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Endothelial Extracellular Signal- Regulated 
Kinase/Thromboxane A2/Prostanoid 
Receptor Pathway Aggravates Endothelial 
Dysfunction and Insulin Resistance in a 
Mouse Model of Metabolic Syndrome
Atsushi Sato , MD, PhD; Yusuke Yumita , MD; Kazuki Kagami , MD; Yuki Ishinoda , MD;  
Toyokazu Kimura , MD, PhD; Ayumu Osaki , MD, PhD; Takumi Toya , MD; Takayuki Namba, MD;  
Shogo Endo , PhD; Yasuo Ido , MD, PhD; Yuji Nagatomo , MD, PhD; Yasushi Satoh , PhD;  
Takeshi Adachi , MD, PhD

BACKGROUND: Metabolic syndrome is characterized by insulin resistance, which impairs intracellular signaling pathways and 
endothelial NO bioactivity, leading to cardiovascular complications. Extracellular signal- regulated kinase (ERK) is a major 
component of insulin signaling cascades that can be activated by many vasoactive peptides, hormones, and cytokines that 
are elevated in metabolic syndrome. The aim of this study was to clarify the role of endothelial ERK2 in vivo on NO bioactivity 
and insulin resistance in a mouse model of metabolic syndrome.

METHODS AND RESULTS: Control and endothelial- specific ERK2 knockout mice were fed a high- fat/high- sucrose diet (HFHSD) 
for 24 weeks. Systolic blood pressure, endothelial function, and glucose metabolism were investigated. Systolic blood pres-
sure was lowered with increased NO products and decreased thromboxane A2/prostanoid (TP) products in HFHSD- fed ERK2 
knockout mice, and Nω- nitro- l- arginine methyl ester (L- NAME) increased it to the levels observed in HFHSD- fed controls. 
Acetylcholine- induced relaxation of aortic rings was increased, and aortic superoxide level was lowered in HFHSD- fed ERK2 
knockout mice. S18886, an antagonist of the TP receptor, improved endothelial function and decreased superoxide level 
only in the rings from HFHSD- fed controls. Glucose intolerance and the impaired insulin sensitivity were blunted in HFHSD- 
fed ERK2 knockout mice without changes in body weight. In vivo, S18886 improved endothelial dysfunction, systolic blood 
pressure, fasting serum glucose and insulin levels, and suppressed nonalcoholic fatty liver disease scores only in HFHSD- fed 
controls.

CONCLUSIONS: Endothelial ERK2 increased superoxide level and decreased NO bioactivity, resulting in the deterioration of 
endothelial function, insulin resistance, and steatohepatitis, which were improved by a TP receptor antagonist, in a mouse 
model of metabolic syndrome.
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Metabolic syndrome (MetS) and type II diabetes 
are obesity- associated diseases and well- known 
risk factors for cardiovascular disease character-

ized by endothelial dysfunction and insulin resistance.1– 4 

The elevation of blood pressure in MetS was associated 
with reduced NO bioactivity and increased production of 
superoxide, leading to endothelial dysfunction.5,6 MetS 
induces steatohepatitis, which is closely associated 
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with insulin resistance and also regarded as a risk for 
cardiovascular diseases.7 The mechanical relationship 
between elevated systolic blood pressure (SBP) with en-
dothelial dysfunction and insulin resistance has not yet 
been fully clarified, and there are no specific treatments 
targeted to vascular insulin resistance in MetS.8

We have previously reported that insulin resis-
tance in the MetS- type II diabetes model influences 
the feed- forward cycle, which exacerbates steatosis 
and endothelial function.9 Although insulin receptor 
substrate/phosphatidylinositol- 3 kinase (PI3K)/protein 
kinase B (AKT) pathway supports NO biogenesis, re-
sulting in vasorelaxation, the rat sarcoma (Ras)/rapidly 

accelerated fibrosarcoma (Raf)/mitogen- activated pro-
tein kinase (MEK)/extracellular signal- regulated kinase 
(ERK) pathway produces vasoconstrictive factors such 
as endothelin 1 (ET1), prostanoids, and superoxide in 
the endothelium.10– 12 In MetS with insulin resistance, 
the PI3K/AKT/endothelial nitric oxide synthase (eNOS)/
NO pathway is impaired, and the Ras/Raf/MEK/ERK 
pathway is activated by inflammation and reactive oxy-
gen species,13,14 resulting in vasoconstraction.15– 17 This 
might be, in part, the mechanism that obesity/insulin 
resistance increases blood pressure.10,18,19 Moreover, 
the activation of ERK2, with various agonists or cy-
tokines, induces the production of vasocontraction 
factors in cultured endothelial cells.11,12,20 However, the 
role of endothelial ERK2 in MetS in vivo remains to be 
clarified.

In this study, we generated endothelial- specific 
ERK2 knockout (EE2KO) mice to clarify if the endothe-
lial ERK2 was related to endothelial dysfunction and 
insulin resistance in vivo in a mouse model of MetS 
induced by feeding with a high- fat/high- sucrose diet 
(HFHSD).9,21

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animals, Genotyping, and Diets
A Cre- lox P strategy was used to generate EE2KO 
mice. ERK2- floxed mice were created as described 
previously, and they were backcrossed with C57BL/6J 
mice for 10 generations.22 Transgenic mice express-
ing Cre recombinase under the control of the Tie2 
promoter (Tie2- Cre; Jackson Laboratory, Bar Harbor, 
ME), in which Cre- recombinase activity was confined 
to endothelial cells, were used to drive recombina-
tion. The ERK2- floxed mice were crossed with Tie2 
promoter- Cre mice, which had been maintained on 
the same C57BL/6J background. The resultant Tie2- 
Cre(+/−);ERK2(lox/lox) mice (EE2KO) were viable and fer-
tile with a normal appearance. The littermate controls 
used in this study were Tie2- Cre(−/−);ERK2(lox/lox) mice 
(Control). Genotyping for the ERK2- floxed allele and 
the presence of Cre was performed by polymerase 
chain reaction analysis using genomic DNA isolated 
from the tail tip.9

The animals were housed in a temperature- 
controlled room at 23±1 °C on a 12- hour light– dark 
cycle. Male EE2KO and Control littermates were fed 
either a normal diet (ND) (CE- 7; CLEA Japan, Tokyo, 
Japan) or HFHSD (F2HFHSD with 28.3% of calo-
ries from carbohydrates, 54.5% from fat, and 17.2% 
from protein; Oriental Yeast, Tokyo, Japan) (Table  1) 

CLINICAL PERSPECTIVE

What Is New?
• This is the first study to clarify the role of en-

dothelial ERK2 (extracellular signal- regulated 
kinase 2) on systolic blood pressure and insulin 
resistance in a mouse model of metabolic syn-
drome in vivo.

