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A B S T R A C T

Aldehydes are implicated in the development of hypertension. Trans, trans-2,4-decadienal (tt-DDE), a dietary
α,β-unsaturated aldehyde, is widespread in many food products. However, the role of tt-DDE in the patho-
physiology of hypertension remains unknown. This study was designed to investigate whether tt-DDE con-
sumption evokes hypertension and to explore the mechanisms underlying such a role. Sprague-Dawley rats were
administered different concentrations of tt-DDE. After 28 days, blood pressure and endothelial function of
mesenteric arteries were measured. Results showed that tt-DDE treatment significantly increased blood pressure
and impaired endothelial function based on endothelium-dependent vasorelaxation and p-VASP levels.
Mechanistically, tt-DDE induced oxidative/nitrative stress in the arteries of rats as evidenced by overproductions
of superoxide and peroxynitrite, accompanied with increased expressions of iNOS and gp91phox. To further
investigate the effects of tt-DDE on endothelial cells and underlying mechanisms, human umbilical vein en-
dothelial cells (HUVECs) were treated with different concentrations of tt-DDE. tt-DDE induced oxidative/ni-
trative stress in HUVECs. Moreover, tt-DDE induced endothelial cells apoptosis through JNK-mediated signaling
pathway. These results show, for the first time, that oral intake of tt-DDE elevates blood pressure and induces
endothelial dysfunction in rats through oxidative/nitrative stress and JNK-mediated apoptosis signaling, in-
dicating that excess ingestion of tt-DDE is a potential risk factor for endothelial dysfunction and hypertension.

1. Introduction

Hypertension is a well-known risk factor for various cardiovascular
diseases [1,2]. Vascular endothelial dysfunction contributes to the in-
itiation and progression of vascular injury and is an efficient in-
dependent predictor of hypertension [3,4]. Cumulative evidence re-
veals that oxidative stress directly alters endothelial function or causes
changes in vascular tone, leading to the generation and/or maintenance
of hypertension [5,6]. Oxidative stress-initiated lipid peroxidation of
membrane phospholipids results in a large number of reactive

aldehydes, and the accumulation of endogenous aldehydes in human
tissues is a major cause of cellular and tissue dysfunction [7,8]. Under
pathological conditions such as vasculitis, diabetes, and atherosclerosis,
vascular endothelium accumulates high levels of aldehydes [8–11].
Vascular endothelium is vulnerable to be attacked by aldehydes, and
excess reactive aldehydes lead to endothelial dysfunction [6,8]. It has
been proposed that excess reactive aldehydes contribute to progressive
and deleterious changes in hypertensive by increasing cytosolic-free
calcium levels, inducing endothelial dysfunction, and changing renal
vascular function [7,8,12,13].
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Notably, reactive aldehydes are widely spread in the environment
and commonly found in food and water [14,15]. They come from ci-
garette smoke, automobile exhaust, heated cooking oil, food additive/
flavoring agents, and many other industrial products [16]. Studies have
demonstrated that these aldehydes are absorbed by small intestines
easily, distributed systemically, and accumulate in many tissues,
leading to progressive cellular damage and nonspecific tissue injury, as
well as other toxic effects related to oxidative stress [17–19]. Exo-
genous aldehydes can act synergistically with endogenous aldehydes to
accelerate damage to human health [8,20]. However, to date, little
information is available about the effects of exogenous aldehydes on
blood pressure and endothelial function.

Trans, trans-2,4-decadienal (tt-DDE) is a highly reactive α,β-un-
saturated aldehyde. It is not only a food additive/flavoring agent, a
major byproduct of polyunsaturated lipid oxidation during storage and
heating [21] but also an endogenously generated product of oxidative
stress-mediated lipid peroxidation of cell membranes [22]. Dietary tt-
DDE was reported to be absorbed and distributed to multiple organs
and tissues, promoting enlargement of atherosclerotic lesions [23].
However, very limited data concerning the vasculotoxic effects of tt-
DDE in experimental animals or humans are reported. Results of cyto-
toxic and lethal effects have indicated that tt-DDE is one of the most
toxic breakdown products of lipid peroxidation in different experi-
mental models such as human fibroblasts and erythroleukemia cells
[9,24,25]. tt-DDE is known to react with DNA and cytochrome c, in-
hibiting cell growth, changing cellular glutathione levels, elevating
intracellular reactive oxygen species (ROS) levels, and promoting mi-
tochondrial oxidative damage and the production of proinflammatory
cytokines [26,27]. Because of the high toxicity of tt-DDE and its
widespread presence in food products, it is regarded as a high priority
compound of concern by the U.S. National Cancer Institutes (NCI) and
National Toxicology Program (NTP) at the National Institutes of En-
vironmental Health Sciences (NIEHS) [26]. Therefore, elucidating the
effects of tt-DDE on blood pressure and vascular endothelial function
are urgently needed.

