-
protective properties of herb medicines include their ability
to scavenge free radicals, inhibit apoptosis, and reduce
inflammation and platelet aggregation [2]. Most recently, Li
et al. [3] uncovered the antidiabetes effect of artemisinins,
and the mechanism involves driving the in vivo conversion
of pancreatic cells into functional β-like cells by enhancing
GABA signalling. Furthermore, owing to the multitarget

effects and comprehensive sources of herbal medicines, it
remains of utmost importance to improve our understanding
of their potential use in the treatment of diabetes and diabetic
atherosclerosis despite their reported side effects. Since dia-
betic atherosclerosis is a multifactorial disease, in this review,
we first discuss the cellular and molecular mechanisms for
the pathogenesis of diabetic atherosclerosis and then the
progress in the study of herbs as potential therapeutic agents
for diabetic atherosclerosis.

2. Cell Types Involved in Diabetic
Atherosclerosis

2.1. Myeloid Cells. Diabetes and atherosclerosis are chronic
inflammatory conditions. Myeloid cells (neutrophils, mono-
cytes, and macrophages) are involved in both atherosclerosis
and diabetes. The migration of circulating monocytes into
the vessel wall is critical for the development of diabetic
atherosclerosis. Moreover, intercellular cell adhesion mole-
cule-1(ICAM-1), chemoattractant protein-1(MCP-1), and
macrophage migration inhibitory factor (MIF), which
regulate the adhesion of monocytes, are dysregulated in
hyperglycemia-induced atherosclerosis in animal models.
Increased foam cells derived from macrophages promote
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the acceleration of atherosclerotic lesions in diabetic ApoE−/−

mice [4, 5]. A more inflammatory monocyte/macrophage
phenotype with secretion of higher levels of proinflammatory
cytokines was detected in both animal models and patients
with diabetes mellitus [6]. Increases in long-chain acyl-
COA synthetase 1 (ACSL1), toll-like receptor (TLR) 2, and
TLR4 contribute to the increased inflammatory monocyte/
macrophage phenotype in the context of diabetes [6]. Neu-
trophil infiltration also has a role in diabetic atherosclerosis.
In addition, T-cell function is closely related to atherosclero-
sis in the diabetic environment, and inflammatory mono-
cytes have been shown to activate Th17 cells under diabetic
conditions [7].

2.2. Endothelial Cells. Endothelial dysfunction due to inflam-
mation and oxidative stress is a crucial characteristic in
diabetes mellitus-linked atherosclerosis. Endothelial dys-
function is associated with decreased nitric oxide (NO)
availability, either through loss of NO production or NO bio-
logical activity [8, 9]. The excess generation of free oxygen
radicals leads to apoptosis in endothelial cells [9]. In hyper-
glycemia, chronic inflammation increases vascular perme-
ability, promotes the generation of adhesion molecules and
chemokines, and stimulates accumulation of monocytes in
the artery wall. The interleukin-1 (IL-1) antagonist anakinra
improves endothelial dysfunction in diabetic animals via
attenuation of the proinflammatory enzymes cyclooxygen-
ase(COX) and inducible nitric oxide synthase (iNOS) trig-
gered by diabetes in the vascular wall [10, 11].

2.3. Smooth Muscle Cells. Proliferation and accumulation of
smooth muscle cells are detected in both type 1 and type 2
diabetes mellitus. However, it is still unclear whether
changes in smooth muscle cells are a result of the diabetic
environment directly or are caused by endothelial injury
and macrophage recruitment. According to a report by Chen
et al. [12], various concentrations of glucose (5.6, 11.1, 16.7,
and 22.2mM) increase the proliferation of vascular smooth
muscle cells (VSMCs) in a concentration-dependent manner
after 48 h of incubation. Another study showed that after
initial injury, growth factors and cytokines released by
endothelial cells, inflammatory cells, and platelets promote
changes in VSMC phenotypes, thereby enhancing VSMC
proliferation and migration [13]. Additionally, aortic
smooth muscle cells isolated from NOX−/−ApoE− mice
exhibit a dedifferentiated phenotype, including loss of
contractile gene expression [14].

2.4. Platelets. Accumulating evidence has shown that platelet
hyperreactivity is a crucial cause of diabetic atherosclerosis in
both animal models and diabetic patients. Enhanced platelet
aggregation and synthesis of thromboxane A2 were detected
within days of streptozotocin- (STZ-) dependent induction
of diabetes in a rat model [15]. Platelets from patients with
diabetes have been shown to have decreased sensitivity to
antiaggregation agents, such as prostacyclin (PGI2) and
NO [16]. Glycated low-density lipoprotein- (GlyLDL-) and
hyperinsulinemia-induced impairment of calcium homeosta-
sis, activation of protein kinase C (PKC), increased generation

of reactive oxygen species (ROS), and decreased NO bioactiv-
ity result in hyperactivation of platelets [17]. According to a
report by Wang et al., a significant correlation between
plasma CTRP9 concentrations (a novel adiponectin paralog)
and platelet aggregation amplitude was observed in high-fat
diet-induced diabetic C57BL/6J mice. Enhancing CTRP9
production and/or exogenous supplementation of CTRP9
may protect against diabetic cardiovascular injury via inhibi-
tion of abnormal platelet activity [18].