What Are the Clinical Implications?
• The present study indicates that a TP (throm-

boxane A2/prostanoid receptor) antagonist 
could be a therapeutic target for metabolic syn-
drome, which increases long- term risk of car-
diovascular events and death.
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ad libitum from 6 weeks of age for 24 weeks. Body 
weight was recorded continuously every 2 weeks. In 
this study, mainly HFHSD- fed Control (Control- HFHSD) 
and HFHSD- fed EE2KO (EE2KO- HFHSD) mice were 
compared.

All experiments were conducted according to the 
institutional ethical guidelines for animal experiments 
and the safety guidelines for gene manipulation experi-
ments of the National Defense Medical College, Japan, 
consistent with recommendations of the American 
Heart Association statement. The experiments were 
approved by the Committee for Animal Research of 
the National Defense Medical College, Japan (protocol 
number 13022).

Tissue Preparation and Histology
At the end of the diet, mice were anesthetized and eu-
thanized with cervical dislocation using isoflurane in-
halation (4%– 5%), and an adequate level of anesthesia 
was confirmed by loss of pedal reflex. Blood was col-
lected by puncture at the apex of the heart, and organs 
were perfused with Krebs- Ringer bicarbonate solution 
(118.3 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl2, 
1.2 mmol/L MgSO4, 1.2 mmol/L KH2PO4, 25 mmol/L 
NaHCO3, 5.5 mmol/L D- glucose). The liver and aorta 
were fixed in 4% paraformaldehyde for 24 hours, em-
bedded in paraffin, and sectioned. Liver samples were 
stained with hematoxylin and eosin and Masson’s tri-
chrome. ERK2 expression in the aortic endothelium 
was visualized by immunohistochemistry with an anti- 
ERK2 antibody (Abcam, Cambridge, United Kingdom).

Western Blotting of Tissues
Tissues (brain, heart, liver, kidneys, skeletal muscle, 
epididymal fat, and aorta) were collected and homog-
enized with homogenization buffer (20 mmol/L Tris– 
HCl [pH 7.4], 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 
1 mmol/L EGTA, 1% NP- 40, 2.5 mmol/L sodium 

pyrophosphate, 1 mmol/L monoglycerophosphate, 
1 mmol/L Na2VO4) containing 1 mmol/L phenylmethyl-
sulfonyl fluoride and protease inhibitor cocktail. The 
homogenates were centrifuged at 13000g for 20 min-
utes at 4 °C, and supernatants were collected. Protein 
concentrations were measured by using the Bradford 
assay with bovine serum albumin as a standard.23 
Protein lysates were resolved by sodium dodecyl 
sulfate- polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes at 30 V 
for 2 hours at 4 °C and immunoblotted with primary 
antibodies to ERK1/2 (Cell Signaling Technology, 
Danvers, MA).

Preparation of Aortic Rings and Isometric 
Tension Measurement in an Organ 
Chamber
Isometric tension was measured as previously de-
scribed.24 The thoracic aorta was quickly removed 
and dissected from adhering connective tissue. Aortas 
from mice were cut into 3- mm rings, with special care 
taken to preserve the endothelium, and mounted in 
organ baths filled with Krebs- Ringer bicarbonate solu-
tion (118.3 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L 
CaCl2, 1.2 mmol/L MgSO4, 1.2 mmol/L KH2PO4, 
25 mmol/L NaHCO3, 5.5 mmol/L D- glucose) aerated 
with 95% O2 and 5% CO2 at 37 °C. The rings of the 
aorta were attached to a force transducer, and iso-
metric tension was recorded. The rings were primed 
with 30 mmol/L KCl and then precontracted with 
10−5.5 mol/L L- phenylephrine, producing a submaximal 
contraction. After the plateau was attained, the rings 
were exposed to the cumulative addition of 10−9 to 
10−5 mol/L acetylcholine or 10−9 to 10−5 mol/L sodium 
nitroprusside. Changes in the tension of the aortic 
rings were measured.

Semiquantitative Assessment of Vascular 
Superoxide Level
Superoxide level in the aortic rings was assessed with 
dihydroethidium staining (Thermo Fisher Scientific, 
Waltham, MA), as previously described.25 Aortic rings 
were snap- frozen with liquid nitrogen and embedded 
in optimal cutting temperature medium (Sakura Finetek 
Japan, Tokyo, Japan). The frozen samples were cut 
immediately into 10- μm- thick sections and mounted 
on glass slides. The samples were incubated at room 
temperature for 30 minutes with 2.0×10−6 mol/L dihy-
droethidium and protected from light. Images were ob-
tained with a BZ- X710 microscope (Keyence, Osaka, 
Japan) with an excitation wavelength of 540 nm and 
an emission wavelength of 605 nm. The fluorescence 
intensity of dihydroethidium staining was measured 
semiquantitatively using software (Keyence).

Table 1. Composition of the ND and HFHSD Groups

ND (CE- 7) HFHSD (F2HFHSD)

g/100 g kcal, % g/100 g kcal, %

Total calories 343 kcal 481 kcal

Protein 17.7 g 20.6 20.7 g 17.2

Fat 3.8 g 10 29.1 g 54.5

Carbohydrate 59.4 g 69.4 34.0 g 28.3

Ingredients: casein 25%, cellulose 5%, a- corn starch 14.869%, sucrose 
20%, vitamin mix (American Institute of Nutrition [AIN]- 93) 1%, mineral 
mix (AIN- 93G) 3.5%, beef tallow 14%, choline bitartrate 0.25%, tert- 
butylhydroquinone 0.006%, lard 14%, soybean oil 2%, L- cysteine 0.375%. 
Data represent mean±SEM. (Controls on ND, n=11; EE2KO on ND, n=9; 
controls on HFHSD, n=11; EE2KO on HFHSD, n=9). EE2KO indicates 
endothelial- specific extracellular signal- regulated kinase 2 knockout; 
HFHSD, high- fat/high- sucrose diet; and ND, normal diet. *P<0.05 vs 
corresponding ND. **P<0.01 vs corresponding ND. †P<0.05 vs controls with 
HFHSD. ‡P<0.01 vs controls with HFHSD.
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Investigation of the Upstream and 
Downstream Components of the Ras/
Raf/MEK/ERK Signaling Cascade
Aortic rings were incubated for 30 minutes with 
1 μmol/L BQ123 (Adipogen Life Sciences, San Diego, 
CA) as an antagonist of the ET1 receptor, 1 μmol/L 
S18886 (terutroban; Cayman Chemical, Ann Arbor, 
MI) as an antagonist of the TXA2 (thromboxane A2)/
TP (thromboxane A2/prostanoid receptor), and 
30 μmol/L U0126 (Promega, Madison, WI) as an inhibi-
tor of MEK.26 Immediately after that, measurement of 
isometric tension and dihydroethidium staining of the 
aorta were performed.