Accordingly, the present study was designed to investigate whether
tt-DDE exposure increased blood pressure and impaired vascular en-
dothelial function in rats, and if so, to further explore the underlying
molecular involved.

2. Materials and methods

2.1. Animals and experimental design

All experimental procedures in this study were performed according
to the National Institutes of Health Guidelines on the Use of Laboratory
Animals, and were approved by the Animal Research Committee of
Dalian Medical University. Male Sprague-Dawley (SD) rats were pur-
chased at the age of 4 weeks from the Liaoning Changsheng
Biotechnology Co., Ltd. (Benxi, China). These rats were housed under
standard conditions with a 12/12 h light-dark cycle at a room tem-
perature of 22 ± 2 °C and humidity 60 ± 5% during the experiment.
After one week of acclimation, rats were randomly divided into three
groups (n = 8 per group) and received tt-DDE in corn oil by gavage at
doses of 0 (control group), 500 (low dose group; tt-DDE-L), or 1000 mg
tt-DDE/kg body weight (high dose group; tt-DDE-H) once daily for 28
days. Food consumption and body weights were measured weekly. At
the end of the exposure period, rats were intraperitoneally injected with
0.4 mL of 10% (w/v) chloral hydrate per 100 g. Serum and tissues were
collected and stored at −80 °C until further analysis.

The doses of tt-DDE were determined based on prior dose-response
results. In the preliminary experiments, rats were administered orally
with 0, 50, 100, 200, 500, or 1000 mg/kg of tt-DDE for 28 consecutive
days. No deaths or clinical abnormalities were observed in rats treated
with 50, 100 or 200 mg/kg tt-DDE, including body weight, serum
glucose, serum lipid, blood pressure, and liver and kidney functions

(data not shown). However, the blood pressure in the 500 and
1000 mg/kg treatment groups were significantly increased, suggesting
that high-dose tt-DDE exposure is a potential risk factor of hyperten-
sion. Therefore, doses of 500 and 1000 mg/kg were selected as the low
and high doses in this study.

2.2. Measurement of blood pressure and heart rate

Blood pressure was measured every week using the tail-cuffmethod.
Before the blood pressure measurement, rats were placed in a dark,
temperature-controlled chamber for three consecutive days (30 min per
day). On the day of measurements, the rats were confined to the tem-
perature-controlled chamber (37 °C) for 10–15 min. After the rats were
habituated to the procedure, the systolic blood pressure (SBP), diastolic
blood pressure (DBP), mean arterial blood pressure (MBP) and heart
rate (HR) were continuously monitored. Reported blood pressure values
are the average of five sequential blood pressure measurements.

2.3. Measurement of blood biochemical parameters

Serum concentrations of alanine transaminase (ALT), creatinine,
urea nitrogen, low-density lipoprotein (LDL), total cholesterol and tri-
glycerides were quantified using commercially available diagnostic kits
(Jiancheng BioEngineering, Nanjing, China) according to the manu-
facturer's instructions. Fasting blood glucose was measured using a di-
agnostic glucometer (SureStep, Lifescan, USA).

2.4. Evaluation of vasorelaxation in vivo and ex vivo

Endothelial function was determined by investigating the vasor-
elaxation response to acetylcholine (ACh) as described previously [28].
Briefly, the third branches of mesenteric arteries were carefully excised
and cut into 1-mm ring segments in ice-cold physiological saline solu-
tion (PSS). The contractile force was recorded using a PowerLab Chart v
7.2.1 program (Danish MyoTechnology, Arhus, Denmark). After a
60 min equilibration period, the mesenteric artery segments were
primed with 80 mM KCl to verify vascular smooth muscle viability. The
cumulative dose responses of ACh (10−10 to 10−6 M) or sodium ni-
troprusside (SNP; 10−10 to 10−6 M) were recorded in phenylephrine
(PE; 1 μM)-precontracted mesenteric artery segments. For ex vivo ex-
periments, the cultured mesenteric arteries of rats were treated with
vehicle (phosphate buffer saline) or 10 μM tt-DDE for 24 h, then the
vasoactive response was determined. To evaluate NO availability, me-
senteric arteries were pre-treated with Nω-nitro-L-arginine methylester
(L-NAME; 100 μM, Sigma, USA), an NOS inhibitor, 30 min before ACh
stimulation. In some experiments, ACh-induced relaxation was tested in
tt-DDE-treated arteries co-incubated with the iNOS inhibitor S-methy-
lisothiourea (SMT; 100 μM, Sigma, USA), the NADPH oxidase inhibitor
apocynin (10 μM, MedChemExpress, USA), or the superoxide dismutase
mimetic tempol (1 mM, Sigma, USA), respectively. The concentrations
of tt-DDE and inhibitors were chosen based on preliminary dose-re-
sponse experiments and previous studies [29].