3. Molecules or Signal Transduction Pathways

3.1. Molecules

3.1.1. AGEs. The detrimental effects of hyperglycemia can be
attributed to the biochemical consequences of intracellular
metabolism associated with excess glucose, including nonen-
zymatic glycation with formation of AGEs [1]. AGEs are het-
erogeneous compounds that interact with the arterial wall
through receptors for AGE (RAGEs). Formation of GlyLDLs
and other AGEs induces uptake of proatherogenic lipids by
cultured aortic SMCs [19] and stimulation of RAGE and
scavenger-receptor expression in macrophages [20]. Schmidt
et al. found that the interactions between AGEs and RAGEs
enhance the adhesion of monocytes to endothelial cells via
stimulating the expression of nuclear factor-κB (NF-κB-)
dependent proinflammatory and prothrombotic molecules
[21]. Consequently, the AGE/RAGE axis contributes to dia-
betic atherosclerosis by attracting monocytes to the vascular
intima, increasing oxidative stress, inducing endothelial dys-
function, and promoting vascular wall remodeling [22, 23].
Menini et al. have shown that d-carnosine-octylester-
(DCO-) attenuated AGE formation is related to its reactive
carbonyl species- (RCS-) quenching activity [24]. Moreover,
they also revealed that DCO treatment attenuated lesion size,
necrotic area, and apoptotic cells in diabetic ApoE-null mice.
These protection effects were more effectively achieved by
early treatment (60mg/kg body weight, from weeks 1 to 11,
DCO early) than by late treatment (60mg/kg body weight,
from weeks 9 to 19, DCO late) [25]. Zhu et al. [26] demon-
strated that immunized diabetic ApoE−/− and low-density
lipoprotein (LDL) receptor knockout (LDLR)−/− mice with
AGE-LDL significantly reduced atherosclerosis, indicating
that vaccination with AGE-LDL may offer a novel
approach for the treatment of atherosclerosis in patients
with diabetes. Inhibition of RAGE using murine-soluble
RAGE (sRAGE) attenuates atherosclerotic lesions in STZ-
induced diabetic ApoE−/− mice and ApoE−/−/db/db mice
[27]. These findings further supported the roles of AGE
and RAGE in the macrovascular complications of diabetes,
and blockade of RAGE may be a potential therapeutic
strategy in diabetic atherosclerosis.

3.1.2. ACSL1. A recent study showed that monocytes and
macrophages expressed increased levels of ACSL1 (an
enzyme that catalyzes the thioesterification of fatty acids) in
both diabetic mouse models and human subjects [6]. ACSL1
is markedly induced by the TLR4 ligand lipopolysaccharide
(LPS) in isolated macrophages, suggesting that ACSL1 may
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be a downstream effector of TLR4 cascade in macrophages
[28]. Myeloid-specific ACSL1 deficiency results in a specific
reduction in 20:4-COA levels and completely prevents the
increased release of prostaglandin E2 (PGE2) and increased
inflammatory phenotype in monocytes and macrophages
from diabetic mice, suggesting that the inflammatory pheno-
type is associated with increased expression of ACSL1. In
addition, increased chemokine (C-C motif) ligand 2 (CCL2)
secretion from macrophages in diabetic mice is completely
prevented by ACSL1 deficiency, supporting that monocyte
recruitment is reduced by ACSL1 deficiency [6]. Kanter
et al. [29] demonstrated that ACSL1 could directly influence
ATP-binding cassette transporter A1 (ABCA1) levels and
cholesterol efflux in mouse macrophages. Mouse macro-
phages deficient in ACSL1 displayed increased ABCA1 levels
and increased apolipoprotein A-I-dependent cholesterol
efflux in the presence of unsaturated fatty acids compared
with those of wild-type mouse macrophages. Conversely,
overexpression of ACS1 led to reduced ABCA1 levels and
reduced cholesterol efflux in the presence of unsaturated fatty
acids. Taken together, the reduced levels of cholesterol efflux
and expression of ABCA1 in mouse macrophages in the con-
text of diabetes and elevated fatty load were partly mediated
by ACSL1.

3.1.3. Paraoxonase (PON1). In the state of high oxidative
stress, such as STZ-induced diabetes, serum PON1 and ary-
lesterase activities were reduced [30, 31]. Decreased serum
PON activity is related to glycation and glycol oxidation of
high-density lipoprotein (HDL) in the hyperglycemic state,
thus leading to impairment of HDL activity, such as protec-
tion of LDL from oxidation, cholesterol efflux from cells,
and inhibition of monocyte migration to endothelial cells
[32, 33]. Taş et al. have demonstrated that vitamin B6 supple-
mentation enhances serum PON1 and arylesterase activities,
which could be related to the potential direct effects of this
vitamin on the enzyme and/or to its ability to reduce oxida-
tive stress [34]. These results suggested that protection of
PON1 from inactivation may be a potential therapeutic
approach for the treatment of diabetic atherosclerosis.

3.1.4. Insulinotropic Polypeptide (GIP). As illustrated previ-
ously, high glucose accelerates atherosclerosis and foam cell
formation. GIP potently stimulates insulin release from the
pancreas under conditions of normal glucose tolerance.
However, under diabetic conditions, the activity of GIP is
reduced [35]. Thus, GIP is thought to be involved in diabetic
atherosclerosis. According to Nogi et al. [36], chronic

administration of GIP in vivo attenuates macrophage-
driven atherosclerotic lesions in STZ-induced diabetic
ApoE−/− mice, although this effect is abolished by cofusion
with a GIPR antagonist, [Pro3]GIP. GIP infusion attenuates
foam cell formation in both diabetic ApoE−/− mice and db/
db mice. In vitro treatment with GIP (1nM) reduces foam
cell formation by 15% in macrophages from diabetic
ApoE−/− mice.

3.1.5. MicroRNA (miRNA). miRNA is a class of conserved
19–25-nucleotide noncoding RNAs that regulate gene
expression posttranscriptionally. Recently, researchers have
demonstrated that miRNAs play important roles in diabetes
and related complications (Table 1). According to a study
by Distel et al., treatment of STZ-induced diabetic LDLR−/−