Measurement of 11- Dehydro 
Thromboxane B2 in Urine
Urine was collected from 30- week- old HFHSD- fed mice 
for 24 hours. Because TXA2 is unstable, 11- dehydro 
thromboxane B2 was analyzed as a metabolite of throm-
boxane B2 using an ELISA kit (Cayman Chemical).

Measurements of SBP, Heart Rate, and 
Serum NO2

− and NO3
− Levels

SBP and heart rate were measured by the tail- cuff 
method (MK- 2000; Muromachi Kikai, Tokyo, Japan) 

without anesthesia at the end of the special diets. 
EE2KO- HFHSD and Control- HFHSD mice were in-
jected intraperitoneally with 100 mg/kg body weight 
L- NAME (Nω- nitro- l- arginine methyl ester) (Cayman 
Chemical) as a NO synthase inhibitor for 7 days. SBP 
was measured before L- NAME injection and 7 days 
after of injections. NO2

− and NO3
− levels were meas-

ured after fasting for 12 hours using an assay kit 
(Dojindo, Kumamoto, Japan).

Measurement of Metabolites
Blood glucose levels were determined using a blood 
glucose monitoring system (FreeStyle; Nipro, Osaka, 
Japan). Serum insulin levels were measured using an 
ELISA kit (Fujifilm Wako Shibayagi, Gunma, Japan). 
The homeostatic model assessment of insulin resist-
ance (HOMA- IR) was calculated by multiplying fast-
ing serum glucose levels by insulin levels. The serum 
levels of alanine aminotransferase were measured 
by an enzymatic assay (Fujifilm Wako Pure Chemical 
Industries, Osaka, Japan). Intraperitoneal glucose 
tolerance tests (ipGTTs) were performed after fast-
ing for 6 hours, whereas insulin tolerance tests (ITTs) 
were performed after fasting for 4 hours; the mice were 
injected intraperitoneally with 3 g/kg body weight D- 
glucose or 0.5 U/kg body weight human regular insulin 

Figure 1. Efficiency of ERK2 deletion and characteristics of EE2KO mice.
A, Immunohistochemistry of the aorta with an anti- ERK2 antibody. Scale bar, 25 μm. B, Western blotting of tissues 
with an anti- ERK antibody. C, Study protocols. D, Photographs of 30- week- old ND-  or HFHSD- fed control and 
EE2KO mice. Scale bar, 10 mm. BW and BP are assessment of body weight and blood pressure. BP indicates 
blood pressure; BW, body weight; EE2KO, endothelial- specific extracellular signal- regulated kinase 2 knockout; 
ERK, extracellular signal- regulated kinase; HFHSD, high- fat/high- sucrose diet; ipGTTs, intraperitoneal glucose 
tolerance tests; ITT, insulin tolerance tests; and ND, normal diet.
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(Humulin R; Eli Lilly, Indianapolis, IN), respectively. Vein 
blood was collected at 0, 15, 30, 60, and 120 minutes 
after glucose injection for the ipGTTs and at 0, 15, 30, 
45, 60, and 120 minutes after insulin injection for the 
ITTs. Blood insulin levels were measured at 0, 15, and 
30 minutes after glucose injection.

Change of Endothelial Function, Glucose 
Metabolism, and Steatohepatitis by Oral 
Intake of S18886
EE2KO- HFHSD and Control- HFHSD mice were ad-
ministered 5 mg/kg per day S18886, which was added 
to their drinking water for 6 weeks according to a previ-
ous report.26 After the S18886 administration period 
ended, SBP, heart rate, and acetylcholine- induced 
relaxation were evaluated as measures of endothelial 
function. Body weight, fasting serum glucose, and in-
sulin were measured, and HOMA- IR was calculated for 
glucose metabolism. Moreover, hematoxylin and eosin 
staining and Masson’s trichrome staining of the liver 
were performed and evaluated according to nonalco-
holic fatty liver disease activity scores, a commonly 
used histology scoring system for nonalcoholic fatty 
liver disease activity, and the fibrosis score for stea-
tohepatitis. The evaluation items of nonalcoholic fatty 
liver disease activity scores are steatosis, lobular in-
flammation, and ballooning, and generates a score 

between 0 and 8. Liver fibrosis was evaluated with a 
range of 0 to 4 using Masson’s trichrome staining.27

Preparation of Lentivirus Expressing 
shRNA Targeting Human ERK2 (MAPK1) 
mRNA
Homo sapien MAPK1 (gene ID 5594) mRNA 
(NM_002745) coding sequence and 3′- noncoding 
sequences were used for the selection of shRNA. An 
in- house computer program identified a highly spe-
cific sequence (5′- gaccagctgaaccacatt- 3′) that rec-
ognizes all of the variants of MAPK1 (NM_002745 and 
NM_138957) with at least a 4- nucleotide mismatch to 
nontarget sequences. The methods for preparing a 
human U6- driven shRNA- expressing entry vector, len-
tivirus plasmid, and production of lentivirus were pre-
viously described.28 The nontargeting control shRNA 
lentivirus was also prepared in the same fashion.

