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Altered MAPK Signaling in Progressive Deterioration
of Endothelial Function in Diabetic Mice

An Huang,1 Yang-Ming Yang,1 Changdong Yan,2 Gabor Kaley,lJr Thomas H. Hintze,1 and Dong Sun'?

We aimed to investigate specific roles of mitogen-activated
protein kinases (MAPK) in the deterioration of endothelial
function during the progression of diabetes and the potential
therapeutic effects of MAPK inhibitors and agonists in the
amelioration of endothelial function. Protein expression and
phosphorylation of p38, c-Jun NHs-terminal kinase (JNK), and
extracellular signal-regulated kinase (Erk) were assessed in mes-
enteric arteries of 3- (3M) and 9-month-old (9M) male diabetic
and control mice. The expression of p38, JNK, and Erk was com-
parable in all groups of mice, but the phosphorylation of p38 and
JNK was increased in 3M and further increased in 9M diabetic
mice, whereas the phosphorylation of Erk was substantially re-
duced in 9M diabetic mice. NADPH oxidase—dependent super-
oxide production was significantly increased in vessels of two
ages of diabetic mice. Inhibition of either p38 with SB203580
or JNK with SP600125 reduced superoxide production and
improved shear stress-induced dilation (SSID) in 3M, but not
in 9M, diabetic mice. Treating the vessels of 9M diabetic mice
with resveratrol increased Erk phosphorylation and shear stress—
induced endothelial nitric oxide synthase (eNOS) phosphoryla-
tion and activity, but resveratrol alone did not improve SSID.
Administration of resveratrol and SB203580 or resveratrol and
SP600125 together significantly improved SSID in vessels of 9M
diabetic mice. The improved response was prevented by U0126,
an Erk inhibitor. Thus, p38/JNK-dependent increase in oxidative
stress diminished nitric oxide-mediated dilation in vessels of 3M
diabetic mice. Oxidative stress and impaired Erk-dependent acti-
vation of eNOS exacerbates endothelial dysfunction in the ad-
vanced stage of diabetes. Diabetes 61:3181-3188, 2012

iabetes is associated with various cardiovascu-

lar complications. In particular, the increased

oxidative stress, which inactivates NO and

hence impairs endothelium-dependent vasodi-
lator responses and induces the dysfunctionality of endo-
thelial progenitor cells (1-3), contributes significantly to
the cardiovascular dysfunction in diabetes. We also dem-
onstrated that inhibition of superoxide production im-
proved endothelium-dependent shear stress—induced
dilation (SSID) in arteries of young diabetic mice. In aged
diabetic mice, however, impaired endothelial nitric oxide
(NO) synthase (eNOS) activation prevented the anti-
oxidative effect on ameliorating endothelial function (4).
Thus, oxidative stress and impaired eNOS activation are
two separate but mechanistically connected events,
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especially during the cardiovascular complications in late
stages of diabetes.

Among the family of mitogen-activated protein kinase
(MAPK), p38 kinase (p38) and c-Jun NHs-terminal kinase
(JNK) are activated in response to hyperglycemia, oxidative
stress, and proinflammtory cytokines. Increased activation
of p38 and JNK has become a fundamental mechanism re-
sponsible for cardiovascular dysfunction in diabetes (5,6).
Indeed, inhibition of p38/JNK improved nitric oxide-mediated
vasodilatation and reduced inflammation in hypercho-
lesterolemic patients (7) and prevented tumor necrosis
factor-a (TNF-a)- and hypercholesterolemia-induced en-
dothelial dysfunction (8,9). On the other hand, extracellular
signal-regulated kinase (Erk), another member of the MAPK
family, is mainly involved in regulating mitogen-induced
cellular growth. Understanding of the specific role of Erk
in endothelial dysfunction of diabetes remains incomplete,
although some studies have suggested that the activation
of Erk is increased in cultured endothelial cells isolated from
subcutaneous tissues of type 2 diabetic subjects (10).
However, in normal vascular endothelium, fluid shear stress
quickly activates Erk-related signaling pathways (11,12),
implying that Erk activation involves shear stress-induced
regulation of endothelial function. Moreover, insulin and
proinsulin C-peptide—induced eNOS activation are linked to
the activation of Erk (13,14); and the cardiovascular pro-
tective effects of estrogen and estrogen receptor agonists
are mediated through Erk-dependent mechanisms (15).
Thus, the physiological activation of Erk is important for
maintaining cardiovascular homeostasis. Despite the fact
that the importance of MAPK in the regulation of vascular
function has been described, changes in function of MAPK
during the progression of diabetes have not yet been studied
in resistance arteries. In particular, based on our previous
findings that in addition to an increased oxidative stress,
inactivation of eNOS plays a significant role in the en-
dothelial dysfunction of 9-month-old (9M) diabetic mice
(4), the question arises as to whether the specific modu-
lation of MAPK activity can ameliorate endothelial func-
tion in advanced diabetes. Thus, in the current study, we
aimed to assess the causative relationship between the
MAPK activity and the endothelial dysfunction in blood
vessels of diabetic mice. We hypothesized that an altered
vascular MAPK is responsible for the exacerbation of
endothelial dysfunction during the progression of dia-
betes, and therefore, normalizing MAPK activity improves
endothelial function. To accomplish this goal, we used
3-month-old (3M) and 9M Lepr®™ "~ mice as models for the
early and advanced stages of type 2 diabetes. As observed,
Lepr®™ " mice develop obesity, hyperglycemia, and hy-
perinsulinemia after their first month and do not survive
longer than 10 months. The heterozygous (Lepr®™*/™) litter-
mates are lean and have normal plasma insulin and glucose
and a normal life span. Therefore, age-matched male Lepr®*~
mice were used as normal control mice.
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RESEARCH DESIGN AND METHODS