mice with anti-miR-33 decreases plaque macrophage content
and inflammatory gene expression in diabetic LDLR−/−mice,
accompanied by upregulation of ABCA1, which mediates
cholesterol efflux frommacrophages in the plaque [37]. Ville-
neuve et al. [38] first demonstrated the role of miR-125b in
vascular complications of diabetes. They verified that miR-
125b, which targets SUV39H1, led to increased levels of
inflammatory genes, such as IL-6 and MCP-1. miR-125b
mimic significantly increased monocyte binding to smooth
muscle cells in db/db mice. According to a study by Reddy
et al. [39], the expression levels of miR-200b and miR-200c
were increased, whereas Zeb1 protein levels were decreased
in VSMCs and aortas from db/db mice relative to those in
control db/+mice. Transfection with miR-200 mimic down-
regulated Zeb1, upregulated the inflammatory genes COX-2
and MCP-1, and promoted monocyte binding in db/+
VSMCs. Both miR mimics and Zeb1 siRNA increased the
proinflammatory response in db/db VSMCs. In contrast,
miR-200 inhibitors reversed the enhanced monocyte binding
of db/db VSMCs. Moreover, miR-504 significantly upregu-
lated in db/db VSMCs compared with that in db/+VSMCs
[40]. miR-504 may enhance extracellular regulated protein
kinase 1/2 (ERK1/2) activationby targetingGrb10and thereby
contribute to changes in the VSMC phenotype. According to
Xu et al. [41], higher miR-138 levels and reduced expression
of silent information regulator 1 (SIRT1) were observed in
SMCs isolated from db/db mice. Additionally, miR-138
promotes smooth muscle cell proliferation and migration
in db/db mice through downregulation of SIRT1, whereas
transfection with miR-138 inhibitor reverses these effects.

3.1.6. Tribbles Homolog 3 (TRIB3). The expression of TRIB3,
a protein made up of 358 amino acids, is increased in patients

Table 1: MicroRNA involved in diabetic atherosclerosis.

miR type Animal model Mechanism Target gene Reference

miR33 STZ-induced diabetic Ldlr−/− mice Increased macrophages and lipid content ABCA1 [37]

miR 125b Type 2 diabetic db/db mice Increased inflammatory gene expression SUV39H1 [38]

miR 200 Type 2 diabetic db/db mice Increased inflammatory gene expression Zeb1 [39]

miR 504 Type 2 diabetic db/db mice Vascular smooth muscle phenotype change Grb10 [40]

miR138 Type 2 diabetic db/db mice Vascular smooth muscle phenotype change SIRT1 [41]

ABCA1: ATP-binding cassette transporter A1; SIRT1: silent information regulator 1.

3Oxidative Medicine and Cellular Longevity



and animals with type 2 diabetes [42]. Endoplasmic retic-
ulum stress, an important feature of diabetes, has also
been shown to increase TRIB3 expression, thus promoting
cell death in response to endoplasmic reticulum stress
[43].TRIB3 impairs insulin metabolic signalling by increas-
ing serine phosphorylation of insulin receptor substrate 1
(IRS-1), reducing activation of phosphatidylinositol 3-kinase
(PI3K)/Akt [44], or directly inhibiting the phosphorylation
of Akt [45, 46].

Several mechanisms are involved in TRIB3-dependent
promotion of atherosclerotic lesions. TRIB3 impairs IRS-1/
Akt signalling in endothelial cells mediated by insulin [47],
leading to reduced endothelial nitric oxide synthase (eNOS)
and NO bioavailability [46], which is associated with endo-
thelial dysfunction and increased leukocyte adhesion to
endothelial cells, important steps for atherosclerotic lesion
formation (Figure 1) [9]. In addition, TRIB3 is involved
in lipid metabolism and macrophage apoptosis, an impor-
tant feature for vulnerable plaques [48, 49]. According to
a study by Wang et al. [49], silencing of TRIB3 in STZ plus
diet-induced diabetic ApoE−/−/LDLR−/−mice significantly
decreases insulin resistance and blood glucose and reduces
the numbers of apoptotic cells and macrophages in athero-
sclerotic lesions. Consequently, silencing of TRIB3 attenuates

the atherosclerosis burden and promotes plaque stability in
diabetic mice. Thus, TRIB3 is a promising target for the treat-
ment of diabetic atherosclerosis.

3.2. Signalling Pathways

3.2.1. The Janus Kinase (JAK)/Signal Transducers and
Activators of Transcription (STAT) Cascade. JAK/STAT is
an essential intracellular pathway that regulates leukocyte
recruitment, foam cell formation, and proliferation and
migration of VSMCs, which are important features in athero-
sclerosis [50–52]. STAT isoforms have been found in the ath-
erosclerotic lesions in both humans and animal models [53,
54]. STAT signalling cascade contributes to the macrophage
apoptosis in advanced atherosclerotic plaque [55]. Inhibition
of JAK2, STAT1, and STAT3 reduces lesion size and neoin-
timal hyperplasia [56, 57]. Moreover, JAK/STAT is also a
pivotal inflammatory mechanism through which hypergly-
cemia contributes to the pathogenesis of diabetes mellitus
and its vascular complications [58–60]. High glucose stimu-
lates endothelial IL-6 secretion via redox-dependent mecha-
nisms, which may consequently induce STAT3 activation
and ICAM-1 expression; the specific STAT3 inhibitor SI-201
(20μM) suppresses high glucose-induced ICAM expression

Akt
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High glucose
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ROS