Western Blotting of Human Umbilical Vein 
Endothelial Cells Treated With shRNA
Human umbilical vein endothelial cells (HUVECs) were 
seeded onto culture plates at 30% confluence. A lenti-
virus containing shRNA for ERK suppression or control 
was added. After 24 hours, human umbilical vein en-
dothelial cells with the target shRNA were selected by 

Figure 2. ERK2 expression levels of macrophage from peritoneal cavity and bone marrow between 
control and EE2KO.
A, Double immunohistochemistry of macrophage from peritoneal cavity with anti- ERK2 antibody (green) and 
anti- ionized calcium- binding adapter molecule- 1 (Iba1) antibody (red). Scale bar is 50 μm (left) and 25 μm (right). 
B, Fluorescence intensity of ERK2 in macrophage (n=5 per each group). C, The RNA expression of ERK2 in 
bone marrow (Control- ND, n=7; EE2KO- ND, n=6). Error bars represent SEM. Between- group differences were 
compared by Student t test. a.u. indicates arbitrary unit; EE2KO, endothelial- specific extracellular signal- regulated 
kinase 2 knockout; ERK, extracellular signal- regulated kinase; ND, normal diet; and n.s., not significant.
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0.5 μg/mL blasticidin (InvivoGen, San Diego, CA). The 
culture was seeded to the next passage. When the 
cells were 80% confluent, an insulin stimulation test 
was performed. Insulin (100 μmol/L) (Sigma- Aldrich, St. 
Louis, MO) was added to the cells after 6 hours incuba-
tion with 100 μmol/L palmitate acid (Sigma- Aldrich) and 
50 mmol/L L- carnitine (Sigma- Aldrich). After 30 minutes, 
the cultured cells were collected with a buffer (20 mmol/L 
Tris– HCl, pH 7.4, 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 
1 mmol/L EGTA, 1% NP- 40, 2.5 mmol/L sodium pyroph-
osphate, 1 mmol/L monoglycerophosphate, 1 mmol/L 
Na2VO4) containing 1 mmol/L phenylmethylsulfonyl 
fluoride and protease inhibitor cocktail. The mixtures 
were centrifuged at 13 000g for 20 minutes at 4 °C, 
and the supernatants were collected. Protein concen-
trations were measured by using the Bradford assay, 
with bovine serum albumin as a standard.20 Protein 
lysates were resolved by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride membranes at 30 V for 2 hours 

at 4 °C and immunoblotted with primary antibod-
ies to phosphorylated- ERK1/2 (T202/Y204), ERK1/2, 
phosphorylated- AKT (S473), AKT, phosphorylated- 
eNOS (S1177) (Cell Signaling Technology), eNOS 
(Becton, Dickinson and Company, Franklin Lakes, NJ), 
and GAPDH (Cell Signaling Technology).

Statistical Analysis
The results are shown as mean±SEM. The Kolmogorov- 
Smirnov test was used to test normality. Data for body 
weight, ipGTTs, ITTs, and vascular relaxation were 
analyzed by 2- way ANOVA with repeated measures 
followed by the post hoc Bonferroni correction for mul-
tiple comparisons. Between- group differences were 
compared by Student t test and 1- way ANOVA, as 
appropriate. All statistical analyses were performed 
with GraphPad Prism software version 7 (GraphPad 
Software, La Jolla, CA). Differences were considered 
significant for P<0.05.

Figure 3. Characteristics of Control and EE2KO mice in ND.
A, Body weight of ND- fed Control and EE2KO mice. B, SBP of ND- fed Control and EE2KO mice 
(n=8 per group). C, Serum levels of NO2

− and NO3
− of ND- fed Control and EE2KO mice (Control- 

ND, n=16; EE2KO- ND, n=9). D, Endothelium- dependent relaxation (Controls- ND, n=8; EE2KO- 
ND, n=7). Error bars represent SEM. Data for body weight and endothelium- dependent relaxation 
were analyzed by 2- way ANOVA with repeated measures (A and D). Between- group differences 
were compared by Student t test (B and C). *P<0.05 (compared with Control- ND mice). EE2KO 
indicates endothelial- specific extracellular signal- regulated kinase 2 knockout; ND, normal diet; 
and SBP, systolic blood pressure.
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RESULTS
Phenotypical Changes in EE2KO With ND
ERK2 expression was assessed by immunohisto-
chemical staining in the endothelium of aortas from 
Control and EE2KO mice (Figure  1A). ERK2 expres-
sion was predominantly decreased in the endothe-
lium of EE2KO mice, whereas ERK2 expression was 
preserved in the aortic endothelium of Control mice. 
ERK2 protein expressions in other organs were not dif-
ferent between Control and EE2KO mice, as assessed 
by Western blotting (Figure 1B). We also checked that 
ERK2 expression is well preserved in macrophages 
and bone marrow in EE2KO mice (Figure 2). Control 

and EE2KO mice were fed either an ND or HFHSD for 
24 weeks (Figure 1C). The body weight of Control and 
EE2KO mice on ND for 24 weeks was similar (Figure 1D 
and 3A). SBP was slightly lowered, and the serum NO2

− 
and NO3

− levels were increased in EE2KO mice with 
ND, although acetylcholine- induced relaxation was 
not changed (Figure 3B through 3D). The fasting glu-
cose, insulin levels, and HOMA- IR were not changed in 
EE2KO mice with ND (Table 2).

NO Production Is Elevated and SBP Is 
Lowered in EE2KO- HFHSD Mice

The body weight of Control and EE2KO mice on 
HFHSD for 24 weeks was similar (Figure 1D and 4A). 

Table 2. Serum Glucose and Insulin in ND-  or HFHSD- Fed Control and EE2KO Mice

ND HFHSD

Control EE2KO Control EE2KO

Serum glucose (mg/dL) 90.6±3.3 85.8±6.7 136.1±4.8 109.3±6.1

Serum insulin (ng/mL) 0.44±0.11 0.123±0.02 2.23±0.36 1.11±0.22

HOMA- IR 25.9±5.64 7.86±1.31 240.9±48.4 108.4±20.9

EE2KO indicates endothelial- specific extracellular signal- regulated kinase 2 knockout; HFHSD, high- fat/high- sucrose diet; HOMA- IR, homeostatic model 
assessment of insulin resistance; and ND, normal diet.

Figure 4. The lowering SBP in EE2KO- HFHSD mice with decreased TXB2 production and increased NO production.
A, Body weight of Control- HFHSD and EE2KO- HFHSD mice. B, SBP of Control- HFHSD and EE2KO- HFHSD mice (n=8 per group). 
C, Serial change of SBP of Control- HFHSD and EE2KO- HFHSD mice treated with L- NAME (n=7 per group). D, Serum levels of 
NO2

− and NO3
− of Control- HFHSD and EE2KO mice (Control- HFHSD, n=15; EE2KO- HFHSD, n=12). E, 11- dehydro thromboxane 

B2, which is a metabolic product of TXA2, in urine in Control- HFHSD and EE2KO- HFHSD mice (Control- HFHSD, n=5; EE2KO- 
HFHSD, n=4). Error bars represent SEM. Data for body weight were analyzed by 2- way ANOVA with repeated measures (A). 
Between- group differences were compared by Student t test (B– E). *P<0.05, **P<0.01 (compared with Control- HFHSD mice). 
11- dehydro TXB2 indicates 11- dehydro thromboxane B2; EE2KO, endothelial- specific extracellular signal- regulated kinase 2 
knockout; HFHSD, high- fat/high- sucrose diet; L- NAME, Nω- nitro- l- arginine methyl ester; SBP, systolic blood pressure; TXA2, 
thromboxane A2; and TXB2, thromboxane B2.