2.5. Measurement of total NO production

Total NO production (NOx) from arteries of rats was estimated by
measuring the concentrations of NO and its oxidative metabolic pro-
ducts, nitrite and nitrate, using a modified Griess reaction method ac-
cording to the manufacturer's instructions (Beyotime Biotechnology,
Shanghai, China). Intracellular NO was examined in human umbilical
vein endothelial cells (HUVECs) loaded with the NO-sensitive fluor-
escent dye diaminofluorescein-2 diacetate (DAF2-DA; 5 μM, Sigma,
USA) at 37 °C for 15 min. Samples were monitored under a Leica DM
14000B confocal microscope (Wetzlar, Germany).
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2.6. Determination of superoxide production

Superoxide (O2−) production from arteries of rats and viable
HUVECs were quantified by lucigenin-enhanced chemiluminescence as
previously described [30]. Data are expressed as relative light units
(RLU) per second per mg protein (RLU/s/mg protein). Dihydroethidine
(DHE, Wako Chemical, Osaka, Japan) staining was used to detect the
formation of superoxide in situ in both aortic segments and HUVECs as
previously described [31]. Fluorescence was measured using an in-
verted fluorescence microscope (Olympus, USA).

2.7. Determination of reduced and oxidized glutathione

The amounts of reduced (GSH) and oxidized (GSSG) glutathione
from arteries of rats were determined by the colorimetric method using
a total glutathione/oxidized glutathione assay kit (Beyotime
Biotechnology, Shanghai, China), and the GSH and GSSG ratio was
calculated.

2.8. Determination of nitrotyrosine

Nitrotyrosine contents in arteries and cells, an index of peroxynitrite
(ONOO−) formation and nitrative stress, was established using a ni-
trotyrosine ELISA assay kit (Northwest Life Science, CA, USA) as pre-
viously described [32].

2.9. Determination of NOS activity

Total NOS activity and inducible NOS (iNOS) activity from arteries
of rats were determined using an NOS activity assay kit (tNOS,
Jiancheng BioEngineering, Nanjing, China) according to the manufac-
turer's instructions. Endothelial NOS (eNOS) activity from arteries of
rats was obtained by deducting iNOS activity from total NOS activity,
and results were normalized to the mean value of controls.

2.10. Cell culture and drug treatment

HUVECs were purchased from Sciencell (Carlsbad, CA, USA) and
cultured in endothelial cell medium (ECM; Sciencell, Carlsbad, CA,
USA) containing 5% (v/v) fetal bovine serum, 1% (v/v) endothelial cell
growth supplement, 100 U/mL penicillin, and 100 U/mL streptomycin
at 37 °C under a humidified atmosphere with 5% CO2. Cells at passages
4–8 were used for all experiments. A stock solution of tt-DDE (100 mM)
in dimethyl sulfoxide (DMSO) was prepared and maintained at −20 °C.
tt-DDE was diluted in culture medium to obtain the desired con-
centration, which was stable at DMSO concentrations less than 0.1%.
Cells were pretreated with tempol (100 μM), SB203580 (p38 inhibitor,
10 μM, Calbiochem, USA), or SP600125 (JNK specific inhibitor, 20 μM,
Calbiochem, USA) for 30 min before exposure to tt-DDE [33,34].

2.11. Cell viability

Cell viability was determined using the CCK-8 assay. Briefly,
7 × 103 cells were seeded into 96-well culture plates and allowed to
adhere for 24 h. Then, the culture medium was changed to fresh
medium containing different concentrations of tt-DDE (5, 10, 15, 20,
25, or 50 μM). After incubation for the indicated time (12, 24, and
48 h), CCK-8 was added, and absorbances were measured at 450 nm
using an EnSpire® Multimode Plate Reader (PerkinElmer, MA, USA).
Effects on cell viability were assessed as the percent cell viability
compared with that in the untreated control group, which was arbi-
trarily considered 100% viability. tt-DDE concentration that caused
50% cell growth inhibition (IC50) was determined by interpolation from
dose-response curves.

2.12. Lactate dehydrogenase (LDH) release

LDH leakage from cells into media, an indicator of cell injury, was
detected using an assay kit (KeyGEN Biotech, Nanjing, China) according
to the manufacturer's instructions.

2.13. Determination of caspase-3 activity

Caspase-3 activity in freshly isolated arteries of rats and HUVECs
was evaluated using a caspase-3 colorimetric assay kit (Chemicon
International, Temecula, CA, USA) according to the manufacturer's in-
structions.

2.14. Apoptosis analysis

Apoptosis of HUVECs was assessed using the Annexin V-FITC
Apoptosis Detection Kit according to the manufacturer's instructions
(KeyGEN Biotech, Nanjing, China). In brief, cells in 70% confluent
plates were treated with different doses of tt-DDE. After treatment for
24 h, the cells were collected and stained simultaneously with FITC-
labeled annexin V and propidium iodide (PI). The stained cells were
analyzed by FACS Accuri C6 flow cytometer (Becton Dickinson, CA,
USA).