p38 MAPK

NF‑�휅B
Diabetic atherosclerosis 

SIRT1
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Figure 1: The NF-κB signalling pathway is involved in the diabetic atherosclerosis. Decreased NO produced by eNOS is associated with
diabetic atherosclerosis. PI3K and AMPK are upstream of Akt and eNOS. Under hyperglycemic conditions, PKC activates NOX, the
major source of reactive ROS production, leading to the activation of p38 MAPK and NF-κB and decrease in NO bioavailability. AMPK
suppression in the context of high glucose contributes to the downregulation of the Akt/NO cascade. Increased levels of TRIB3 inhibit
the phosphorylation of Akt directly or by reducing activation of PI3K/Akt. SIRT1 stimulates NO production by deacetylating eNOS at
lysine residues or by upregulating AMPK. PPARγ agonists activate AMPK, which in turn increases the bioactivity of eNOS and prevents
PKC-activated NOX caused by high glucose. PKC: protein kinase; NOX: NADPH oxidase; TRIB3: Tribbles homolog 3; ROS: reactive
oxygen species; p38 MAPK: p38 mitogen-activated protein kinase; PI3K: phosphatidylinositol 3-kinase; AMPK: AMP-activated protein
kinase; eNOS: endothelial NO synthase; IRS-1: insulin receptor substrate 1; SIRT1: silent information regulator 1; PPARγ: peroxisome
proliferator-activated receptor γ.
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in cultured human umbilical vein endothelial cells (HUVECs)
[61]. The suppressor of cytokine signalling (SOCS) family
regulates JAK/STAT signalling through STAT binding,
kinase inhibition, targeting for proteasomal degradation, or
direct suppression of JAK tyrosine kinase activity [62, 63].
According to a report by Recio et al. [64], SOCS1 peptide
inhibits STAT1/STAT3 activation and target gene expression
in VSMCs and macrophages and blocks the migration and
adhesion of macrophages in vitro. Their results showed that
intraperitoneal injection of SOCS1 into STZ-induced dia-
betic ApoE−/− mice (ages 8 and 22 weeks) for 6–10 weeks
suppressed STAT1/STAT3 activation in atherosclerotic pla-
ques and significantly attenuated lesion size for both early
and advanced lesions. The accumulation of lipids, macro-
phages, and T lymphocytes was decreased following treat-
ment with SOCS1 peptide, whereas collagen and smooth
muscle cell content were significantly increased. Thus, the
SOCS/JAK/STAT cascade was a key molecular mechanism
through which diabetes promoted atherosclerotic plaque for-
mation, and SOCS1 endogenous protein may be a feasible
target for modulating inflammation-related complications
of diabetes mellitus. Approaches to supplement SOC1 or
mimic native SOCS1 function may have therapeutic effects
on accelerated atherosclerosis in diabetes.

3.2.2. The eNOS/NO Pathway. NO produced by eNOS is an
important vasodilator that possesses multiple antiathero-
sclerotic properties. eNOS-derived NO has been shown to
inhibit platelet aggregation, block vascular inflammation by
inhibiting the activation of NF-κB [65], and suppress VSMC
proliferation. As illustrated previously, decreased bioactivity
of NO is associated with exposure of endothelial cells to
high-glucose concentration [9]. High-glucose levels block
endothelial injury repair by circulating endothelial progeni-
tor cells (EPCs) through decreasing eNOS/NO bioavailability
[9, 66, 67]. According to a study by Sun et al. [68], the Akt
kinase inhibitor (GSK690693) inhibited Akt and eNOS phos-
phorylation, suggesting that Akt may be necessary to activate
eNOS. The PI3K inhibitor LY-29402 inhibits vaspin-induced
eNOS and Akt phosphorylation, suggesting that PI3K acts
upstream of Akt activation and eNOS. Additionally, vaspin
induces endothelial protective effects via the PI3K/Akt/eNOS
pathway. Ouchi et al. [69] showed that adiponectin-induced
Akt phosphorylation, eNOS phosphorylation, and cell
migration and differentiation in HUVECs were abolished
when the cells were transduced with a dominant-negative
form of AMP-activated protein kinase (AMPK). However,
AMPK phosphorylation was not affected by dominant-
negative transduction in HUVECs, suggesting that AMPK
acts upstream of Akt in the Akt/eNOS/NO pathway to
regulate endothelial function under conditions of hypergly-
cemia. SIRT1 is a class III histone deacetylase that has been
shown to stimulate NO production by deacetylating eNOS
at lysine residues [70] or by mediating the activation of
AMPK [71]. Yang et al. [70] found that SIRT1 had a positive
role in improving the expression of eNOS impaired by high
glucose, and the low level of NO in endothelial cells cultured
in the presence of high glucose may be partly related to the
decreased expression of SIRT1 (Figure 1).

3.2.3. The Mitogen-Activated Protein Kinase (MAPK)
Pathway. The MAPK pathway, including p38 MAPK, ERK,
and c-Jun N-terminal kinase (JNK) branches, is involved in
vascular inflammation. ERKs are typically initiated by Ras,
which can be stimulated by inflammatory cytokines from
high-glucose injured endothelial cells, leading to the prolifer-
ation of SMCs [72–75]. p38 MAPK activation is associated
with diabetes and its complications, and the detrimental
effects of high glucose can be blocked by coincubation with
a p38 MAPK inhibitor [67]. Moreover, p38 MAPK has been
shown to be involved in diabetic atherosclerosis. Hyper-
glycemic culture conditions accelerate the onset of EPC
senescence, leading to impairment of endothelial repair,
potentially through the activity of the p38 MAPK pathway
[76]. Microparticles (MPs), which are submicron membrane
vesicles (0.1–1μm) shed from the plasma membrane of acti-
vated or apoptotic cells, are significantly increased in the
presence of high-glucose levels. According to a study by
Jansen et al. [77], p38 MAPK is activated to phospho-
p38MAPK within 30min when human coronary endothelial
cells (HCAECs) are treated with “injured” EMP (iEMP, MPs
derived from glucose-treated HCAECs), whereas there is no
change following treatment with normal endothelial cell-
derived MPs (EMPs). iEMP-induced expression of ICAM-1
and VCAM-1 and monocyte adhesion to HCAECs were sig-
nificantly reduced by pretreatment of HCAECs with the
p38MAPK inhibitor SB-203580 (1μm). Consequently, these
results showed that p38MAPK was involved in iEMP-
induced endothelial dysfunction and monocyte adhesion.
Further studies have shown that iEMP increases ROS
production through NADPH oxidase (NOX) activation in
endothelial cells, thus leading to activation of p38 MAPK.
The p38 MAPK signalling pathway in diabetic atherosclero-
sis is illustrated in Figure 1.

