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ABSTRACT
Aims/Introduction: Diabetes is an important risk factor for atherosclerotic disease. The
initiating factor of atherosclerosis is local endothelial cell injury. The arachidonic acid metabo-
lite, 12(S)-hydroxyeicosatetraenoic acid (12[S]-HETE), might be involved in this process. In
recent years, some studies have discussed the effect of 12(S)-HETE on vascular endothelial
cell function. In the present study, we investigated the effect of 12(S)-HETE on vascular
endothelial cell function in high-glucose conditions and the mechanisms involved.
Materials and Methods: Human umbilical vein endothelial cells were cultured in con-
ventional M199 medium and high-glucose M199 medium. Human umbilical vein
endothelial cells were stimulated with 12(S)-HETE and cinnamyl-3,4-dihydroxy-a-cyanocin-
namate (a 12/15-lipoxygenases inhibitor). A type 1 diabetes mellitus model was estab-
lished in C57BL/6 or 12/15-lipoxygenases knockout mice with streptozotocin. Aortic tissue
was harvested for subsequent testing. The transmembrane transport of dextran and
human acute monocytic leukaemia cell line (THP-1) cells was measured. The adherens
junction protein, IkBa, nuclear factor kappa Bp65 (P65), intercellular adhesion molecule 1
and vascular cell adhesion protein 1 expression and phosphorylation, and the binding/dis-
sociation of endothelial cell components were observed.
Results: Transendothelial migration of dextran and THP-1 cells was significantly
increased by stimulation of human umbilical vein endothelial cell monolayers with high
glucose and 12(S)-HETE (P < 0.05). High glucose and 12(S)-HETE altered the vascular
endothelial cadherin and b-catenin phosphorylation level, and promoted the dissociation
of b-catenin and vascular endothelial cadherin. Expression levels of P-Ikba, P-P65, intercel-
lular adhesion molecule 1 and vascular cell adhesion protein 1 were elevated in high glu-
cose and 12(S)-HETE treated cells and diabetic mice compared with controls (P < 0.05).
Conclusions: The lipoxygenases metabolite, 12(S)-HETE, can impair vascular endothelial
permeability by altering adherens junction phosphorylation levels, and affecting the bind-
ing and dissociation of its components in high-glucose conditions.

Received 15 June 2018; revised 29 August 2018; accepted 9 September 2018

ª 2018 The Authors. Journal of Diabetes Investigation published by Asian Association for the Study of Diabetes (AASD) and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 10 No. 3 May 2019 639
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

ORIGINAL ARTICLE

http://orcid.org/0000-0002-5284-2213
http://orcid.org/0000-0002-5284-2213
mailto:
http://creativecommons.org/licenses/by-nc/4.0/


INTRODUCTION
Diabetes is one of the most important risk factors for
atherosclerotic disease (equivalent to coronary heart disease).
The risk of atherosclerotic disease in patients with diabetes mel-
litus is two- to threefold that of non-diabetes patients1.
Although atherosclerosis is a complex process, excessive inflam-
mation and lipid accumulation are at its essence2. The primary
initiating factor is local endothelial cell injury, and the integrity
of vascular endothelial function primarily depends on three
aspects: (i) actin–myosin-based contraction machinery; (ii)
adherens junctions; and (iii) tight junctions3.
Adherens junctions are involved in physical connections

between cells and structures underneath cells. The normal
structure of adherens junctions is necessary for proper structure
of tight junctions4. Simultaneously, adherens junctions also play
an important regulatory role in the expression and function of
tight junction proteins5,6. Each adherens junction is composed
of a transmembrane component (vascular endothelial cadherin
[VE-cadherin]) and intracellular components (b-catenin, P120-
catenin and a-catenin)3. VE-cadherin can directly bind to
b-catenin, which connects to the actin cytoskeleton and an
array of signaling proteins, thereby stabilizing VE-cadherin-
mediated cell adhesion and related signal transmission. As such,
the VE-cadherin–b-catenin complex plays an important role in
maintaining the integrity of endothelial cells, angiogenesis, vas-
cularization and stabilization of the vascular environment7,8.
Therefore, studies of VE-cadherin and b-catenin expression
have important implications for our understanding of endothe-
lial cell permeability and integrity.
Lipoxygenases (LO) are a group of oxygenases that do not