A B

D E

C
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SBP was lower in EE2KO- HFHSD mice compared 
with Control- HFHSD mice without changes in heart 
rate (Figure  4B). Because the bioavailability of NO in 
the endothelium is an important regulator of blood 
pressure,29 the changes in SBP were observed with 
an administration of L- NAME, an NO synthase inhibitor. 
SBP was significantly lower in EE2KO- HFHSD than in 
Control- HFHSD mice before L- NAME injection. After L- 
NAME injection, the increase in SBP was more prom-
inent in EE2KO- HFHSD mice, and the difference in 
SBP between both groups was abolished (Figure 4C). 
Next, the serum levels of NO2

− and NO3
−, which are 

catabolic products of NO, were measured. The serum 
levels of NO2

− and NO3
− were higher in EE2KO- HFHSD 

than in Control- HFHSD mice (Figure 4D). These data 
suggested that NO production was increased, result-
ing in lower SBP in EE2KO- HFHSD mice.

11- Dehydro Thromboxane B2 Levels Are 
Lower in EE2KO- HFHSD Than in Control- 
HFHSD Mice
The levels of 11- dehydro thromboxane B2, which is a 
catabolite of TXA2, were examined in urine. 11- dehydro 

thromboxane B2 levels were lower in EE2KO- HFHSD 
than in Control- HFHSD mice (Figure 4 E).

Endothelial Function Is Increased in 
EE2KO- HFHSD Mice

Because NO from eNOS, which is largely pro-
duced by the vascular endothelium, could be in-
creased in EE2KO- HFHSD mice, we next assessed 
endothelium- dependent, acetylcholine- induced re-
laxation with isometric tension measurement of aortic 
rings. Acetylcholine- induced relaxation was increased 
in EE2KO- HFHSD compared with Control- HFHSD 
mice (Figure  5A). Sodium nitroprusside- induced 
(endothelium- independent) relaxation was similar be-
tween the 2 groups (Figure 5B).

Increases in Vascular Oxidative Stress 
With the HFHSD Are Blunted in EE2KO 
Mice
There were no histological changes in the aorta of 
Control- HFHSD and EE2KO- HFHSD mice (data not 
shown). Dihydroethidium staining was used to evaluate 

Figure 5. The increased endothelium- dependent relaxation with lowering superoxide 
level in HFHSD- fed EE2KO mice.
Vascular relaxation of aortic rings with acetylcholine (A) and sodium nitroprusside (B) 
(Control- HFHSD, n=10; EE2KO- HFHSD, n=7). Dihydroethidium staining of aortic rings (C) and 
quantification of dihydroethidium fluorescence intensity (D) in Control- HFHSD and EE2KO- 
HFHSD mice (Control- HFHSD, n=6; EE2KO- HFHSD, n=3). Scale bar, 50 μm. Error bars represent 
SEM. Vascular relaxation was analyzed by 2- way ANOVA with repeated measures followed by the 
post hoc Bonferroni correction for multiple comparisons (A and B). Between- group difference 
was compared by Student t test (D). *P<0.05, **P<0.01 (compared with Control- HFHSD mice). 
a.u. indicates arbitrary unit; EE2KO, endothelial- specific extracellular signal- regulated kinase 2 
knockout; and HFHSD, high- fat/high- sucrose diet.
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superoxide levels in the aorta, because superoxide 
levels reduce NO bioactivity because of their rapid 
interaction and the production of peroxynitrite, which 
induces eNOS uncoupling and impairs NO production 
from eNOS.30,31 Aortic rings from Control- HFHSD mice 
increased fluorescence intensity but not in EE2KO- 
HFHSD mice (Figure 5C and 5D).

To further investigate the possible pathways by 
which ERK2 increases reactive oxygen species (ROS) 
production, we performed dihydroethidium staining of 
aortic rings from Control- HFHSD mice with 1% choles-
terol using carbonylcyanide m- chlorophenylhydrazone 
(protonophore mitochondrial uncoupler), L- NAME, 
tempol (superoxide dismutase), apocynin (NADPH- 
oxidase inhibitor), rotenone (inhibitor of complex I of the 
mitochondrial electron transport chain), and oxypurinol 
(xanthine oxidase inhibitor). The fluorescence intensity 
was decreased in the aorta following treatment with 
carbonylcyanide m- chlorophenylhydrazone, L- NAME, 
and tempol, suggesting mitochondria and eNOS were 
major sources (Figure 6).

TP Receptor Could Be the Downstream of 
ERK2 to Induce Endothelial Dysfunction 
With Superoxide Level

Because ERK2 induced endothelial dysfunction via 
superoxide level, we assessed the role of the upstream 
and downstream components of ERK2 in the regulation 
of endothelial function. MEK is known as the upstream of 

ERK2, whereas TXA2 and ET1 are endothelium- derived 
vasoconstrictive peptides potentially located down-
stream of ERK2.11,20,32 Thus, we tested the endothelial 
function of aortic rings with preincubations of either 
BQ123 (ET1 receptor antagonist), S18886 (TP recep-
tor antagonist), or U0126 (MEK inhibitor) for 30 minutes. 
There were no changes of the relaxations in Control- 
HFHSD and EE2KO- HFHSD mice treated with BQ123. 
However, U0126 and S18886 significantly increased 
acetylcholine- induced relaxation in the aorta in Control- 
HFHSD mice but not in EE2KO- HFHSD mice (Figure 7A 
and 7B). Next, changes in superoxide level were exam-
ined in aortas treated with or without the same agents for 
30 minutes. In Control- HFHSD but not EE2KO- HFHSD 
mice, fluorescence intensity was decreased in the aorta 
following treatment with S18886 and U0126, whereas 
BQ123 had no effect (Figure 7C through 7E).

Serum Fasting Glucose and Insulin Levels 
and HOMA- IR Are Lowered, and Glucose 
Tolerance and Insulin Sensitivity Are 
Mitigated in EE2KO- HFHSD
Because endothelial function is closely related to insu-
lin resistance, the levels of blood glucose and insulin 
for glucose metabolism were measured.33 The fast-
ing glucose and insulin levels were lower in EE2KO- 
HFHSD than Control- HFHSD mice. HOMA- IR was also 
lowered in EE2KO- HFHSD mice to ≈50% of the value 
observed in Control- HFHSD mice (Table 2).