3.2.4.TheProteinKinase (PKC)Pathway.Highconcentrations
of glucose and nonesterified fatty acids result in activation of
PKC. Active PKC is involved in vascular inflammation
through the generation of proinflammatory cytokines and
chemokines. PKC activates NOX, the major source of ROS
production in high-glucose stress, thus leading to the activa-
tion of signalling pathways such as ERK, p38 MAPK, and
NF-κB and decreased NO bioavailability (Figure 1) [78, 79].
ROS not only activate p38 MAPK but also act as an agonist
to activate the nucleotide-binding domain-like receptor 3
(NLRP3) inflammasome, further disrupting endothelial
function. These effects could be prevented by AMPK [80].
Durpès et al. [78] showed that PKCβ decreases the expres-
sion of IL-18-binding protein (IL-18BP), a molecule involved
in a negative feedback mechanism in response to elevated IL-
18 production, thus enhancing the production of cytokines
and cellular adhesion molecules, which promote atheroscle-
rotic plaque formation and instability in STZ-induced dia-
betic ApoE−/− mice. Kong et al. [81] found that activated
plasma membrane-bound PKCβ is elevated in the aortas of
low-dose STZ-induced hyperglycemic ApoE−/− mice and
that pharmacological inhibition of PKCβ attenuates athero-
sclerotic lesions in hyperglycemic ApoE−/− mice. Deficiency
of PKCβ blocks the upregulation of Egr-1, ERK1/2, and
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JNK and results in diminished lesional macrophages and
CD11c-expressing cells in diabetic ApoE−/− mice. In vitro,
inhibitors of PKCβ and ERK1/2 significantly decrease high
glucose-induced expression of CD11c, CCL2, and IL-1β in
U937 macrophages. These studies suggest that selective
PKCβ inhibitors may have potential therapeutic effects in
diabetes-associated atherosclerosis.

3.2.5. The Peroxisome Proliferator-Activated Receptor
(PPAR)γ Signalling Pathway. Accumulating evidence has
shown that PPARγ has protective effects in both diabetes
and atherosclerosis. In a combined diabetes/atherosclerosis
mouse model, PPARγ agonists were found to exert anti-
atherogenic effects independent of a reduction in insulin
resistance and plasma glucose [82], indicating that attenua-
tion of insulin resistance is not the only mechanism
through which PPARγ functions as an antiatherognic
agent. PPARγ agonists activate AMPK, which in turn
increases the bioactivity of eNOS and prevents PKC-
activated NOX caused by high glucose [80, 83]. Pioglita-
zone downregulates RAGE expression and inhibits ROS
production and NF-κB activation via PPARγ activation,
which may prevent the inflammatory effects of the AGE/
RAGE system in diabetes [84]. Recent studies have shown
that pioglitazone attenuates platelet-derived growth factor
(PDGF)-induced VSMC proliferation through AMPK-
dependent and -independent inhibition of mammalian tar-
get of rapamycin (mTOR)/p70S6K and ERK signalling [85].
Furthermore, PPARγ agonists have been reported to pro-
mote cholesterol efflux from macrophages via upregulation
of ABCA1 expression [86, 87]. The PPARγ signalling path-
way in antiatherosclerosis under hyperglycemic conditions
is illustrated in Figure 1.

3.2.6. The Nuclear Factor of Activated T Cells (NFAT)
Signalling Pathway. NFAT proteins are a family of Ca2+/cal-
cineurin-dependent transcription factors first characterized
in Tlymphocytes as inducers of cytokine gene expression.
There are four well-characterized members of the NFAT
family, which function in VSMC proliferation in the context
of atherosclerosis and hypertension and have roles in glucose
and insulin homeostasis [88]. According to a study by
Nilsson et al., in intact cerebral arteries, raising the extracellu-
lar glucose concentration from 11.5mM (control) to 20mM
[HG] for 30min significantly increases NFAT nuclear accu-
mulation, accompanied by enhanced transcriptional activity.
UTP and UDPmediate glucose-induced NFAT activation via
P2Y receptors. High-glucose concentrations downregulate
glycogen synthase kinase 3 (GSK) β and JNK activity, leading
to decreased export of NFATc3 from the nucleus and
enhanced robust NFATc3 nuclear accumulation, represent-
ing another mechanism for glucose-induced NFAT activa-
tion [89]. NFATc3 is activated by hyperglycemia, thereby
inducing the expression of osteopontin (OPN), a cytokine
that promotes diabetic atherosclerosis [90]. Zetterqvist et al.
demonstrated a link between NFAT activation and diabetic
atherosclerosis using STZ-induced diabetic ApoE

−/−
mice. In

vivo treatment with the NFAT inhibitor A285222 (0.29mg/
kg/day i.p.) for 4 weeks prevented diabetes-associated

atherosclerosis lesions in the aortic arch independent of
blood glucose lowering, accompanied by decreased expres-
sion of IL-6, OPN, MCP-1, and ICAM-1 and the macrophage
markers CD68 and tissue factor (TF) in the aortic arch. These
findings revealed that the NFAT signalling pathway may be a
promising target for the treatment of diabetes-associated
atherosclerosis [91].

3.2.7. The Nrf2 Signalling Pathway. Ungvari et al. demon-
strated the vasoprotective role of Nrf2 in diabetes using
Nrf2−/− mice. They showed that the expression of Nrf2
downstream genes was significantly upregulated in diabetic
Nrf2+/+ mice, but not in diabetic Nrf2−/− mice [92]. Under
normal conditions, Nrf2 constitutively interacts with keap1,
a negative regulator, for ubiquitination and degradation in
the cytosol. Under high-glucose stress, Nrf2 is released from
keap1 and translocates to the nucleus and subsequently binds
to antioxidant-responsive elements (ARE); this results in
increased transcription of genes such as NADPH: quinine
oxidoreductase 1 (NQO1), heme oxygenase-1 (HO-1),
superoxide dismutase (SOD), and catalase (CAT). These
antioxidant enzymes decrease the levels of ROS, thus attenu-
ating diabetic atherosclerosis (Figure 2) [93]. These results
suggest that Nrf2 activators may have efficacy in the manage-
ment of diabetic atherosclerosis.