contain heme iron, making it possible to insert oxygen mole-
cules into polyunsaturated fatty acids represented by arachi-
donic acid and linoleic acid9. Thus, LO are important
components of three major metabolic pathways for unsaturated
fatty acids, together with cyclooxygenase and cytochrome
P-45010. Depending on the location of carbon atoms onto
which oxygen molecules are inserted, LO are classified into 5-
LO, 8-LO, 12-LO and 15-LO. As human and rabbit 12-LO and
15-LO are highly homologous, and can both decompose sub-
strates to produce 12(S)-hydroxyeicosatetraenoic acid (HETE)
and 15(S)-HETE, they are collectively called 12/15-LO11.
Under normal circumstances, the content of free arachi-

donic acid within the body is very low. However, in some
pathological conditions, such as hyperglycemia, hyperlipidemia,
hypertension and hypoxia, arachidonic acid can be released
from cell membranes and converted into biologically active
metabolites under the action of 12/15-LO12,13. 12-HETE and
15-HETE, the major metabolites of 12/15-LO, have important
physiological functions and are important pathological factors.
Furthermore, 12(S)-HETE and 15(S)-HETE have been shown
to participate in vasoactive, inflammatory and prolifera-
tive responses, and regulate ion transport, and kidney and
respiratory functions14–16. Some studies have also shown that

12(S)-HETE and 15(S)-HETE have important roles in pro-
moting proliferation and inflammatory factors, especially in
vascular endothelial and kidney cells15–17. 12(S)-HETE is
increased in diabetes patients with incipient and early renal
disease18, and is increased in diabetes patients with coronary
artery disease19. In recent years, some reports have shown the
effect of 12(S)-HETE on vascular endothelial cell function.
Studies showed that 12- and 15-HETE increased retinal
endothelial cell permeability during diabetic retinopathy
through nicotinamide adenine dinucleotide phosphate oxidase
or nicotinamide adenine dinucleotide phosphate oxidase-
dependent mechanism20–22. 12/15-LO and its AA metabolite,
15(S)-HETE, play an important role in high-fat diet-induced
endothelial tight junction disruption and macrophage adhe-
sion, which are crucial events underlying the pathogenesis of
atherosclerosis23.
Based on the above, we hypothesized that 12(S)-HETE was

directly implicated in endothelial injury in diabetes by stimulat-
ing factors that alter protein phosphorylation levels to damage
cell–cell junctions and increase vascular permeability. The pre-
sent study investigated the mechanisms of vascular endothelial
injury induced by 12(S)-HETE in high-glucose conditions, and
provides information that will be helpful for understanding the
process of arterial injury in diabetes patients and might open
up new targets for therapeutic development.

METHODS
Cell vulture
Human umbilical vein endothelial cells (HUVECs; ATCC,
Rockefeller, MD, USA) were cultured in M199 (Gibco, Grand
Island, NY, USA) medium supplemented with low-serum
growth supplement (Gibco), 10 mg/L gentamicin, and 0.25 mg/
L amphotericin in a 5% CO2 incubator at 37°C and 95%
humidity. Cells at passages 6–8 were harvested for experiments.
Before testing, HUVECs were seeded in 100-mm Petri dishes.
At 100% confluence, the cells were incubated with M199 med-
ium without growth factors to promote them entering a sta-
tionary phase for the following tests. High-glucose medium was
M199 medium containing D-glucose for a final concentration of
25 mmol/L (high-glucose M199). Control group cells were cul-
tured in M199 medium containing a normal concentration of
glucose (5.6 mmol/L). HUVECs were also incubated with 12
(S)-HETE (0.1 lmol/L), cinnamyl-3,4-dihydroxy-a-cyanocinna-
mate (CDC; a 12/15-Lipoxygenases inhibitor, 10 lmol/L) and
mannitol (19.4 mmol/L). CDC can inhibit 12- and 15-lipoxy-
genaseactivity, so this compound has been used as a pharmaco-
logical tool to identify 12/15-LO-mediated action24.
The experiment contained six groups: (i) control; (ii) high-