2.15. Analysis of mitochondrial membrane potential

Mitochondrial membrane potential (MMP, Δᴪm) was measured with
a unique cationic dye of JC-1 (Beyotime Biotechnology, Shanghai,
China). Briefly, cells (2 × 105 cells/mL) were seeded in 6-well plates
overnight and treated with different concentrations of tt-DDE for 24 h,
then incubation with JC-1 (10 μg/mL) at 37 °C for 15 min. Monomeric
JC-1 green fluorescence emission and aggregate JC-1 red fluorescence
emission were monitored under an inverted fluorescence microscope
(Olympus, USA).

2.16. Confocal immunofluorescence

Cells were cultured and immunofluorescence stained in chamber
slides. After exposure to tt-DDE, cells were incubated with Mito-
Tracker® Red (Life Science, CA, USA) for 30 min, and then fixed with
4% (w/v) paraformaldehyde. After permeabilizing and blocking, they
were incubated with antibodies against cytochrome c overnight and
then secondary fluorescein isothiocyanate (FITC)-labeled antibody at
ambient temperature for 1 h. Subsequently, the chamber slides were
mounted with 4′, 6-diamidino-2-phenylindole (DAPI)-containing
Vectashield solution (Vector Labs, Burlingame, CA, USA) to counter-
stain cell nuclei. The samples were monitored under a Leica DM 14000B
confocal microscope (Wetzlar, Germany).

2.17. Western blot analysis

Arteries and HUVECs were lysed in lysis buffer or using a cyto-
plasmic and nuclear protein extraction kit (Beyotime Biotechnology,
Shanghai, China). Protein concentrations were determined using a BCA
protein assay kit (Beyotime Biotechnology, Shanghai, China). Equal
amounts of proteins were separated by sodium dodecyl sulfide-poly-
acrylamide gel electrophoresis and electrotransferred onto a poly-
vinylidene fluoride membrane (PVDF, 0.45 μm, Millipore, Molsheim,
France). After blocking, the membranes were incubated with respective
primary antibodies at the manufacturer's recommended dilutions
overnight at 4 °C. Then the membranes were incubated with the sec-
ondary antibodies, and blots were detected with chemiluminescent
substrate (Thermofisher, Shanghai, China). The primary antibodies for
Bax, Bcl-2, cleaved caspase-3, cleaved caspase-9, cytochrome c, JNK, p-
JNK, ERK1/2, p-ERK1/2, p38, p-p38, eNOS, p-eNOSSer1177, iNOS, β-
actin, and all of the secondary antibodies were obtained from Cell
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Signaling Technology (Danvers, MA, USA). The primary antibodies for
p-VASP S239, VASP and gp91phox were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Protein densities were quantified
using Quantity-One Software (Bio-Rad, CA, USA) and normalized with
β-actin as an internal control.

2.18. Statistical analysis

Data are represented as means ± standard error of mean (SEM).
Statistical significance was determined by one-way ANOVA, followed
by Bonferroni's correction where appropriate. Differences were con-
sidered significant when p < 0.05. Statistical tests were performed
using GraphPad Prism software version 5.0 (GraphPad Software, Inc.,
San Diego, CA, USA).

3. Results

3.1. Basic parameters in tt-DDE-treated rats

As shown in Fig. 1, the systolic, diastolic, and mean arterial blood
pressure (SBP, DBP, and MAP, respectively) in tt-DDE-treated rats were
all significantly increased compared with those from vehicle-treated
rats after 28 days of treatment, but no difference in heart rate was
observed among all groups. tt-DDE consumption also resulted in de-
creased body weight and food intake, and increased serum LDL levels
(Table 1). In addition, there was no statistical significance in fasting
blood glucose, cholesterol, triglycerides, ALT, creatinine and urea ni-
trogen among all groups (Table 1), and no obvious histological ab-
normalities were observed in liver and kidney tissues (Fig. S1).

3.2. tt-DDE impaired endothelial function in mesenteric arteries of rats in
vivo and ex vivo

Endothelial dysfunction plays a vital role in the genesis of hy-
pertension [35]. To determine the effects of tt-DDE on endothelial
function, relaxation of mesenteric arteries in response to ACh, an en-
dothelium-dependent vasodilator, was investigated. As shown in
Fig. 2A and B, concentration-dependent vasodilation in response to ACh
was impaired in vascular segments from the tt-DDE-treated rats com-
pared with those from the vehicle-treated rats. However, endothelium-
independent relaxation in response to SNP was identical in all groups.
These results indicated that tt-DDE induced impairment of endothelial
function rather than smooth muscle function in rats. Then, phosphor-
ylation of vasodilator-stimulated phosphoprotein at serine 239 (p-
VASP), a novel marker for NO/cGMP/cGK signaling and a biochemical
indicator of NO availability in vascular tissues, was examined [36].
Results showed that p-VASP levels were significantly decreased in ar-
teries from tt-DDE-treated rats (Fig. 2C). Additionally, mesenteric ar-
teries incubated with tt-DDE showed significant impairment in ACh-
induced vasorelaxation, while SNP-induced vasorelaxation was normal,
indicating that tt-DDE directly impaired endothelial function (Fig. 2D
and E). In arteries from vehicle control, L-NAME significantly blunted
ACh-induced vasorelaxation. However, in tt-DDE incubated arteries,
the inhibitory effect exerted by L-NAME on ACh-induced relaxation was
lower compared to the vehicle control (Fig. 2D). Together, these results
suggested that tt-DDE-induced endothelial dysfunction through redu-
cing NO bioavailability.