Figure 6. The fluorescence intensity in the aorta of HFHSD- fed mice in dihydroethidium staining.
In this study we used the Control- HFHSD with 1% cholesterol to clarify the pharmacological effects. Representative 
dihydroethidium staining of aortic rings (A) and quantification of dihydroethidium fluorescence intensity (B). Between- group 
differences were compared by 1- way ANOVA. **P<0.01, ***P<0.001. a.u. indicates arbitrary unit; CCCP, carbonylcyanide m- 
chlorophenyl- hydrazone; Cho, cholesterol; HFHSD, high- fat/high- sucrose diet; L- NAME, Nω- nitro- l- arginine methyl ester; and 
n.s., not significant.
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Because insulin resistance in EE2KO- HFHSD mice 
could be mitigated by fasting, ipGTTs and ITTs were 
used to further evaluate insulin resistance and sensi-
tivity. In ipGTTs, the increases in glucose levels were 
significantly blunted in EE2KO- HFHSD mice at 15 and 
60 minutes after glucose injection, and areas under the 
curve were lower compared with Control- HFHSD mice 
(Figure 8A and 8B). Serum insulin levels were almost 
the same between both groups (Figure  8C). In ITTs, 
insulin lowered glucose levels more prominently in 
EE2KO- HFHSD than in Control- HFHSD mice at 60 and 
120 minutes after insulin injection (Figure  8D). Areas 
under the curve of ITTs were lower in EE2KO- HFHSD 
mice compared with Control- HFHSD mice (Figure 8E).

Oral Intake of S18886 Improves 
Endothelial Function, Glucose 
Metabolism, and Steatohepatitis With 
HFHSD
The study with isometric tension measurements ex 
vivo indicated that the TP receptor was involved in the 
ERK2 signaling cascade for endothelial dysfunction. 

The improvements of glucose metabolism and in-
sulin resistance were also associated with the im-
proved endothelial function by the deletion of ERK2. 
Therefore, endothelial function, glucose metabolism, 
and steatohepatitis, which was a major character 
for insulin resistance, were examined following long- 
term in vivo inhibition of the TP receptor with S18886. 
EE2KO- HFHSD and Control- HFHSD mice were 
treated with 5 mg/kg per day S18886 added to the 
drinking water for 6 weeks.26 Oral administration of 
S18886 did not change body weight in either group 
(Figure 9A). The administration of S18886 increased 
acetylcholine- induced relaxation in aortic rings from 
Control- HFHSD mice but not from EE2KO- HFHSD 
mice (Figure 9B). The administration of S18886 low-
ered the SBP in Control- HFHSD mice but not in 
EE2KO- HFHSD mice (Figure 9C). For glucose metab-
olism, the administration of S18886 did not change 
the insulin levels in both groups; however, fasting 
serum glucose levels were decreased in both groups. 
The administration of S18886 decreased HOMA- IR 
only in Control- HFHSD mice (Figure 9D through 9F), 
suggesting marked improvement of insulin sensitivity. 

Figure 7. The increased endothelium- dependent relaxation and the decreased superoxide level in Control- HFHSD but 
not in EE2KO- HFHSD mice with S18886.
Vascular relaxation of aortic rings of HFHSD- fed control mice (A) and EE2KO (B) mice treated with BQ123, S18886, and U0126 
(Control- HFHSD, n=9; EE2KO- HFHSD, n=7) and BQ123 (A and B) (Control- HFHSD, n=9; EE2KO- HFHSD, n=7), S18886 (A and 
B) (Control- HFHSD, n=9; EE2KO- HFHSD, n=7) and U0126 (A and B) (Control- HFHSD, n=9; EE2KO- HFHSD, n=10). Error bars 
represent SEM. *P<0.05, **P<0.01, ***P<0.001 (compared with controls). Dihydroethidium staining of aortic rings with BQ123, 
S18886, and U0126 (C) and quantification of dihydroethidium fluorescence intensity of Control- HFHSD (D) (saline, n=8; BQ123, 
n=8; S18886, n=7; U0126, n=7) and EE2KO- HFHSD (E) (n=6 per group) mice. Scale bar, 50 μm. Error bars represent SEM. Vascular 
relaxation was analyzed by 2- way ANOVA with repeated measures followed by the post hoc Bonferroni correction for multiple 
comparisons (A and B). Between- group differences were compared by 1- way ANOVA (D and E). *P<0.05, **P<0.01, ***P<0.001. 
a.u. indicates arbitrary unit; EE2KO, endothelial- specific extracellular signal- regulated kinase 2 knockout; and HFHSD, high- fat/
high- sucrose diet.
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Finally, steatohepatitis was assessed in HFHSD- fed 
mice because it is closely associated with insulin 
resistance in obesity. The administration of S18886 
markedly improved steatohepatitis in Control- HFHSD 
mice, as indicated by smaller lipid droplets, lowered 
nonalcoholic fatty liver disease activity scores, and 
improved fibrosis observed using Masson’s trichrome 
staining in the liver (Figure 10).

Phosphorylation of AKT and eNOS With 
Insulin Was Increased in HUVECs Treated 
With Lentivirus for ERK2 Suppression 
After 6 Hours Incubation With Palmitic 
Acid

Palmitic acid could induce insulin resistance in en-
dothelial cells. We tested the insulin- induced phos-
phorylation for AKT/eNOS with insulin after the 6 hours 
incubation of palmitic acid with or without the down-
regulation of ERK2 with shRNA. Insulin induced the 
phosphorylation of AKT/eNOS after an incubation of 
palmitic acid was increased by the downregulation of 
ERK2 with shRNA (Figure 11).

DISCUSSION
The Effect of ERK2 Deficiency and TP 
Receptor Antagonist on Oxidative Stress, 
NO Bioactivity, and Endothelial Function
This is the first study to clarify the role of endothelial 
ERK2 in a mouse model of MetS in vivo. To investigate 
the role of endothelial ERK2, EE2KO mice were created 
and fed HFHSD. Because Tie2- Cre promoter might af-
fect the expression in blood cells,34 we confirmed no 
changes in ERK2 expression on bone marrow and 
peritoneal macrophages (Figure  2). EE2KO- HFHSD 
mice had decreased SBP, endothelial superoxide level, 
and improved endothelial function as assessed by 
acetylcholine- induced relaxation in aorta. These data 
suggested that endothelial ERK2 increased produc-
tion of superoxide and induced endothelial dysfunction 
with the decreased bioactivity of NO, resulting in the 
elevation of SBP in a mouse model of MetS.