4. Herbal Medicines: Promising Therapeutic
Agents for the Management of Diabetic
Atherosclerosis

4.1. Ginkgo biloba. Ginkgo biloba is a dioecious tree with a
history of use in traditional Chinese medicine and has many
pharmacologic effects. Ginkgo has vascular protection func-
tions due to its antioxidant effects, free radical scavenging
activity, stabilization of membranes, and inhibition of
platelet-activating factor. Ginkgo biloba extract (GBE), pro-
duced from Ginkgo biloba leaves, is commonly used in die-
tary supplements for aliments and has shown excellent
clinical effects in many cases. GBE contains terpenoids, flavo-
noids, alkylphenols, polyprenols, and organic acids. Terpe-
noids (including ginkgolides and biobalide) and flavonoids
are the two major groups of active substances in Ginkgo
leaves. The basic structures of ginkgolides, biobalides, and
Ginkgo biloba flavonol aglycones are shown in Figures 3(a),
3(b), 3(c).

There have been several reports showing that EGB761, a
standard GBE, improves glucose homeostasis, possibly
because of increased plasma insulin levels, via protection of
pancreatic β-cells and/or stimulation of insulin secretion.
Cheng et al. reported that GBE (100, 200, and 300mg/kg)
administered orally once a day for 30 days caused a signifi-
cant dose- and time-dependent reduction in blood glucose
levels in diabetic rats. In their study, GBE increased the activ-
ities of SOD, CAT, and glutathione peroxidase (GSH-Px) in
diabetic rats and resulted in protection of pancreatic β-cells
[94]. In addition, several reports have shown that GBE lowers
blood glucose by improving insulin resistance [95–97]. Thus,
GBE may attenuate atherosclerosis in the context of diabetes.
According to a study by Lim et al. [98], neointimal formation
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in balloon-injured carotid arteries is significantly reduced
when insulin-resistant rats are treated with EGb761 (100 or
200mg/kg/day) for 6 weeks, resulting in reduced prolifera-
tion and migration of VSMCs. EGb761 (50–200μg/mL)
decreases the proliferation of rat aortic SMCs in a
concentration-dependent manner in vitro. In addition,
EGb761 at both 100 and 200μg/mL suppresses the expres-
sion of ICAM and VCAM in HUVECs. Zhao et al. [99] found
that GBE improves SOD activity and reduces the rate of apo-
ptosis of EPCs within the peripheral blood of diabetic
patients in a dose-dependent manner. According to Tsai
et al. [100], GBE inhibits high glucose-induced ROS gener-
ation, adhesion molecule expression, and monocyte adhe-
siveness in human aortic endothelial cells (HAECs) via the
Akt/eNOS and p38 MAPK pathways. Another study
showed that Ginkgolide A at 10, 15, and 20μM inhibits high
glucose-induced IL-4, IL-6, and IL-3 expression in
HUVECs. Ginkgolide A attenuates vascular inflammation
by regulating the STAT3-mediated pathway [61]. According
to a study by Wang et al. [101], treatment with the rutin (30
and 100μM) significantly restores NO production by
decreasing NOX4 mRNA and protein levels and reducing
the generation of ROS in HUVECs under high-glucose con-
ditions. Furthermore, rutin at doses of 35 and 70mg/kg
improves endothelium function by restoring impaired NO
generation from glucose-triggered endothelial cells and
ameliorating the endothelial contraction and relaxation
response in thoracic aortas of rats with a high-glucose diet.
The potential mechanism for GBE in the treatment of dia-
betic atherosclerosis is shown in Figure 4.

4.2. Tetramethylpyrazine (TMP). TMP is a biologically active
compound isolated from rhizomes of Ligusticum chuan-
xiong, a traditional Chinese medicine (Figure 3(d)). Several
studies have shown that TMP exerts antiatherosclerosis
effects through promotion of endothelial protection, inhibi-
tion of VSMC proliferation, reduction of oxidative stress,
and suppression of inflammation and apoptosis. The link
between TMP and NO generation has been verified by sev-
eral researchers. For example, Lv et al. [102] demonstrated
that TMP pretreatment in vivo enhances Akt and eNOS
phosphorylation. Additionally, Xu et al. reported that Qiong
Huo Yi Hao (QHYH), which consists of several herbals based
on the “clearing heat and detoxifying” principle of traditional
Chinese Medicine, is a potent antioxidant acting to scavenge
superoxide anions in endothelial cells treated with high con-
centrations of glucose [103]. TMP, an active compound in
QHYH, has been shown to be the strongest component of
QHYH in the prevention of ROS production, functioning
to block Akt/eNOS phosphorylation and reduce NO genera-
tion in endothelial cells treated with high concentrations of
glucose [104]. Xu et al. further demonstrated that TMP ame-
liorates high glucose-induced endothelial dysfunction by
increasing mitochondrial biogenesis through reversing high
glucose-induced suppression of SIRTI1 [105]. These findings
provide evidence for the endothelial protection function of
TMP in the context of hyperglycemia. Studies have shown
that TMP can suppress the proliferation of VSMCs [106],
and the ERK and p38MAPK pathwaysmay be involved in this
process [107]. Additionally, TMP can block LPS-induced IL-8
overexpression inHUVECs at both protein andmRNA levels,

Nrf2Keap1

Nrf2

ARE

HO-1, NQO1,
SOD, CAT 

High glucose

NOX

ROS NF‑�휅B

p65 p50

p65 p50

RE

MCP1,TNF-�훼

Nucleus

Extracellular

Diabetic atherosclerosis

Salvianolic acid B

Maf

Nrf2

Figure 2: Salvianolic acid B protects against diabetic atherosclerosis via the Nrf2 signalling pathway. Under normal conditions, Nrf2
constitutively binds to keap1, a negative regulator in the cytosol. Under high-glucose stress, Nrf2 is released from keap1 and translocates
to the nucleus, enhancing the transcriptional activity of NADPH: quinine oxidoreductase 1 (NQO1), heme oxygenase-1 (HO-1),
superoxide dismutase (SOD), and catalase (CAT). These antioxidant enzymes decrease the levels of ROS. Salvianolic acid B is capable of
upregulating Nrf2 activity or inhibiting NOX generation directly. ARE: antioxidant-responsive element; HO-1: heme oxygenase-1; NQO1:
quinine oxidoreductase 1; SOD: superoxide dismutase; CAT: catalase.
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which could be attributed to inhibition of the ERK and
p38MAPK pathways and the inactivation of NF-κB [108].
The antiapoptotic function of TMP can be attributed to the
inhibition of JAK/STAT signal transduction [109].