Animals and mesenteric artery isolation. Six-week-old male homozygote
type 2 diabetic mice (Lepr®~~; BKS.Cg-Dock7m** Lepr™/J) and their het-
erozygous littermates (Lepr®*~) were purchased from The Jackson Labora-
tory and maintained in our animal facilities with normal rodent chow diet
until ages 3M and 9M when the experiments were performed. A total of 8 SM
Lepr®*~ and Lepr®™ '~ mice and 14 9M Lepr®*~ and Lepr® '~ mice were
used in experiments. On the day of experiments, mice were killed by inhalation
of 100% CO. The intestine and mesentery were excised and placed in a Petri
dish containing cold (4°C) physiological salt solution (PSS) at pH 7.4. The PSS
contained (in mmol/L) 142 NaCl, 5 KCl, 2 CaCly, 1.2 MgS0O,, 1.2 NaHoPO,,
5 dextrose, 2 pyruvate, 0.02 EDTA, and 3 MOPS. The tissue was pinned to the
Silastic bottom of the dish. Superior mesenteric artery was cannulated and
perfused with PSS to wash out the blood. With the use of microscissors, for-
ceps, and an operating microscope, multiple first- and second-order mesenteric
arteries were isolated for experiments of SSID and protein expression, super-
oxide production, and shear stress-induced nitrite production and eNOS
phosphorylation. Experimental protocols were approved by the institutional
animal care and use committee of New York Medical College, and conformed to
the current guidelines of the National Institutes of Health and American Phys-
iological Society for the care and use of laboratory animals.
Immunoblotting. Single first-order mesenteric arteries were pulverized in
liquid nitrogen and incubated for 1 h in 20 pL of 1X laemmli sample buffer on
ice. The buffer contained 5% B-mercaptoethanol and 1% protease and phos-
phatase inhibitor cocktails (Sigma-Aldrich). After the incubation, the samples
were sonicated in ice water for two times (1-min duration and a 10-min in-
terval). The samples were then heated at 95°C for 5 min. After centrifugation,
the supernatant were separated by 10% SDS-PAGE. Proteins were transferred
to nitrocellulose membranes and probed with antibodies to eNOS (BD
Transduction Laboratories), p-eNOS (ser1177; Cell Signaling), p38, p-p38, JNK,
p-JNK, Erk, p-Erk (Santa Cruz Biotechnology), and B-actin (Sigma-Aldrich),
respectively. Prestained color protein markers (EZ-RUN, 170-10KD; Fisher
Scientific) were used for monitoring protein separation and transfer efficiency.
Immunoreactive bands were detected with an appropriate second antibody
and visualized with a chemiluminescence kit (Pierce, Rockford, IL).