3.3. tt-DDE induced oxidative/nitrative stress

Considerable evidence suggests that increased superoxide genera-
tion and interactions between superoxide and NO are the major reasons
for endothelial dysfunction [28]. As summarized in Fig. 3A and B, tt-

Fig. 1. The effects of tt-DDE on blood pressure and heart rate in rats. (A) Systolic blood pressure (SBP). (B) Diastolic blood pressure (DBP). (C) Mean arterial blood
pressure (MBP). (D) Heart rate (HR). All values are presented as mean ± SEM; n = 8 in each group. *p < 0.05, **p < 0.01 vs. Control.
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DDE ingestion induced a dramatic increase in basal superoxide pro-
duction in arteries, as evidenced by both DHE and lucigenin-enhanced
chemiluminescence analysis. tt-DDE also significantly reduced GSH

levels and increased GSSG levels, resulted in reduced GSH/GSSG ratio
(an important marker of cellular redox balance) (Fig. 3C–E). These
results indicated that tt-DDE induced significant oxidative stress in

Table 1
General parameters in SD rats after 28-day oral consumption of tt-DDE.

Pramaters Control tt-DDE-L tt-DDE-H

Initial body weight (g) 132.65 ± 9.43 132.25 ± 11.17 132.65 ± 12.10
Final body weight (g) 290.60 ± 22.03 260.30 ± 15.98* 244.06 ± 11.20**
Body weight gain (g) 157.95 ± 20.59 128.07 ± 16.62** 111.41 ± 16.05**
Total food intake (g) 1133.12 ± 37.32 934.30 ± 57.52* 825.35 ± 39.04**
Cholesterol (mmol/L) 3.22 ± 0.79 3.65 ± 0.86 3.49 ± 0.64
Tryglycerides (mmol/L) 0.51 ± 0.16 0.66 ± 0.37 0.52 ± 0.13
LDL (mmol/L) 0.74 ± 0.13 0.92 ± 0.21 1.03 ± 0.21*
Fasting blood glucose (mg/dl) 6.3 ± 0.47 5.8 ± 0.38 7.1 ± 0.51
ALT (U/L) 46.90 ± 11.73 57.38 ± 10.48 52.31 ± 9.04
Creatinine (μmol/L) 49.76 ± 8.63 52.51 ± 11.03 56.28 ± 10.42
Urea nitrogen (mmol/L) 3.51 ± 0.79 3.95 ± 0.88 4.45 ± 1.12

Values are means ± SEM (n = 8). LDL: Low-density lipoprotein; ALT: Alanine transaminase. *p < 0.05, **p < 0.01 vs. Control.

Fig. 2. The effects of tt-DDE on endothelial function in vivo and ex vivo. (A) Dose-response curves for ACh-induced relaxation of mesenteric arteries in vehicle and tt-
DDE treated rats. (B) Dose-response curves for SNP-induced relaxation of mesenteric arteries in vehicle and tt-DDE treated rats. (C) Representative blots and
quantified data of p-VASP expression. (D) Dose-response curves for ACh-induced relaxation of cultured mesenteric arteries. (E) Dose-response curves for SNP-induced
relaxation of cultured mesenteric arteries. All values are presented as mean ± SEM; n = 6–8 in each group. *p < 0.05, **p < 0.01 vs. Control; ##p < 0.01 vs. tt-
DDE.
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arteries of rats. Moreover, NOx production was markedly increased in
arteries of tt-DDE-treated rats (Fig. 3F). Reaction of superoxide with NO
leads to the formation of ONOO−, resulting in diminished NO bioa-
vailability and aggravated vascular injury [32,37]. As expected, the
ONOO− content was increased in tt-DDE-treated arteries compared
with those from vehicle controls (Fig. 3G), suggesting a significant ni-
trative stress.