Vascular tonus is regulated by the balance be-
tween endothelium- derived relaxation factors and 
endothelium- derived contraction factors such as ET1 
and TXA2, which can be released via the Ras/Raf/

Figure 9. The lowered SBP, the increased endothelium- dependent relaxation, and the improved insulin resistance with 
S18886 in Control- HFHSD mice but not in EE2KO- HFHSD mice.
A, Body weight. B, Vascular relaxation with acetylcholine (n=6 per group). C, Systolic blood pressure (Control without S18886, n=7; 
EE2KO without S18886, n=8; Control with S18886, n=8; EE2KO with S18886, n=6). D, Fasting serum glucose levels. E, Serum insulin 
levels. F, HOMA- IR of control and EE2KO mice with or without oral administration of S18886 (Control without S18886, n=6; EE2KO 
without S18886, n=8; Control with S18886, n=8; EE2KO with S18886, n=6). Error bars represent SEM. Between- group differences 
were compared by 1- way ANOVA (A, C, and D through F). *P<0.05, ***P<0.001. Vascular relaxation was analyzed by 2- way ANOVA 
with repeated measures followed by the post hoc Bonferroni correction for multiple comparisons to compare with Control- HFHSD 
mice (B). ***P<0.001 (compared between Control- HFHFS and Control- HFHSD- S18886 mice). EE2KO indicates endothelial- specific 
extracellular signal- regulated kinase 2 knockout; HFHSD, high- fat/high- sucrose diet; and HOMA- IR, homeostatic model assessment 
of insulin resistance.
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MEK/ERK pathway in the endothelium.11,20 In addition, 
oxidative stress decreases NO bioactivity in the ves-
sel wall through multiple mechanisms,35– 37 and inac-
tivation of NO by superoxide is augmented in various 
vascular diseases.38,39 Zhang et al reported that the 
activation of the TP receptor increased superoxide 
and peroxynitrite levels, resulting in eNOS uncoupling 
in the endothelium.40 Meanwhile, aortic ERK was re-
ported to induce the production of superoxide and 
regulate spontaneous contractile tone.41 Therefore, we 
tested the inhibitors of the receptors for endothelium- 
derived contraction factors (BQ123, an ET1 receptor 
antagonist, and S18886, a TP receptor antagonist) or 
a MEK inhibitor (U0126) on the endothelial function and 
the superoxide level of aorta from HFHSD- fed mice. 
Administration of S18886 and U0126 decreased su-
peroxide level and improved endothelium- dependent 
relaxation in aortas from Control- HFHSD mice but not 
in EE2KO- HFHSD mice, and there was no change 
for BQ123 in HFHSD- fed control mice. These data 

suggested that MEK/ERK2 released prostanoids and 
activates the TP receptor to increase superoxide and 
endothelial dysfunction in MetS. Meanwhile, some re-
ports showed that another substance induced endo-
thelial dysfunction in MetS.42,43 The superoxide level 
of aortas from Control- HFHSD mice was decreased 
with carbonylcyanide m- chlorophenylhydrazone and 
L- NAME (Figure 6), suggesting the source of superox-
ide could be mitochondria and NOS. EE2KO- HFHSD 
mice had decreased blood pressure together with a 
decrease in the urinary levels of TXA2 metabolites 
and an increase in the serum levels of NO metabo-
lites. Moreover, L- NAME, a NOS inhibitor, increased 
the blood pressure of EE2KO- HFHSD mice to a similar 
level as in Control- HFHSD mice with L- NAME. The bal-
ance between NO and TP receptor could be respon-
sible for vascular oxidative stress, NO bioactivity, and 
blood pressure in our MetS model.

Insulin signaling cascades in the endothelium consist 
of 2 major pathways, namely, PI3K/AKT/eNOS and Ras/

Figure 8. The improved glucose tolerance and insulin sensitivity in HFHSD- fed EE2KO mice.
ipGTTs for 30- week- old HFHSD- fed control and EE2KO mice. A, Glucose levels. B, AUC for ipGTTs. C, Insulin levels (Control- 
HFHSD, n=10; EE2KO- HFHSD, n=10). D, ITTs for 30- week- old HFHSD- fed control and EE2KO mice (Control- HFHSD, n=7; EE2KO- 
HFHSD, n=7). E, AUC for ITTs. ipGTTs and ITTs results are expressed as mean blood glucose or insulin concentration±SEM and 
mean percentage of basal blood glucose concentration±SEM, respectively. Error bars represent SEM. Data for ipGTTs and ITTs 
were analyzed by 2- way ANOVA with repeated measures followed by the post hoc Bonferroni correction for multiple comparisons 
(A, C, and D). Between- group differences were compared by Student t test (B and E). *P<0.05, **P<0.01, ***P<0.001 (compared 
with Control- HFHSD mice). AUC indicates areas under the curve; EE2KO, endothelial- specific extracellular signal- regulated kinase 
2 knockout; HFHSD, high- fat/high- sucrose diet; ipGTTs, intraperitoneal glucose tolerance tests; and ITTs, insulin tolerance tests.
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Raf/MEK/ERK. In the healthy state, PI3K/AKT/eNOS is 
predominant for insulin signaling and decrease of vas-
cular tonus.30,44 PI3K/AKT/eNOS and Ras/Raf/MEK/
ERK can be balanced, and the latter pathway could be 
enhanced in insulin resistance. ERK can phosphory-
late and impair insulin receptor substrate- 1 and inhib-
its PI3K/AKT/eNOS pathway, and the mechanism has 
been proposed for endothelial dysfunction in insulin 
resistance.15,17,45,46 The deletion of ERK2 with shRNA in-
creased phosphorylation of AKT and eNOS in HUVEC 
with palmitic acid supporting the notion (Figure 11). The 
activation of the Ras/Raf/MEK/ERK pathway also in-
creased the release of prostanoids and the activation 
of TP receptors, which could compete with NO sig-
naling resulting in vasoconstriction. Because S18886 
improved endothelial function in aortic rings, we tested 
if administration of S18886 for a longer period in vivo 
improved endothelial dysfunction and insulin resistance 
in both groups. As we considered, either the deletion 
of ERK2 or administrations of S18886 in vivo improved 
endothelial function of the aorta and decreased SBP 
without changing body weight in Control- HFHSD mice 
but not in EE2KO- HFHSD mice. The data indicated that 

the ERK2/TP receptors with HFHSD impaired vascular 
NO bioactivity in vivo.