SSID. Second-order mesenteric arteries (~80 wm in diameter and ~1 mm in
length) were cannulated on glass micropipettes in vessel chambers and per-
fused with PSS at 37°C and pH 7.4. Intravascular pressure was maintained
constant at 80 mmHg. Changes in internal diameter of vessels were measured
using a microscope-image shearing devise. After 1-h stabilization, vessels de-
veloped spontaneous tone that reduced the diameter to ~65% of their maximal
diameter. Initial wall shear stresses (1) of 20 and 40 dynes/cm2 were applied to
the vessels by increasing perfusate flow via a syringe pump. The flow rate (Q)
was determined by using the equation of T = 4Qq/m®, in which the radius (»)
was measured before the onset of flow. The viscosity (n) of PSS at 37°C was
0.0069 poise. SSID was assessed in control and after administration of one of
the following inhibitors: SB203580 (1 pmol/L, inhibitor of p38), SP600125
(1 pmoV/L, inhibitor of JNK), VAS2870 (5 wmol/L, NADPH oxidase inhibitor),
and 1-N®-nitro-L-arginine methyl ester (.-NAME; 300 wmol/L, inhibitor of nitric
oxide synthase). Multiple vessels isolated from the same animal were used in
different protocols of SSID. In separate experiments, SSID was assessed in
vessels of 9M mice in control and in the presence of resveratrol (100 nmol/L,
Erk activator; 3,4’,5-trihydroxystilbene; LKT Laboratories) and resveratrol plus
one of following inhibitors: SB203580, SP600125, and VAS2870 without or with
additional U0126 (1 wmol/L, inhibitor of Erk). The agents used were admin-
istered directly into the perfusion chamber and incubated with vessels for
60 min before the assessment of SSID. None of these agents, at the concen-
tration used, significantly affected the basal diameter of vessels. At the con-
clusion of experiments, suffusion solution was changed to a Ca®*-free PSS
containing 1 mmol/L EGTA, in which vessels were incubated for 10 min at
80 mmHg. The diameter recorded at this condition was defined as the passive
diameter.

Shear stress-induced eNOS phosphorylation. First-order mesenteric
arteries (~250 pm in diameter and ~10 mm in length) were isolated, cannu-
lated, and perfused in vessel chambers with PSS at 37°C and pH 7.4. All side
branches on the arteries were carefully ligated to prevent leakage. In-
travascular pressure was maintained constant at 80 mmHg. The internal di-
ameter of vessels was measured along the entire length of the vessel at 500 pm
interval, and the average diameter was calculated. The length of the arteries
was also measured. After equilibration, a shear stress of 20 dynes/cm? which
was established by increasing perfusate flow calculated based on the average
diameter of each vessel, was applied for 10 min in the absence or presence of
resveratrol (100 nmol/L). Resveratrol was administered into both suffusion
and perfusion solutions 1 h before the onset of the shear stress. After shear
stress stimulation, vessels were snap-frozen in liquid nitrogen and kept in
—80°C for assessing expressions of p-Erk and Erk, and p-eNOS and eNOS.
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Shear stress-induced nitrite formation. Shear stress (20 dynes/cm?)
—induced nitrite formation was assessed in first-order mesenteric arteries
under control conditions and in the presence of resveratrol (100 nmol/L) and
resveratrol plus L-NAME (300 wmol/L). Shear stress was continuously applied
to the vessels for 10 min, and perfusate was collected. Nitrite formation in the
perfusate was assessed using 2,3-diaminonaphthalene (DAN) and a high-
performance liquid chromatography (HPLC)/fluorescence detector-based assay
to determine 1-(H)-naphthotriazole, a fluorescent product upon the reaction
of nitrite and DAN (16,17). DAN was dissolved in N,N-dimethylformamide
(5 mg/mL) and further diluted with 6 N HCI (0.05 mg/mL). DAN (20 pL) was
added to 200 pL of perfusate and incubated for 10 min at room temperature.
Then 20 pL of 10 N NaOH was added. After a centrifugation, 20 pL of super-
natant was separated by an HPLC system (PU-2080 Plus; Jasco) with a C-18
reverse-phase column (Beckman Ultrasphere ODS, 5 pm, 4.6 X 250 mm). The
mobile phase was composed of 35% acetonitrile and 50 mmol/L sodium phos-
phate buffer (pH 8.5) and run at a flow rate of 1 mL/min. The fluorescent signal
of 1-(H)naphthotriazole was detected at 375 nm (excitation) and 415 nm
(emission) with a fluorescence detector (FP2020 Plus; Jasco). Standard curves
of sodium nitrite (0-640 wmol/L) were generated using PSS as a vehicle and
used to calculate nitrite formation in the perfusate as picomoles per millimeter
squared of the internal surface of vessels per minute.

Detection of superoxide. Superoxide production in isolated first-order
mesenteric arteries was measured by quantification of the chemiluminescence
of 5 pmol/L lucigenin in a liquid scintillation counter (LS6000IC; Beckman
Instruments) (17). Vessels were incubated in Krebs-HEPES buffer (pH 7.4) at
37°C, in the control or after incubation with SB203580 (1 pwmol/L), SP600125
(1 pmol/L), or VAS2870 (5 pmol/L) for 60 min. The vessels were then trans-
ferred to vials containing 1 mL of Krebs-HEPES/lucigenin (5 pmol/L) solution
and counted in the scintillation counter over the next 10 min. Background
signals (vials in the absence of the vessels) were subtracted from each sample
to obtain the final readings. After that, vessels were completely digested with
50 pL of 1 N NaOH and the amount of total protein was determined. The final
superoxide production was expressed as counts per minute per microgram of
protein.