glucose; (iii) 12(S)-HETE (0.1 lmol/L, normal glucose concen-
tration; Biomol, Plymouth Meeting, PA, USA); (vi) high
glucose + 12(S)-HETE (0.1 lmol/L); (v) high glucose + CDC
(10 lmol/L; Biomol); and (vi) normal glucose + mannitol
(19.4 mmol/L).
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Animal research
An animal model of type 1 diabetes mellitus was established by
small-dose multiple intraperitoneal injection of streptozotocin
(Sigma, St. Louis, MO, USA). C57BL/6 (Beijing, China) or 12/
15-LO knockout (12/15-LOKO) mice of C57BL/6 background
were fasted for 12 h and then intraperitoneally injected with
streptozotocin 50 mg/kg daily for five consecutive days25. Mice
not included in the diabetes control group were intraperi-
toneally injected with an equal volume of sodium citrate buffer,
for five consecutive days. Blood was obtained from the caudal
vein. Blood glucose was measured with an Accu-Chek ActiveX
blood glucose meter (Roche Diagnostics GmbH, Mannheim,
Germany). More than 30 mmol/L indicated successful model
induction 5 days after streptozotocin administration. The exper-
iment had four groups: control, diabetes, 12/15-LOKO and 12/
15-LOKO + diabetes. There were 10 mice in each group. After
16 weeks, mice were killed and aortic tissue was harvested for
subsequent testing.

Ethics approval of the study protocol
All animal protocols for the present study conformed to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health. All experimental proce-
dures were approved by the Committee of Animal Care and
Use at Zhengzhou University (Zhengzhou, China).

Fluorescein isothiocyanate-labeled transendothelial dextran
flux
HUVECs were seeded into a Transwell system. At 100% con-
fluence, a monolayer endothelial cell barrier was formed. A
total of 100 lg/mL fluorescein isothiocyanate (FITC)-labeled
dextran (MW 70,000; Seebio, Shanghai, China) was added to
the lower chamber. According to group assignment, high glu-
cose, mannitol, 12(S)-HETE (0.1 lmol/L) or high glu-
cose + CDC (10 lmol/L) were added to the lower and upper
chambers, and incubated for 2 h26. From this 100 lL of med-
ium was obtained from the lower and upper chambers, sepa-
rately. Fluorescence intensity was measured by a fluorescence
spectrometer (F98, Shanghai Lengguang Technology Co., Ltd.,
Shanghai, China) and the transendothelial dextran flux rate (%
dextran/h/cm2) was calculated.

Transmembrane migration of THP-1 cells
Transmembrane migration was measured with a Transwell sys-
tem with 8.0-lm pores (Millipore, St. Louis, MO, USA)27.
Matrigel (50%) was painted onto the back of the Transwell,
and HUVECs were seeded onto the other side and cultured
until 100% confluence and formation of an endothelial mono-
layer barrier. THP-1 cells (ATCC) in the stationary phase were
labeled with 20,70-bis-(2-carboxyethyl)5-(and-6)-carboxyfluores-
cein acetoxymethyl ester (Fanbo, Beijing, China; 1 9 105 cells/
well), seeded onto the surface of HUVECs and incubated with
high glucose, mannitol, 12(S)-HETE (0.1 lmol/L) and CDC
(10 lmol/L) for 6 h. Non-migrating THP-1 cells were wiped

off with a cotton swab. The Matrigel was cut, fixed and placed
on the slide, and the number of migrating cells was observed
with an inverted microscope (CX31; Olympus, Tokyo, Japan).