3.4. tt-DDE regulated eNOS phosphorylation and expressions of iNOS and
gp91phox

To identify the enzymatic sources contributing to tt-DDE-induced
oxidative/nitrative stress, the levels of p-eNOS, iNOS, and NADPH
oxidase in arteries of rats were determined. As summarized in
Fig. 4A–C, the eNOS activity and phosphorylation expression were
significantly reduced in arteries of tt-DDE-treated rats, while the iNOS
activity and expression were significantly increased, which indicated
that iNOS is the source of enzymes causing NOx overproduction.
NADPH oxidase gp91phox is the most important enzyme responsible for
superoxide production in vasculature [28]. Results showed that
gp91phox expression in arteries of tt-DDE-treated rats was dose-depen-
dently increased (Fig. 4B and C). These results suggested that tt-DDE
induced oxidative/nitrative stress by stimulating the expressions of
iNOS and NADPH oxidase. Additionally, the contributions of iNOS,
NADPH oxidase and ROS production to tt-DDE induced endothelial

dysfunction were further evaluated. As shown in Fig. 4D, inhibition of
iNOS, NADPH oxidase or ROS production significantly improved en-
dothelium-dependent relaxation in tt-DDE-treated arteries. These re-
sults indicated that NADPH oxidase and iNOS-mediated oxidative/ni-
trative stress plays an important role in tt-DDE induced endothelial
dysfunction.

3.5. tt-DDE induced oxidative/nitrative stress in HUVECs

Vascular endothelial cells play a crucial role in maintaining vascular
homeostasis. To further investigate direct toxic effect of tt-DDE on
vascular endothelium, we cultured HUVECs. As shown in Fig. 5A, tt-
DDE significantly reduced cell viability in a dose- and time-dependent
manner. The IC50 value of tt-DDE was 15.37 μM after 24 h of treatment,
and the doses of 5, 10 and 15 μM were used for further study. As shown
in Fig. S2, tt-DDE significantly increased the LDH release in endothelial
cells, but there was no significant cytotoxicity to human vascular
smooth muscle cells. tt-DDE also induced endothelial cell dysfunction as
evidenced by impaired HUVEC angiogenesis and migratory capacities
(Fig. S3). Furthermore, the results of DHE staining and lucigenin-en-
hanced chemiluminescence analysis showed that tt-DDE significantly
increased O2− production (Fig. 5B and C). DAF2-DA fluorescence ana-
lysis in HUVECs confirmed an increase in NO production after 24 h of
tt-DDE incubation (Fig. 5D). Consistent with the results from rat ar-
teries, ONOO− levels were also increased in HUVECs (Fig. 5E).

Fig. 3. The effects of tt-DDE on oxidative/nitrative stress in arteries of rats. (A) In situ superoxide production as detected by DHE staining in aortic segments of rats
(original magnification, 100 × ). (B) Superoxide production in arteries determined by lucigenin-enhanced chemiluminescence. (C–E) Glutathione (GSH) levels,
oxidized glutathione disulfide (GSSG) levels, and ratios of GSH/GSSG in arteries of rats. (F) NOx levels and (G) Nitrotyrosine formation in arteries of rats. All values
are presented as mean ± SEM; n = 6–8 in each group. *p < 0.05, **p < 0.01 vs. Control.
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Moreover, decreased p-eNOS levels and increased iNOS and NADPH
oxidase were observed in tt-DDE-treated HUVECs (Fig. S4). Together,
these results indicated that tt-DDE induced cytotoxicity and oxidative/
nitrative stress in HUVECs.

3.6. Tempol restored tt-DDE-induced apoptosis

Oxidative/nitrative stress of vascular walls is closely related to ex-
cessive apoptosis of endothelium, and apoptosis reflects deterioration
after endothelial cell injury [28]. Therefore, we further tested whether
tt-DDE induced apoptosis of endothelial cells and explored underlying
mechanisms. Flow cytometry assay showed that exposure to tt-DDE
significantly increased apoptotic HUVEC death in a dose-dependent
manner (Fig. 6A and B). In addition, tt-DDE dose-dependently increased
expressions of cleaved caspase-3 and caspase-9 in HUVECs (Fig. 6C).
Similarly, the caspase-3 activity was significantly increased in the ar-
teries of tt-DDE-treated rats (Fig. 6D). To explore whether tt-DDE-in-
duced O2− overproduction is related to apoptosis in endothelial cells,
levels of LDH and caspase-3 with tempol were estimated. As shown in
Fig. 6E–G, tempol pretreatment significantly reduced LDH release, and
caspase-3 activity and expression in comparison with those in tt-DDE-
treated HUVECs alone. These results suggested that tt-DDE-induced
apoptosis in endothelial cells were partly mediated by an increase in
superoxide anion generation.

3.7. tt-DDE activated mitochondria apoptosis signaling in HUVECs

Mitochondria is a critical regulator of cell death, and mitochondrial
insults can cause an imbalance between ROS production and removal,
resulting in net ROS production [38]. As shown in Fig. 7A, tt-DDE
significantly reduced MMP in endothelial cells. Specific protein ex-
pressions in the mitochondrial signaling pathway are shown in Fig. 7B,
with exposure to tt-DDE dose-dependently attenuating the Bcl-2/Bax

ratio compared to that in the control cells. In addition, exposure to tt-
DDE markedly increased cytochrome c release from mitochondria to the
cytosol (Fig. 7B). Simultaneously, an immunofluorescence imaging
analysis was performed to confirm the co-localization of cytochrome c
and mitochondria (Fig. 7C). These results demonstrated tt-DDE-induced
mitochondria dysfunction and activation of mitochondria apoptosis
signaling through regulation of the Bcl-2/Bax ratio and triggering of
cytochrome c release in HUVECs.