Endothelial and smooth muscle superoxide formation in the cannulated

first-order mesenteric arteries were determined by dihydroethidium (DHE)
staining and confocal microscopy (18,19). DHE (10 pmol/L) was administered
intra- and extraluminally at 80 mmHg pressure for 30 min under dark con-
ditions. After extra DHE was washed out with PSS, the vessels were cut
longitudinally, removed from the cannulae, and fixed in 4% paraformaldehyde
for 10 min. After a brief wash in PBS, the vessel segment adhered to glass
slides with the endothelium facing up and coverslipped with antifading
solution for confocal microscopy (Bio-Rad MRC 1024ES/Olympus 1 X 70,
UPlanF1 x40 objective). Vessels without DHE staining were used as the
background control. Two images were obtained per endothelial or smooth
muscle layer of vessel segments. Fluorescent intensity of the image was
measured by Photoshop histogram to determine the mean intensity and total
pixels of DHE stains. The product of these two factors corresponded to the
level of superoxide formation.
Statistical analysis. Data are expressed as means = SE. Changes in di-
ameter of vessels in response to increases in shear stress were normalized
to their passive diameters and expressed as percent passive diameter.
Statistical significance was determined by ANOVA followed by a Tukey/
Kramer multiple-comparison test. One-way and two-way ANOVA were used.
Student’s ¢ test was also used as appropriate. Significance level was taken at
P < 0.05.

RESULTS

Altered MAPK activation (phosphorylation) in
mesenteric arteries of diabetic mice. Protein expres-
sion of p38, JNK, and Erk are shown in Fig. 1. The total
protein expression was comparable in all groups, but the
activation, expressed as the ratio of phosphorylated versus
total expression, was different between 3M and 9M, and
between diabetic and control mice. As shown in Fig. 1A
and B, the activation of p38 and JNK increased signifi-
cantly in vessels of 3M diabetic mice and increased further
in 9M diabetic mice compared with aged-matched control
mice. The increased activation of p38 was also observed in
vessels of 9M control mice, but it was significantly less
than that of 9M diabetic mice. In contrast, the activation of
Erk, which was unchanged in vessels of 3M diabetic mice,
was dramatically reduced in 9M Lepr® '~ mice (Fig. 1C).
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FIG. 1. Protein expression of p38 (A), JNK (B), and Erk (C) in mes-
enteric arteries of 3M and 9M male Lepr® " and their heterozygous

littermates (Lepr?*~; a model of normal control mice). Summary data

were obtained from 6 blots for each protein. The total expressions of
p38, JNK, and Erk were normalized by -actin. Densitometric ratios of
phosphorylated and total protein expression of p38, JNK, and Erk were
compared directly. Summary data were presented in comparison with
the average expression in 3M Lepr®*'~ group. *Significant difference
between groups.

Inhibition of P38 or JNK increased shear stress—
induced dilation in 3M diabetic mice. To evaluate the
specific role of the enhanced activation of p38 and JNK in
the mediation of endothelial dysfunction in diabetic mice,
SSID was assessed before and after inhibition of p38 and
JNK. Figure 2 shows that shear stress (20 dynes/cm®)—
1nduced dilation was significantly reduced in vessels of
Lepr® mice compared with that of Lepr®*~ mice. In-
hibition of p38 with SB203580 (Fig. 2A4) or JNK with
SP600125 (Fig. 2B), enhanced SSID in vessels of 3M di-
abetic mice. The increased dilation in response to p38 and
JNK inhibitor was prevented by 1.-NAME, suggesting a re-
stored NO-mediated response. Similar to our previous
findings (4), inhibition of NADPH oxidase with VAS2870
improved SSID. However, VAS2870-induced improvement
of SSID was not further affected by the administration of
SB203580, SP600125, or SB203580 plus SP600125 (Fig. 3A),
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suggesting that the increased superoxide is caused by
a p38/JNK-dependent activation of NADPH oxidase, which
inactivates NO to impair SSID Similar results were also
obtained when 40 dynes/cm?® shear stress was apphed to
these vessels (data not shown). In vessels of 9M Lepr®™ "/~
mice, however, inhibition of p38 or JNK did not increase
SSID (Fig. 2A and B). The combination of SB203580 and
SP600125, or plus additional VAS2870, also failed to im-
prove the dilation (Fig. 3B), implying that in addition to the
enhanced oxidative stress, other mechanism(s) may also
be involved in the endothelial dysfunction. Endothelium-
independent dilator response to NO donor (acidified
NaNO,) was not affected by the inhibition of p38 and/or
JNK (Fig. 3A and B) at both ages of diabetic mice.