Adherens junction protein expression, phosphorylation and
component binding/dissociation
Cultured HUVECs were treated with high glucose, 12(S)-
HETE, mannitol or high glucose + CDC for 30 min. Proteins
were extracted from HUVECs and aortic tissue, and lysates
were used for western blot assay and co-immunoprecipitation.
A total of 50 lg of protein was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Western blot analysis
was then carried out as described28 to analyze total VE-cad-
herin protein, total b-catenin protein and phosphorylation of
VE-cadherin (anti-phospho-VE-cadherin (Y731) as primary
antibody, 1:500; Cell Signaling, Boston, MA, USA). The protein
was transferred from the gel to polyvinylidene fluoride mem-
branes, which were incubated with antibody for 1 h at room
temperature and then at 4°C overnight. After washing with
Tris-buffered saline Tween-20, the membranes were incubated
with secondary antibody and signals detected by chemilumines-
cence. Quantification of the bands was carried out using densit-
ometric analysis software (Bio-Rad, Hercules, CA, USA).
Phosphorylation of b-catenin protein was determined by co-
immunoprecipitation with anti-serine/threonine phosphorylated
antibody (pSer/Thr antibody, 1:500; Cell Signaling). b-Catenin
protein-specific antibody was used for hybridization to deter-
mine its phosphorylation levels. Detection of adherens junction
(b-catenin and VE-cadherin) binding/dissociation was carried
out using co-immunoprecipitation. A total of 300 lg of protein
harvested from the control and treatment groups was incubated
with VE-cadherin antibody (Cell Signaling) overnight, then
mixed with 80 lL of protein-A/G beads at 4°C, shaking for
1 h. The beads were washed three times with cell lysate, and
boiled with 20 lL of 29 loading buffer at 100°C for 5 min.
After centrifugation, the supernatant was used for western blot
assay. b-Catenin antibody was utilized for hybridization to
determine their binding/dissociation with VE-cadherin protein.

Ikba, P65, intercellular adhesion molecule 1 and vascular cell
adhesion protein 1 protein expression and phosphorylation
The levels of Ikba, P65, intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion protein 1 (VCAM-1), and
phosphorylated Ikba and P65 (Cell Signaling) were all mea-
sured by western blotting, in a similar way to the method
described above. For these samples, the loading amount was
50 lg, the concentration of primary antibody was 1:500 and
the concentration of the secondary antibody was 1:3,000.

Histology
Tissue samples were fixed by being immersed in 10% formalde-
hyde solution at 4°C for 8 h, and were then embedded in
paraffin. Sections of 5-lm slice thickness were prepared, and
they underwent hematoxylin–eosin staining by standard
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techniques, before being observed under a light microscope to
visualize vascular endothelial and wall damage.

12(S)-HETE protein measurement
The level of 12(S)-HETE protein was measured by enzyme-
linked immunosorbent assay (ELISA). The aorta was lysed in
tissue protein lysis solution. Then, protein was extracted after
ultrasonic fragmentation, and then total protein concentration
was measured. The ELISA was carried out according to the
ELISA kit procedure from the manufacturer. Absorbance (A)
was measured at 450 nm using a microplate reader. Sample con-
centration was calculated based on the prepared standard curve.
The total protein concentration of the sample was divided by
the measured sample concentration to calculate the content of
12(S)-HETE protein for per unit mass in the sample.

Serum measurements
Mouse blood was taken from the tail vein, and a fasting blood
glucose meter (Roche) was used for determination of blood glu-
cose. Insulin was determined by radioimmunoassay, and the
ELISA mouse glycosylated hemoglobin A1c test kit (Teco Diag-
nostics, Anaheim, CA, USA) was used to determine glycosy-
lated hemoglobin A1c.

Statistical analysis
All data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, IL,
USA) software. All data were expressed as mean – standard
deviation, and significant differences among groups were evalu-
ated using one-way analysis of variance and followed by least
significant difference t-tests for post-hoc comparisons. A value
of P < 0.05 was considered statistically significant.

RESULTS
Effects of 12(S)-HETE on endothelial barrier permeability
FITC-labeled transendothelial dextran flux and leukocyte trans-
migration showed that high glucose and 12(S)-HETE could
destroy endothelial cell barriers. High glucose or 12(S)-HETE
remarkably increased transendothelial dextran transport, and in
combination it was increased further. Addition of the 12/15-LO
inhibitor, CDC, partially suppressed dextran transport. Similar
observations were made for leukocyte transmigration. High glu-
cose or 12(S)-HETE treatment increased transendothelial trans-
port of THP-1 cells by threefold, and in combination 12(S)-
HETE and high glucose effects were increased by approximately
fivefold (Figure 1).