3.8. tt-DDE-induced apoptosis by MAPK signaling pathways

Oxidative stress-activated MAPK is involved in apoptosis [39]. The
roles of the JNK, ERK1/2, and p38 pathways in tt-DDE-induced apop-
tosis were investigated. As shown in Fig. 8A, exposure of cells to tt-DDE
significantly increased phosphorylation of JNK and p38 in a dose-de-
pendent manner, whereas there was no significant difference in phos-
phorylation of ERK1/2. Consistently, tt-DDE significantly increased
phosphorylations of JNK and p38 without affecting ERK1/2 phos-
phorylation in arteries of rats (Fig. S5). To clarify the involvement of
MAPKs in modulation of apoptosis by tt-DDE, the effects of JNK in-
hibitor SP and p38 inhibitor SB on caspase-3 activities were assayed. As
shown in Fig. 8B, the JNK inhibitor effectively blocked the stimulatory
role of tt-DDE in cleaved caspase-3 expression. However, the p38 in-
hibitor showed no obvious effect on cleaved caspase-3 levels (Fig. 8C).
These results indicated that tt-DDE-induced endothelial cells apoptosis
was closely related to activation of JNK phosphorylation.

4. Discussion

In the present study, we demonstrated for the first time that tt-DDE
consumption increased blood pressure through impairing vascular en-
dothelial function. Additionally, our data provided evidence that oxi-
dative/nitrative stress and apoptosis were causally linked to the tt-DDE

Fig. 4. The effects of tt-DDE on enzymes
responsible for oxidative/nitrative stress in
arteries of rats. (A) eNOS and iNOS activ-
ities in arteries of rats. (B) Representative
blots and (C) quantified data for p-eNOS,
iNOS, and gp91phox in arteries of rats. (D)
The effects of S-methylisothiourea (SMT),
apocynin and tempol on ACh-induced re-
laxation of tt-DDE incubated mesenteric
arteries. All values are presented as
mean ± SEM; n = 6–8 in each group.
*p < 0.05, **p < 0.01 vs. Control;
πp<0.05, λλp<0.01, ##p < 0.01 vs. tt-
DDE.
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induced endothelial dysfunction, leading to the blood pressure eleva-
tion. Our results suggest that tt-DDE exposure is a potential risk factor
for endothelial dysfunction and hypertension.

Numerous studies have reported that reactive aldehydes as products
of lipid peroxidation are implicated in cardiovascular diseases, in-
cluding hypertension [6,13,16,23]. tt-DDE is one of the most abundant
and cytotoxic aldehydes among lipid oxidation products [40]. It is
widely spread in the environment and food products, making human
exposure virtually universal. However, scientific studies on the effects
of tt-DDE exposure on the cardiovascular system of humans or animals
are largely unknown. In the present study, we reported that tt-DDE
intake for 28 days induced blood pressure elevation in rats. Im-
portantly, we found that tt-DDE impaired the vasodilatory function of
mesenteric arteries in vivo and ex vivo via reduction of NO bioavail-
ability. These results suggested that tt-DDE exposure induced en-
dothelial dysfunction by impairing NO availability, and subsequently
led to elevated blood pressure in rats. In the future, it is necessary to
conduct large cohort studies in general population to investigate the
effects of dietary intake, occupational exposure, or environmental
concentrations of tt-DDE on human blood pressure.

Oxidative stress is an important cause of hypertension by quenching
vasodilator NO, directly damaging endothelial cells, altering the redox
state, and stimulating inflammatory and growth-signaling events [6]. In

Chang's study, tt-DDE significantly attenuated glutathione status and
accumulated ROS in human bronchial epithelial cells [26]. Con-
sistently, the present study showed that exposure to tt-DDE significantly
induced oxidative stress in rats. We also demonstrated that tt-DDE
triggered O2− formation by stimulation of NADPH oxidase gp91phox

expression. Under physiological conditions, eNOS produced low con-
centrations of NO, which protects the cardiovascular system, whereas,
in pathological conditions, iNOS promotes high concentrations of NO,
which leads to harmful effects on the cardiovascular system [41]. In-
creased superoxides rapidly react with NO, resulting in in situ formation
of peroxynitrite, a strong oxidative/nitrative molecule that aggravates
vascular injury [37]. In this regard, 4-hydroxy-2-nonenal (4-HNE),
another α,β-unsaturated aldehyde, was reported to induce endothelial
dysfunction by reducing NO bioavailability via modulation of NO
synthase activity and elevating peroxynitrite [42]. In the present study,
tt-DDE induced obviously nitrative stress by inhibited eNOS phos-
phorylation and activated iNOS expression in both tt-DDE-treated rats
and HUVECs. More importantly, inhibition of iNOS, NADPH oxidase or
ROS production greatly restored tt-DDE-induced endothelial dysfunc-
tion, suggesting that iNOS and NADPH oxidase contribute to tt-DDE-
induced endothelial dysfunction. Together, we showed for the first time
that ingestion of tt-DDE impaired endothelial function by reducing NO
bioavailability and exacerbating oxidative/nitrative stress via