p38- and JNK-dependent superoxide production in
vessels of diabetic mice. To further elucidate whether
the beneficial effect of inhibiting p38 and JNK on SSID is of
antioxidative stress in nature, vascular superoxide was
measured. Superoxide production in vessels of Lepr™ '~
mice was significantly increased (Fig. 44). The increment
was greater in 9M Lepr®™ " than in 3M Lepr®® ™" mice.
Inhibition of either p38 or JNK had no effect on superoxide
level in vessels of Lepr™®*~ mice, but eliminated the in-
creased superoxide in vessels of diabetic mice. Further-
more, inhibition of NADPH oxidase with VAS2870 reduced
superoxide, in both ages of diabetic mice, to a level similar
to those caused by SB203580 and SP600125. Thus, these
data support the notion that activation of p38 and JNK in
vessels of diabetic mice increases oxidative stress via
NADPH oxidase-dependent pathways.

Confocal microscopy of DHE staining was used to lo-
calize superoxide formation in endothelial and smooth
muscle layers of vessels (18,19). Fluorescence 1ntens1ty in
the endothelial layer of 3M and 9M Lepr®*/~ mlce was
comparable, but was increased significantly in Lepr®®
mice, as shown in Fig. 4B that there were more than 18-
and 36-fold increases in 3M and 9M diabetic mice com-
pared with that in 3M control mice. Changes in fluorescent
intensity in smooth muscle layers were relatively less than
that in the endothelium. Figure 4C shows that there was an
age-dependent increase in fluorescence intensity in both
normal and diabetic mice, but the overall increase in
smooth muscle cells of diabetic mice was ~2-2.5 fold
higher than that of control mice. The absolute numbers of
fluorescence intensity recorded from endothelial and
smooth muscle layers of 3M Lepr®™*~ mice were 350,743
and 8,146,681, respectively. The much greater ﬁuorescence
intensity of srnooth muscle, compared with the endothe-
lium, was mainly attributed to the large number of total
pixels of DHE stains, rather than the mean fluorescence
intensity. Thus, both a greater production of superoxide in
smooth muscle cells and a greater increment in superoxide
production in the endothelium contribute to the reduced
NO bioavailability and exacerbation of endothelial dys-
function during the process of diabetes.

Erk activation increases eNOS phosphorylation
in vessels of 9M db/db mice. Because the expression
of p—Erk was obviously downregulated in vessels of 9M
Lepr®™ ™/~ mice, we tested in the next series of experi-
ments the effect of Erk activation on endothelial function
of diabetic mice. Vessels of 9M Lepr® ™/~ mice were
treated with resveratrol for 60 min before exposure to
shear stress Figure 5A and B shows that in response to 20
dynes/cm? shear stress, phosphorylation of Erk and eNOS,
as well as the ratio of p-Erk/Erk and p-eNOS/eNOS ,were
significantly increased in resveratrol-treated compared
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with untreated vessels. In parallel with the increased eNOS
phosphorylation, eNOS activity, expressed as shear stress—
induced nitrite formation, was also increased in resveratrol-
treated vessels. Figure 5C depicts fluorescent signals of
standard curves of sodium nitrite, measured by HPLC/
fluorescence detector-based assay. The method is sensitive
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enough to detect subpicomoles of nitrite in the perfusate.
Figure 5D shows that resveratrol significantly increased
perfusate nitrite in shear stress—stimulated vessels of 9M
Lepr®™ /" mice; the response was sensitive to .-NAME. This
suggests that resveratrol facilitates shear stress—-induced
eNOS activation. However, resveratrol alone failed to
improve SSID in vessels of 9M diabetic mice (Fig. 6).
Inhibition of oxidative stress and activation of Erk
coordinately improve endothelial function in vessels
of 9M diabetic mice. We assessed combined effects of
inhibition of NADPH oxidase and activation of Erk/eNOS on
SSID in vessels of 9M Lepr™ " mice. As shown in Fig. 7,
coincubation of resveratrol and SB203580, resveratrol and
SP600125, or resveratrol and VAS2870 significantly im-
proved SSID. This improved dilation was prevented when
the activation of Erk was inhibited by U0126.