Effects of 12(S)-HETE on adherens junction protein expression,
phosphorylation levels and component binding/dissociation in
endothelial cells
Western blot assay and co-immunoprecipitation were carried
out to analyze the phosphorylation levels and total protein
changes of VE-cadherin and b-catenin. The results showed little
change in total protein levels for each group, but some changes
to the phosphorylation levels. VE-cadherin phosphorylation

levels increased, but b-catenin phosphorylation levels decreased
in the high glucose and 12(S)-HETE groups, and the effect was
increased with the two conditions combined. The 12/15-LO
inhibitor, CDC, partially reversed this trend. These findings
suggested high glucose and 12(S)-HETE might regulate
endothelial barrier permeability by altering phosphorylation of
adherens junction proteins (Figure 2a,b). With regard to bind-
ing and dissociation of VE-cadherin and b-catenin proteins,
reduced b-catenin expression was observed in the high glucose
and 12(S)-HETE groups, suggesting these factors induce the
dissociation of b-catenin from VE-cadherin (Figure 2c).

Effects of 12(S)-HETE on Ikba, P65, ICAM-1 and VCAM-1
protein expression and phosphorylation levels in endothelial
cells
The levels of P-Ikba, P-P65, ICAM-1 and VCAM-1 were all
elevated in the high glucose group and 12(S)-HETE group, and
were highest in the high glucose and 12(S)-HETE combined
group, whereas the expression levels in the high glucose + CDC
group and the mannitol group were almost equivalent to that
of the normal group (Figure 3).
T-Ikba expression and P-Ikba expression showed opposite

trends; when T-Ikba expression was high in the normal group,
it was decreased in the high glucose and 12(S)-HETE groups,
and they were at their lowest in the combination of high glu-
cose and 12(S)-HETE group. T-Ikba expression levels in the
high glucose + CDC group and the mannitol group were
almost equivalent to that of the normal group (Figure 3).
Changes of T-P65 expression were not significant in any of

the various groups studied (Figure 3).

Effects of 12(S)-HETE on adherens junction protein expression,
phosphorylation levels and component binding/dissociation in
diabetic model mice
Table 1 shows the results of establishing the type 1 diabetes
mellitus model in the two mice groups. There were significant
decreases in bodyweight in the animals treated with streptozo-
tocin compared with the sham groups, and significantly
increased serum glucose and glycosylated hemoglobin A1c, with
decreased insulin levels (all P < 0.05).
hematoxylin–eosin staining showed obvious vascular

endothelial wall damage in the type 1 diabetes mellitus mouse
group compared with the sham mice, but the damage was less
obvious in the type 1 diabetes mellitus + 12/15-LOKO mice
(Figure 4a). The type 1 diabetes mellitus mice showed signifi-
cantly increased 12(S)-HETE levels than the sham mice in aor-
tic tissue (Figure 4b).
VE-cadherin phosphorylation levels were obviously increased

in diabetic mice. VE-cadherin phosphorylation levels were
higher in diabetic mice than in 12/15-LOKO mice. Changes in
b-catenin phosphorylation levels showed the opposite trend. b-
Catenin phosphorylation levels were minimal in diabetic mice,
but maximal in 12/15-LOKO mice (Figure 5). Regarding the
VE-cadherin–b-catenin complex, the level of b-catenin was
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decreased in the type 1 diabetes mellitus group. However, the
levels were almost equivalent in the sham and 12/15-LOKO
groups. These results showed that high glucose and 12(S)-
HETE promoted the dissociation of b-catenin and VE-cadherin,
consistent with the cell research results (Figure 5c).

Effects of 12(S)-HETE on Ikba, P65, ICAM-1 and VCAM-1
protein expression and phosphorylation levels in diabetic
model mice
Expression levels of P-Ikba, P-P65, ICAM-1 and VCAM-1
were elevated significantly in diabetic mice. They were almost

equivalent in the 12/15-LOKO mice and normal mice. The
expression levels were significantly decreased in the type 1 dia-
betes mellitus + 12/15-LOKO mice compared with diabetic
mice (P < 0.05), but were higher than those of normal mice
(P > 0.05; Figure 6).
T-Ikba expression showed an opposite trend to that of

P-Ikba. T-Ikba expression was highest in the normal mice and
12/15-LOKO mice, but lowest in diabetic mice. T-Ikba expres-
sion increased significantly in DM + 12/15-LOKO mice com-
pared with diabetic mice (P < 0.05), but was lower than that of
normal mice (P > 0.05; Figure 6).
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Figure 1 | Transendothelial (a,c) cell migration and (b) dextran transport induced by high glucose (HG) and 12(S)-hydroxyeicosatetraenoic acid (12
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Changes of T-P65 expressions were not significant in various
groups (Figure 6). These results were consistent with the cell
culture experiments.