Importantly, Lee et al. [110] investigated the effects of
TMP on lipid peroxidation in STZ-induced diabetic mice.
The results showed that TMP dose dependently inhibited
glucose concentrations, blood urea nitrogen elevation, and
the degree of lipoperoxidation. Thus, TMP may be an effec-
tive agent for the treatment of diabetes and related vascular
complication. The mechanisms through which TMP protects
against diabetes are shown in Figure 5.

4.3. Danggui. Danggui-Buxue-Tang (DBT) is a well-known
traditional formula. Zhang et al. [111] found that oral admin-
istration of DBT (3 or 6 g/kg/day for 4 weeks) decreased the
concentrations of c-reactive protein and tumour necrosis fac-
tor-α and resulted in higher survival rates and lower body
weight loss in diabetic GK rats; the diabetic atherosclerosis

rats were induced by NO inhibition (I-NAME in drinking
water, 1mg/mL) plus a high-fat diet. They also investigated
the effects of DBT on blood lipids and the expression of genes
related to foam cell formation during the early stage of ath-
erosclerosis in diabetic GK rats. The results demonstrated
that DBT could regulate blood lipids and inhibit the expres-
sion of MCP, ICAM-1, and CD36 genes in the aorta [112].
Galgeun-dang-gwi-tang (GGDGT), a Korean herbal medi-
cine, has traditionally been prescribed for the treatment of
diabetes. In a study by Lee et al. [113], lipid metabolism
and insulin resistance were shown to be improved by
GGDGT in ApoE−/− mice fed with a Western diet. Immuno-
histochemical staining showed that GGDGT suppressed
ICAM expression, whereas the expression of eNOS and
IRS-1 was restored by GGDGT in the thoracic aorta and skel-
etal muscle. GGDGT attenuates endothelial dysfunction via
improvement of the NO-cylic guanosine monophosphate
signalling pathway and promotes insulin sensitivity in dia-
betic atherosclerosis.
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Figure 3: Molecular structure of the compounds described in this review.
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4.4. Salvia miltiorrhiza (Danshen) and Salvianolic Acid.
Salvia miltiorrhiza (Danshen), a traditional Chinese herbal
medicine, is commonly used for the prevention and treat-
ment of cardiovascular disease. Salvianolic acid B is the most
abundant water-soluble compound extracted from Danshen
(Figure 3(e)). Inhibition of inflammation, improvement of
antioxidative effects, regulation of leukocyte endothelial
adhesion, and modulation of NO production in endothelial
cells are involved in the cardiovascular protection

mechanism for Danshen and its bioactive compounds [114,
115]. Danshen extract and purified salvianolic acid B exert
anti-inflammatory effects by inhibiting iNOS expression
and NO production induced by LPS in RAW267.4 macro-
phages by inducing Nrf2-mediated HO-1 expression [114,
116]. Lee et al. [117] also demonstrated that salvianolic acid
B inhibits platelet-derived growth factor-induced neointimal
hyperplasia in arteries through induction of Nrf2-dependent
HO-1. In addition, salvianolic acid B increases NO

Ginkgo biloba extract (GBE)

AktP38MAPK eNOS/NO

HO‑1

ROSICAM, VCAM‑1

High glucose

NOX

STAT3

IL‑6

Figure 4: Mechanism for GBE antiatherosclerosis under diabetic conditions. STAT: signal transducer and activator of transcription; ICAM:
intercellular cell adhesion molecule-1; VCAM-1: vascular cell adhesion molecule 1.
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Figure 5: Mechanism through which tetramethylpyrazine protects against diabetic atherosclerosis.
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production in the endothelium of isolated mouse aortas via
inhibition of arginase activity [114]. According to Raoufi
et al., administration of salvianolic acid B at doses of 20 or
40mg/kg/day (i.p.) for 3 weeks significantly decreases serum
glucose and improves oral glucose tolerance test (OGTT) in
STZ-induced diabetic rats via attenuation of oxidative stress
and apoptosis and augmentation of the antioxidant system
[118]. The vascular endothelial protective function of Salvia
miltiorrhiza and salvianolic acid B under high-glucose con-
ditions has been verified both in vitro and in vivo. Accord-
ing to Qian et al. [119], Salvia miltiorrhiza (10μg/mL)
significantly decreases vascular endothelial ROS formation
in human microvascular endothelial cells exposed to
30mM glucose. Ren et al. [120] demonstrated that salviano-
lic acid B significantly restores eNOS in STZ-induced dia-
betic rats and decreases the levels of NOX and endothelial
cell apoptosis. The mechanism through which salvianolic
acid B protects against diabetic atherosclerosis is shown
in Figure 2.

4.5. Catalpol. Catalpol is the most abundant bioactive com-
ponent in the roots of Rehmannia glutinosa (Figure 3(f)).
Catalpol ameliorates plasma glucose in STZ-induced diabetic
rats [121], and total cholesterol, triglycerides, and LDL cho-
lesterol are reduced, whereas HDL cholesterol is elevated
when the rats fed with high-cholesterol chow are treated with
catalpol [122]. Additionally, atherosclerotic lesions and
inflammatory markers are markedly reduced in the catalpol
group, and catalpol attenuates atherosclerotic lesions and
delays the progression of atherosclerosis in alloxan-induced
diabetic rabbits. These protective effects are associated with
regulation of glucose insulin homeostasis and inhibition of
oxidative stress and inflammation [123].