DISCUSSION

We demonstrated in the current study that an altered
MAPK signaling, characterized by potentiated p38/JNK
activation and impaired Erk/eNOS activation, contributes
significantly to the endothelial dysfunction in diabetic
mice. Specifically, increased activation of vascular p38 and
JNK were responsible for the enhanced formation of su-
peroxide that scavenges NO, leading to an impaired SSID.
This impaired SSID was reversible in the early stage of
diabetes via inhibition of p38/JNK/reactive oxygen species
(ROS) signaling. During the progression of diabetes, Erk
signaling pathway was largely inactivated, accompanied
by the inactivation of eNOS. As a consequence, endothelial
dysfunction was reversed only in the presence of both the
inhibition of p38/JNK/ROS and the activation of Erk/eNOS.
P38/INK-dependent oxidative stress impairs endothelial
function in diabetes. Our results, as shown in the present
and previous studies (4), demonstrated that increased vas-
cular superoxide production and reduced SSID accompany
the progression of diabetes in Lepr™® /" mice. It is known
that oxidative stress activates p38 and JNK (5,6). Likewise,
we found that the total expression of p38 and JNK was
unchanged, but the phosphorylation of p38 and JNK was
augmented in vessels of diabetic mice (Fig. 1), suggesting
that the increased activation of p38 and JNK contribute
significantly to the impaired vasodilator responses (Fig. 2).
It is interesting that inhibition of p38 or JNK reduced su-
peroxide production (Fig. 4), revealing a link between the
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activated p38/JNK and NADPH oxidase-derived superoxide.
This notion is supported by the fact that the effect of p38/
JNK inhibition on superoxide production is identical to
that of inhibition of NADPH oxidase (with VAS2870) (Fig.
4A) and moreover that inhibition of p38/JNK-initiated
increases in SSID is not additive by additional presence of
VAS2870 and vice versa (Fig. 3). Thus, the restoration of
SSID via P38/JNK inhibitors is most likely mediated by the
inhibition of NADPH oxidase-derived superoxide pro-
duction. Owing to the limitation of obtaining sufficient
samples from isolated single arteries of mice, we could not
explore specific mechanisms in detail at this time. Other
studies, however, provided evidence indicating that in-
hibition of p38 lowered blood pressure, improved renal
hemodynamics, and enhanced acetylcholine-induced di-
lation in diabetic rats (20). Also, in vivo chronic inhibition
of p38 has been reported to downregulate NADPH oxidase
expression, attenuate superoxide production, and improve
vascular function in a variety of animal models (21-23).
Moreover, acute inhibition of p38 suppressed phorbol myr-
istate acetate—induced activation of NADPH oxidase in neu-
trophils (24,25). Direct evidence for the p38-dependent
activation of NADPH oxidase was provided by experiments
conducted on cultured human lung endothelial cells (26), in
which the activated p38 regulates the phosphorylation of
NADPH oxidase subcomponent(s) to promote assembly and
activation of the oxidase. Consistent with our findings,
Crreactive protein—induced attenuation of NO-mediated di-
lation in isolated porcine coronary arterioles was reported to

diabetes.diabetesjournals.org

be mediated by p38-dependent activation of NADPH
oxidase (27). Additionally, TNF-a—induced impairment of NO-
mediated dilation was resulted from xanthine oxidase—
derived superoxide, via JNK-dependent mechanisms (8).
Thus, specific roles for p38- and/or JNK-dependent stimu-
lation of oxidative stress as the mediator of endothelial
dysfunction have been evaluated in a variety of disease
models. On the other hand, alternative mechanisms of
MAPK-dependent impairment of endothelial function have
also been proposed. As reported, JNK directly phosphory-
lated eNOS-Ser(116), resulting in a reduced NO release (28).
In the current study, however, inhibition of JNK did not
further increase VAS2870-induced improvement of SSID (Fig.
3), excluding the possibility that JNK directly inhibits eNOS
activity in the mesenteric arteries of diabetic mice.