DISCUSSION
The vascular endothelium controls the transendothelial trans-
port of macromolecules and inflammatory cells. Endothelial
dysfunction is a key step in the early stage of atherosclerosis.
Currently, the most widely accepted mechanism for vascular
endothelial dysfunction involves inflammatory and oxidative
damage. However, although high glucose and LO play a clear
role in atherosclerosis, how these factors damage the vascular
endothelial barrier to commence the process of atherosclerosis
is unknown. The present study confirmed that high glucose
and the LO metabolite 12(S)-HETE can impair vascular
endothelial permeability by altering adherens junction phospho-
rylation levels, and affecting the binding and dissociation of its
components – the combination of which exerts a strong effect.
Thus, it is proposed that 12(S)-HETE plays an important role
in the occurrence and development of atherosclerosis in dia-
betes patients.
Other studies have also shown that 12(S)-HETE is likely to

have an important role in the development of atherosclerosis in
diabetes. A pig model showed that 12-LO activation plays a key
role in accelerated atherosclerosis29, and hyperglycemia causes
upregulation of 12-LO activity30. The increased production of

15(S)-HETE activates monocyte integrins, which results in
enhanced adhesion of monocytes to endothelium, a key event in
the early development of atherosclerosis. However, the mecha-
nisms involved require further exploration.
An essential component of the adherens junction, VE-cad-

herin exerts a key effect for maintaining vascular integrity31,
including cytoskeletal rearrangement32, establishment of cell
polarity33 and tight junction remodeling34. Phosphorylation of
VE-cadherin protein regulates its activity, leading to instability
of the adherens junction complex and changes in vascular per-
meability. At present, many soluble molecules are thought to
cause VE-cadherin tyrosine phosphorylation, thereby increasing
vascular permeability, including vascular endothelial growth fac-
tor, tumor necrosis factor, platelet-activating factor, thrombin
and histamine35. Furthermore, these factors can lead to changes
in b-catenin phosphorylation levels and formation of VE-
cadherin–b-catenin complexes, which contributes to disruption
of intercellular connections. The present study explored the
effects of high glucose and 12(S)-HETE on VE-cadherin and
b-catenin, and verified that high glucose and 12(S)-HETE could
alter VE-cadherin and b-catenin phosphorylation levels, but did
not alter total protein expression. However, the 12/15-LO inhi-
bitor, CDC, antagonized the effect of high glucose on protein
phosphorylation to mitigate destruction of the endothelial cell
barrier, and the mouse diabetes mellitus model further con-
firmed these conclusions.
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Figure 2 | (a) Effects of 12(S)-hydroxyeicosatetraenoic acid (12[S]-HETE) on vascular endothelial cadherin (VE-caderin) expression and
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The interaction of VE-cadherin with b-catenin and other
molecules has been shown to regulate the stability of adherens
junctions. b-Catenin binds to and connects VE-cadherin with
cytoskeletal proteins to allow endothelial cells to form tight
attachments to each other, thus forming a selective semiperme-
able barrier between blood and tissue to control the exchange
of liquid and macromolecular material on both sides of the ves-
sel wall36,37. When free in the cytoplasm, b-catenin is phospho-
rylated and ubiquitinated by protein complexes, and becomes
inactivated38. The present study observed the effects of high
glucose and 12(S)-HETE on the binding and dissociation of
VE-cadherin and b-catenin in vascular endothelial cells. Both
cell research and animal research found that high glucose and
12(S)-HETE could induce the dissociation of b-catenin from
VE-cadherin to affect vascular endothelial permeability.