4.6. Resveratrol. Resveratrol (trans-3,5,4′-trihydroxystilbene)
is a natural polyphenol phytoalexin (Figure 3(g)) with
various biological effects. The beneficial cardiovascular
effects of this drug are attributable to its anti-inflammatory,
antioxidative stress, endothelial protection, antiplatelet, and
insulin-sensitizing effects [124]. Resveratrol increases NO
bioavailability by regulating SIRT1, AMPK, and ROS.
According to a study by Yang et al. [125], resveratrol restores
the NO bioavailability impaired by high glucose in human
endothelial cells in a SIRT1-dependent manner. Other
studies have shown that resveratrol downregulates NF-κB
induced by high glucose in smooth muscle cells and
decreases the proliferation and migration of smooth muscle
cells, a function similar to miR-138 inhibitors, which result
in upregulation of SIRT1 [41]. Zhang et al. [126] demon-
strated that resveratrol prevents impairment of the effects
of AGEs on macrophage lipid homeostasis partially by sup-
pressing RAGEs via PPARγ activation, thus providing new
insights into the protective roles of resveratrol against dia-
betic atherosclerosis. Furthermore, resveratrol lowers lipid
levels and decreases hepatic lipid accumulation by stimula-
tion of AMPK dependent on SIRT1 activity. These findings
suggest that resveratrol may have potential therapeutic
effects through regulation of dyslipidaemia-associated ath-
erosclerosis in diabetes by targeting SIRTI/AMPK signalling
[127, 128]. The underlying antiatherosclerotic mechanisms
of resveratrol in the context of diabetes are illustrated
in Figure 6.

4.7. Curcumin. Curcumin (diferuloylmethane) is a constitu-
ent of turmeric (Curcuma longa) spice. Decreased serum
LDL levels and increased serum HDL levels were observed
after patients with atherosclerosis were administered 10mg

Resveratrol

SIRT1 ROSAMPK PPAR�eNOS

RAGE

Cholesterol accumulation

Autography Lipid
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SMC proliferation 
inhibition
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Endothelial
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Figure 6: Antiatherosclerotic mechanism of resveratrol under diabetic conditions. RAGE: advanced glycosylation end product receptor.
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curcumin twice daily for 28 days [129]. Usharani et al. [130]
showed that administration of a standardized preparation of
curcuminoids (NCB-02, two capsules containing 150mg cur-
cumin, twice daily) for 8 weeks significantly improved the
endothelial function of patients with type 2 diabetes mellitus.
Curcumin also blocks oxidative stress and inflammation by
modulating PPARγ and Nrf2 activity [131]. Zheng et al.
showed that the curcumin analogue L3 alleviates dyslipi-
daemia and hyperglycemia and reduces oxidative stress in
diabetic mice induced by STZ and a high-fat diet. Addition-
ally, L3 effectively decreases lectin-like oxidized low-density
lipoprotein receptor-1 expression in the aortic arch. These
results suggested that curcumin ameliorates diabetic athero-
sclerosis through multiple mechanisms [132].

5. Future Perspectives

Insulin resistance and hyperglycemia are associated with dia-
betic atherosclerosis, and endothelial dysfunction, vascular
inflammation, myeloid cell recruitment, oxidative stress,
VSMC phenotype changes, and platelet hyperreactivity all
contribute to diabetic atherosclerosis. As reported recently,
crosstalk between macrophage polarization and autophagy
may be involved in diabetes and related atherosclerosis com-
plications [133, 134]. Extensive preclinical studies have iden-
tified the molecule targets and herbs that act on these targets
as potential therapeutic agents for the management of dia-
betic atherosclerosis (see Table 2). However, currently, most
clinical studies have small sample sizes and are not per-
formed using a randomised design. The lack of high-quality
clinical trials hampers the application of herbal medicines
in patients with diabetic atherosclerosis. Therefore, more rig-
orous clinical trials of herbs on diabetic atherosclerosis, with
large sample sizes and a randomised, controlled design, are

needed. Furthermore, detection of new molecules and signal-
ling cascades that regulate diabetes and atherosclerosis will
help to improve treatment approaches owing to the multi-
faceted characteristics of diabetic atherosclerosis. Investiga-
tion of the mechanisms of multitargeted effects of herbs
will also help to establish novel drugs for the treatment of
diabetes and diabetic atherosclerosis. In the future, the com-
bination of herb with western medicine may also facilitate
the treatment of diabetic atherosclerosis. Thus, further
studies on drug interactions and safety are needed.
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Table 2: Fundamental application of herb in diabetic atherosclerosis.

Drug Dosage Administration Model Reference

In vitro studies

GBE 100μg/mL Incubation 18 h HAECs cultured in high glucose [100]

Ginkgolide A 10, 15, 20 μM Preincubation 30min HUVECs cultured in high glucose [61]

Rutin 30, 100μM Preincubation 30min HUVECs cultured in high glucose [101]

TMP 10μM Incubation 48 h bEnd.3 and HUVECs cultured in high glucose [104]

TMP 30 μmol/L Incubation 48 h bEnd.3 and HUVECs cultured in high glucose [105]

Salvia miltiorrhiza 10μg/mL Incubation 48 h HMECs cultured in high glucose [119]

Resveratrol 1 μmol/L Preincubation 24 h HUVECs cultured in high glucose [70, 125]

In vivo studies

EGb761 100, 200mg/kg/d p.o. 6 weeks Obesity and insulin-resistant rats [98]

Rutin 35, 70mg/kg/d p.o. 12 weeks SD rats fed with high glucose [101]

TMP 10, 25, 50mg/kg i.p. 2 weeks STZ-induced diabetic mice [110]

DBT 3, 6 g/kg/d p.o. 4 weeks Nitric oxide inhibition plus high-fat diet-fed rats [111]

DBT 3, 6 g/kg/d p.o. 4 weeks Nitric oxide inhibition plus high-fat diet rats [112]

GGDGT 200mg/kg/d p.o. 12 weeks Western diet-fed ApoE−/− mice [113]

Salvianolic acid B 80, 160mg/kg/d p.o. 6 weeks STZ-induced diabetic atherosclerosis [120]

Catalpol 5mg/kg/d p.o. 12 weeks Hyperlipidemic diet plus alloxan diabetic-induced rabbit [123]

HUVECs: human umbilical vein endothelial cells; HACEs: human aortic endothelial cells; bEnd.3: murine brain microvascular cell line; HMECs: microvascular
endothelial cells; DBT: Danggui-Buxue-Tang; GGDGT: Galgeun-dang-gwi-tang; STZ: streptozotocin.
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