Hypoactivation of Erk impairs activation of eNOS in
advanced diabetes. Inhibition of p38 and JNK prevented
the enhanced superoxide production in vessels of 3M and
9M diabetic mice, but improved SSID only in vessels of 3M
diabetic mice (Fig. 3), suggesting that in addition of p38/
JNK-dependent potentiation of oxidative stress, other in-
dependent mechanisms are involved in the exacerbation of
endothelial dysfunction during the progression of diabetes.
In this context, a specific role of Erk activation, which was
greatly reduced in vessels of 9M diabetic mice (Fig. 1),
attracted attention in terms of the possible crosstalk be-
tween Erk and eNOS signaling cascades in response to
shear stress. Indeed, previous studies indicated that TNF-
a—induced endothelial dysfunction was prevented by shear
stress—stimulated activation of Erk (29). We therefore
tested the hypothesis that recruiting Erk activity stim-
ulates eNOS phosphorylation to improve NO-mediated
SSID. Resveratrol, a polyphenolic phytoalexin found in
grapes and red wine, has been shown to exert cardiovas-
cular benefits. Resveratrol rapidly activates Erk and sub-
sequently eNOS at nanomolar concentrations in vascular
endothelial cells (30,31). Of note, resveratrol in a range of
micromolar concentrations exerts a direct vasodilator ef-
fect, which was also involved in endothelial Erk activation
(32). To this end, resveratrol at a concentration of 100 nmol/L
was used in the current study, aimed to activate Erk
without changing the basal tone of vessels. As expected,
phosphorylation of Erk was significantly increased in the
resveratrol-treated vessels of 9M diabetic mice, associated
with increases in shear stress—stimulated eNOS phos-
phorylation and NO production (Fig. 5B and D). However,
the functional significance of resveratrol in recruiting
vascular Erk and eNOS activity seemed to be masked
since it failed to improve SSID in these vessels (Fig. 6). But
exposure of vessels to both resveratrol and inhibitors for
p38/JNK or NADPH oxidase promoted normalization of
SSID (Fig. 7). Thus, we interpret our data to mean that in
the advanced stage in diabetic mice, increased superoxide
production resulted from activated p38/JNK, and reduced
NO release because of inactivation of Erk/eNOS, contrib-
utes independently but synergistically to the impaired
SSID. On the other hand, we noted that the role of
resveratrol in the improvement of endothelial function can
also involve multiple mechanisms, such as the potentiation
of endothelial SirT1 (33), and inhibition of inflammatory
and oxidative signaling (34,35), all of which are beneficial
to the activation of eNOS. Alternatively, high glucose-
induced increases in adhesion molecule intracellular
adhesion molecule-1 in cultured endothelial cells were
prevented by resveratrol via a mechanism of inhibiting
p38 activation (36). Furthermore, in the setting of
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insulin resistance, an altered activation of phospho-
ionsitide 3-kinase/Akt pathway may also lead to the
endothelial dysfunction (37,38). In the current study,
however, we provide evidence that Erk inhibitor U0126
prevented resveratrol-induced improvement of SSID in 9M
Lepr®™® ™~ mice (Fig. 7), confirming that resveratrol-specific
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FIG. 6. Shear stress (20 dynes/cm?)-induced dilation in mesenteric
arteries of 9M Leprdb_’ ~ and Lepr = mice, in control and in the
presence of resveratrol. n = 6-8 per group. *Significant difference be-
tween groups. PD, passive diameter.
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recruitment of Erk, followed by activation of eNOS, plays
significant roles in the responses.

It is intriguing that Lepr™ ~/~ mice are hyperleptinaemia,
which has been confirmed to play a pivotal role in obesity-
related cardiovascular events, including insulin resistance
(39). The effects of leptin on MAPK signaling may also
contribute to the endothelial dysfunction in diabetes (40).
Perspective and significance. Treatment of isolated ves-
sels with inhibitors for p38 and JNK reduced superoxide
production and increased SSID in diabetic mice. Our data
support the notion that p38 and JNK could serve as ther-
apeutic targets for patients with cardiovascular disease. In
this context, a novel therapy for diabetes with specific in-
hibition of MAPK signaling, such as cell-permeable JNK-
inhibitory peptide, has been studied (7,41). As indicated,
there are different mechanisms underlying endothelial
dysfunction at different stages of diabetes. When the ROS-
dependent mechanism contributes primarily to the en-
dothelial dysfunction, an antioxidant therapy would be
effective. When eNOS inactivation occurs, antioxidant
therapy alone would not be sufficient; an optimal approach
that activates eNOS such as resveratrol-mediated recruit-
ing Erk and eNOS would then become necessary. We be-
lieve that the mechanistic insights provided by the current
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study may provide additional information for -clinical
treatment of diabetes.

ACKNOWLEDGMENTS

This study was supported by National Heart, Lung, and
Blood Institute grants HL-070653 and HL-43023.

No potential conflicts of interest relevant to this article
were reported.

A.H. and D.S. designed the experiment, researched data,
and wrote the manuscript. Y.-M.Y. and C.Y. researched
data. G.K. and T.H.H. contributed to the discussion and
reviewed and edited the manuscript. A.H. and D.S. are the
guarantors of this work and, as such, had full access to all
the data in the study and take responsibility for the
integrity of the data and the accuracy of the data analysis.