With regard to the relationship between high glucose and 12
(S)-HETE, another study found that 12/15-LO expression
increased after in vitro cultured renal mesangial cells were trea-
ted with high glucose26. Thus, we propose that in diabetes
patients, increased 12/15-LO expression might be an important
cause of endothelial function impairment induced by high glu-
cose. Furthermore, the present study showed that the destruc-
tive effect of high glucose on vascular endothelium was
significantly reduced after the addition of CDC in high-glucose
medium. Animal research also confirmed that adherens junc-
tion protein phosphorylation levels were minimal in 12(S)-
HETE knockout mice, and had only a minimal effect on the
VE-cadherin–b-catenin complex.
To further investigate the role of 12(S)-HETE in the mecha-

nism of inflammation and the development and promotion of
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Figure 3 | (a, b) Effects of 12(S)-hydroxyeicosatetraenoic acid (12[S]-HETE), high glucose (HG), cinnamyl-3,4-dihydroxy-a-cyanocinnamate (CDC) and
mannitol on levels of P-Ikba, T-Ikba, P-nuclear factor kappa Bp65 (P-P65), T-P65, intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion protein 1 (VCAM-1) in endothelial cells. 12(S)-HETE and high glucose increased P-Ikba, P-P65, ICAM-1 and VCAM-1 levels, but decreased T-
Ikba levels compared with control cells. *P < 0.05, vs the control group; #P < 0.05, vs the 12(S)-HETE group. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; NG, normal glucose.

Table 1 | General characteristics of diabetic mice

Sham Type 1 diabetes mellitus 12/15-LOKO Type 1 diabetes mellitus + 12/15-LOKO

Bodyweight (g) 21.4 – 2.1 16.7 – 1.3* 19.1 – 3.0** 18.8 – 2.6**
Serum glucose (mmol/L) 5.6 – 1.1 38.7 – 7.9* 5.5 – 0.9** 6.5 – 1.6**
HbA1c (%) 5.5 – 0.4 11.3 – 0.8* 5.9 – 0.6** 7.0 – 0.9**
Insulin (ng/mL) 1.51 – 0.06 0.57 – 0.03* 1.49 – 0.05** 1.33 – 0.06**

Values are expressed as means – standard deviation from 10 mice for each experimental condition. *P < 0.05, vs the sham group; **P < 0.05, vs
the type 1 diabetes mellitus group. 12/15-LOKO, 12/15-lipoxygenases knockout mice; HbA1c, glycosylated hemoglobin A1c.
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atherosclerosis, we investigated expression levels of Ikba and
P65 and their phosphorylated forms, and the levels of ICAM-1
and VCAM-1. Both Ikba and P65 are important factors in reg-
ulating nuclear factor-kappa B, a transcription factor that has a

crucial role in inflammation39. Although ICAM-1 and VCAM-
1 are cell surface adhesion molecules that are expressed in
endothelial cells, and are implicated in the early development
and progression of atherosclerosis40,41. The results showed that
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mouse group. The damage was less obvious in the type 1 diabetes mellitus + 12/15-lipoxygenases knockout mice (12/15-LOKO) group with the
12(S)-hydroxyeicosatetraenoic acid (12[S]-HETE) knockout mice group. (b) 12(S)-HETE levels in the mouse samples. *P < 0.05, vs the sham group.
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Figure 5 | (a) The effects of 12(S)-hydroxyeicosatetraenoic acid (12[S]-HETE) on vascular endothelial cadherin (VE-caderin) expression and
phosphorylation levels in diabetic model mice. VE-cadherin phosphorylation levels were obviously increased in diabetic mice. (b) The effects of 12
(S)-HETE on b-catenin expression and phosphorylation levels in diabetic model mice. b-Catenin phosphorylation levels were minimal in diabetic
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in both the cell culture system and the mouse DM model, the
levels of P-Ikba and P-P65 increased in the presence of
high glucose and 12(S)-HETE and in the diabetic mice, whereas
T-Ikba decreased and T-P65 was relatively unchanged. These
results suggest that inflammation via factor-kappa B might be
implicated in the development of atherosclerosis in the present
study. This is supported by increased levels of ICAM-1 and
VCAM-1 in the high glucose and 12(S)-HETE treated cells,
and the diabetic mice.
The present study suggests a potential mechanism by which

underlying vascular endothelial injury is associated with dia-
betes. Full understanding of the mechanism requires further
study to continue to explore how altered phosphorylation levels
of adherens junction proteins affect downstream molecules to
increase permeability. Understanding the theoretical basis for
the role of oxidized lipid molecules in the pathogenesis of
atherosclerosis might provide novel targets for potential thera-
peutic development in the future.
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