Fig. 5. The effects of tt-DDE on cell viability and oxidative/nitrative stress in HUVECs. (A) Cells viability was determined by CCK-8 assay. (B) Representative images
of DHE staining (scale bar: 50 μm). (C) Superoxide production determined by lucigenin-enhanced chemiluminescence in HUVECs. (D) NO production as detected by
DAF2-DA fluorescence in HUVECs (scale bar: 50 μm). (E) Nitrotyrosine level in HUVECs. All values are presented as the means ± SEM of three separate experiments.
*p < 0.05, **p < 0.01 vs. Control.
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activation of NADPH and iNOS oxidase expression and subsequent
production of cytotoxic peroxynitrite.

Both excessive intracellular ROS generation as well as high patho-
logical NO levels induce cell apoptosis, which mediates endothelial
injury [43]. Endothelial cells are crucial both for vascular homeostasis
and protection of vasculature against oxidant species, and damage to
vascular endothelial cells is usually considered the initial step in en-
dothelial dysfunction [5]. Evidence indicates that both tt-DDE and
precursors of tt-DDE such as hydroperoxides of unsaturated fatty acids
can induce cellular apoptosis in HUVECs [9]. This study provided evi-
dence that tt-DDE induced apoptosis in HUVECs, while tempol sig-
nificantly reduced this cytotoxicity and apoptosis, suggesting that tt-
DDE-induced oxidative stress was closely related to endothelial cells
apoptosis. Mitochondria are both generators and targets of ROS. The
mitochondrial dysfunction is an important contributor to hypertension
and related complications [44,45]. Mitochondrial membranes are rich
in protein thiols, which are potential targets for reactive aldehydes
[46–48]. In this regard, tt-DDE was reported to induce mitochondrial
dysfunction by reducing mitochondrial membrane potential and mod-
ifying cytochrome c [14,16,27]. Consistent with previous findings, this
study showed that tt-DDE induced mitochondrial function deterioration

and triggered a mitochondrial apoptotic cascade. These results in-
dicated that tt-DDE induced vascular endothelial injury by promoting
mitochondrial apoptosis of endothelial cells.

MAPK are involved in early signaling mechanisms after cells are
exposed to various stimuli, including growth factors or toxic substances
[49]. α,β-unsaturated aldehydes were reported to directly conjugate
with JNK following histone modification, and activation of p38 may be
largely related to cell type and environment, exposure time, and spe-
cific cell stressors [22]. In this study, we found that exposure to tt-DDE
activated JNK as well as p38 in both arteries and HUVECs. Persistent
activation of JNK is known to be involved in the development of
apoptosis [50]. The present study showed that tt-DDE-activated cas-
pase-3 was abolished by a JNK inhibitor in HUVECs. This novel result
revealed that JNK activation is critical for tt-DDE-mediated apoptosis of
endothelial cells, which act as an important cause of endothelial dys-
function.

In conclusion, our results showed that tt-DDE consumption elevated
blood pressure and impaired endothelial function through inducing
oxidative/nitrative stress and JNK-mediated apoptosis signaling. These
results contribute to a better understanding of the cardiovascular toxic
mechanisms associated with aldehyde compounds and provide new

Fig. 6. The effects of tt-DDE on apoptosis in HUVECs. (A) Flow cytometric analysis of tt-DDE-induced apoptosis in HUVECs and (B) the percentages of apoptotic cells
based on total cell population. (C) Representative blots and quantified data for cleaved caspase-3 and caspase-9. (D) Caspase-3 activity in arteries from vehicle and tt-
DDE treated rats was detected by an assay kit. (E) LDH release and (F) caspase-3 activity in HUVECs treated with vehicle control, tt-DDE (10 μM), and tempol
(100 μM) in combination with tt-DDE (10 μM). (G) Representative blots and quantified data for cleaved caspase-3. All values are presented as the means ± SEM of
three separate experiments. *p < 0.05, **p < 0.01 vs. Control; #p < 0.05 vs. tt-DDE.
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Fig. 7. The effects of tt-DDE on mitochondrial membrane potential and mitochondria apoptosis signaling in HUVECs. (A) Representative images of JC-1 staining
(scale bar: 200 μm) and the ratio of red/green fluorescent. (B) Representative blots and quantified data for Bcl-2, Bax, and cytochrome c expression. (C)
Representative confocal microscopy images of cytochrome c release from mitochondria to the cytoplasm in HUVECs (scale bar: 75 μm). All values are presented as the
means ± SEM of three separate experiments. *p < 0.05, **p < 0.01 vs. Control. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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information that informs the use of tt-DDE in food production and
processing.
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