Improvement of Insulin Resistance and 
Steatosis With ERK2 Deficiency or TP 
Receptor Antagonist
Our data also indicated that the endothelial ERK2/TP 
pathway could contribute to glucose metabolism with 
insulin resistance in MetS. EE2KO- HFHSD mice had 
lower serum glucose, insulin and HOMA- IR, and im-
proved glucose tolerance and insulin tolerance tests 
compared with Control- HFHSD mice, indicating an 
improvement of insulin resistance without changing 
body weight. Moreover, in histological studies, EE2KO- 
HFHSD mice ameliorated steatohepatitis, a major com-
plication of insulin resistance. Moreover, administration 
of S18886 in vivo also decreased fasting glucose levels 
and HOMA- IR as well as ameliorating steatohepatitis. 
S18886 had no additional effects on EE2KO- HFHSD, 
suggesting endothelial ERK2 was upstream for the ac-
tivation of TP receptors to improve the glucose me-
tabolism and steatohepatitis in our MetS model. The 

Figure 10. The improved steatohepatitis with S18886 in Control- HFHSD but not in EE2KO- HFHSD mice.
HE staining (A) and Masson’s trichrome staining (B) of liver sections from Control- HFHSD and EE2KO- HFHSD 
mice with or without oral administration of S18886. Scale bars, 100 μm. NAFLD activity score (C) (Control without 
S18886, n=7; EE2KO without S18886, n=7; controls with S18886, n=7; EE2KO with S18886, n=5) and fibrosis score 
(D) of Control- HFHSD and EE2KO- HFHSD mice with or without oral administration of S18886. Scale bar, 100 μm. 
Error bars represent SEM. Between- group differences were compared by 1- way ANOVA (B and D).*P<0.05, 
**P<0.01, ***P<0.001. EE2KO indicates endothelial- specific extracellular signal- regulated kinase 2 knockout; HE, 
hematoxylin and eosin; HFHSD, high- fat/high- sucrose diet; and NAFLD, nonalcoholic fatty liver disease.
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data suggested the pathological interactions among 
endothelial dysfunction, glucose intolerance, and stea-
tohepatitis in insulin resistance with HFHSD.

Previous studies by our and other groups have 
demonstrated a strong relationship between insulin re-
sistance and steatohepatitis, and MetS is bidirection-
ally linked with steatohepatitis as a consequence of the 
inflammatory and metabolic processes characterizing 
this condition.47 We recently published the data indi-
cating steatohepatitis with insulin resistance induced 
global metabolic remodeling including fatty acid and ar-
ginine metabolism which could affect NO bioactivity.48 
Because the deletion of endothelial ERK2 improved 
endothelial NO bioactivity, insulin sensitivity, and glu-
cose metabolism in HFHSD- fed mice, there might be 
a causal relationship between endothelial dysfunctions 
and steatohepatitis. Endothelial dysfunction in skeletal 
arterial or hepatic circulation might affect the exchange 
of glucose between blood and tissues. Previous reports 
suggested that the endothelial function of the hepatic mi-
crovasculature is impaired in nonalcoholic fatty liver dis-
ease model rats, leading to the reduction of oxygenation 
and modulation of hepatic microcirculatory perfusion 
by NO.49– 51 Hypertension with endothelial dysfunction 
is associated with insulin resistance, and hyperinsulin-
emia could promote steatohepatitis with lipid synthesis. 

Our data suggested that the inhibition of the endothelial 
ERK2/TP receptor might improve not only vascular NO 
bioactivity but also glucose metabolism and steatohep-
atitis independent of body weight. In previous studies 
S18886 inhibits the development of atherosclerosis in 
apolipoprotein E deletion and low- density lipoprotein– 
receptor deletion mice.26,52 Aspirin inhibits the produc-
tion of TXA2; however, no reports have shown that 
aspirin improves insulin resistance, endothelial function, 
or steatohepatitis in MetS models. Because not only 
TXA2 but also other prostanoids, such as prostaglan-
din H2, can activate the TP receptor, antagonists of the 
TP receptor may be a better target than inhibiting TXA2 
synthesis. In another report, S18886 was shown to im-
prove portal pressure in cirrhosis, resulting in decreased 
hepatic vascular resistance, suggesting that hepatic en-
dothelial dysfunction is also associated with the TP re-
ceptor.53 From these data, the endothelial MEK/ERK/TP 
receptor pathway could be a novel therapeutic target for 
steatohepatitis in patients with MetS.

The present study had several limitations that 
should be addressed in future studies. Although 
ERK1 and ERK2 may have the similar structure and 
targets, they have distinct roles in each organ, the role 
of ERK1 in MetS in each organ has not been clarified. 
Systemic ERK1 knockout mice are healthy; however, 

Figure 11. Phosphorylation of AKT and eNOS is increased in HUVECs treated with lentivirus for ERK2 suppression and 
incubated with palmitic acid.
A, Western blotting of HUVECs treated with lentivirus for ERK2 suppression and incubated with palmitic acid. B, Relative levels 
of AKT phosphorylation. C, Relative levels of eNOS phosphorylation. D, Relative levels of ERK2 expression (n=5 per group). Error 
bars represent SEM. Between- group differences were compared by Student t test (B through D). *P<0.05, **P<0.01 (compared 
with sh Control). AKT indicates protein kinase B; eNOS, endothelial nitric oxide synthase; ERK2, extracellular signal- regulated 
kinase 2; HUVECs, human umbilical vein endothelial cells; p- AKT, phosphorylation of AKT; p- eNOS, phosphorylation of eNOS; 
p- ERK2, phosphorylation of ERK2; t- AKT, total AKT; t- eNOS, total eNOS; t- ERK2, total ERK2; and sh, small hairpin RNA.

A

B C D



J Am Heart Assoc. 2022;11:e027538. DOI: 10.1161/JAHA.122.027538 15

Sato et al Endothelial ERK2/TP Pathway Facilitates MetS

systemic ERK2 deletion is lethal. Previously, the me-
tabolism in ERK1 knockout mice with HFHSD was 
reported. ERK1 knockout mice with HFHSD revealed 
less body weight with improving glucose intolerance 
and steatohepatitis. In this study, ERK1 knockout 
mice in adipocyte played a significant role for ma-
turing adipocytes. In our study we first reported that 
endothelial ERK2 played a role in endothelial function 
and glucose metabolism in MetS. Further studies are 
required for the difference roles in endothelial ERK1 
and ERK2 in MetS.

Next, we assessed endothelial function only in the 
aorta, not in microvessels in skeletal muscle or the 
hepatic microcirculatory system. The balance be-
tween endothelium- derived relaxation factors and 
endothelium- derived contraction factors released with 
insulin could be important for the microcirculatory 
system.
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