REFERENCES
1. Hamed S, Brenner B, Aharon A, Daoud D, Roguin A. Nitric oxide and
superoxide dismutase modulate endothelial progenitor cell function in
type 2 diabetes mellitus. Cardiovasc Diabetol 2009;8:56
2. Hamed S, Brenner B, Abassi Z, Aharon A, Daoud D, Roguin A. Hypergly-
cemia and oxidized-LDL exert a deleterious effect on endothelial pro-
genitor cell migration in type 2 diabetes mellitus. Thromb Res 2010;126:
166-174
3. Hamed S, Brenner B, Roguin A. Nitric oxide: a key factor behind the
dysfunctionality of endothelial progenitor cells in diabetes mellitus type-2.
Cardiovasc Res 2011;91:9-15
4. Huang A, Yang YM, Feher A, Bagi Z, Kaley G, Sun D. Exacerbation of
endothelial dysfunction during the progression of diabetes: role of oxida-
tive stress. Am J Physiol Regul Integr Comp Physiol 2012;302:R674-R681
5. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Oxidative stress and
stress-activated signaling pathways: a unifying hypothesis of type 2 di-
abetes. Endocr Rev 2002;23:599-622
6. Liu Z, Cao W. p38 Mitogen-activated protein kinase: a critical node linking
insulin resistance and cardiovascular diseases in type 2 diabetes mellitus.
Endocr Metab Immune Disord Drug Targets 2009;9:38-46
7. Cheriyan J, Webb AJ, Sarov-Blat L, et al. Inhibition of p38 mitogen-activated
protein kinase improves nitric oxide-mediated vasodilatation and reduces
inflammation in hypercholesterolemia. Circulation 2011;123:515-523
8. Zhang C, Hein TW, Wang W, Ren Y, Shipley RD, Kuo L. Activation of JNK
and xanthine oxidase by TNF-alpha impairs nitric oxide-mediated dilation
of coronary arterioles. J Mol Cell Cardiol 2006;40:247-257
9. Osto E, Matter CM, Kouroedov A, et al. c-Jun N-terminal kinase 2 de-
ficiency protects against hypercholesterolemia-induced endothelial dys-
function and oxidative stress. Circulation 2008;118:2073-2080
Gogg S, Smith U, Jansson PA. Increased MAPK activation and impaired
insulin signaling in subcutaneous microvascular endothelial cells in type 2
diabetes: the role of endothelin-1. Diabetes 2009;58:2238-2245

10.

diabetes.diabetesjournals.org

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Li S, Kim M, Hu YL, et al. Fluid shear stress activation of focal adhesion
kinase. Linking to mitogen-activated protein kinases. J Biol Chem 1997;
272:30455-30462

Pearce MJ, McIntyre TM, Prescott SM, Zimmerman GA, Whatley RE.
Shear stress activates cytosolic phospholipase A2 (cPLA2) and MAP ki-
nase in human endothelial cells. Biochem Biophys Res Commun 1996;
218:500-504

Federici M, Menghini R, Mauriello A, et al. Insulin-dependent activation of
endothelial nitric oxide synthase is impaired by O-linked glycosylation
modification of signaling proteins in human coronary endothelial cells.
Circulation 2002;106:466-472

Kitamura T, Kimura K, Makondo K, et al. Proinsulin C-peptide increases
nitric oxide production by enhancing mitogen-activated protein-kinase-
dependent transcription of endothelial nitric oxide synthase in aortic en-
dothelial cells of Wistar rats. Diabetologia 2003;46:1698-1705

Hisamoto K, Ohmichi M, Kanda Y, et al. Induction of endothelial nitric-
oxide synthase phosphorylation by the raloxifene analog LY117018 is dif-
ferentially mediated by Akt and extracellular signal-regulated protein
kinase in vascular endothelial cells. J Biol Chem 2001;276:47642-47649
Misko TP, Schilling RJ, Salvemini D, Moore WM, Currie MG. A fluorometric
assay for the measurement of nitrite in biological samples. Anal Biochem
1993;214:11-16

Sun D, Huang A, Yan EH, et al. Reduced release of nitric oxide to shear
stress in mesenteric arteries of aged rats. Am J Physiol Heart Circ Physiol
2004;286:H2249-H2256

Huang A, Yan C, Suematsu N, et al. Impaired flow-induced dilation of
coronary arterioles of dogs fed a low-salt diet: roles of ANG II, PKC, and
NAD(P)H oxidase. Am J Physiol Heart Circ Physiol 2010;299:H1476—
H1483

Jacobson A, Yan C, Gao Q, et al. Aging enhances pressure-induced arterial
superoxide formation. Am J Physiol Heart Circ Physiol 2007;293:H1344—
H1350

Komers R, Schutzer W, Xue H, Oyama TT, Lindsley JN, Anderson S. Effects
of p38 mitogen-activated protein kinase inhibition on blood pressure, renal
hemodynamics, and renal vascular reactivity in normal and diabetic rats.
Transl Res 2007;150:343-349

Tojo A, Onozato ML, Kobayashi N, Goto A, Matsuoka H, Fujita T. Anti-
oxidative effect of p38 mitogen-activated protein kinase inhibitor in the
kidney of hypertensive rat. J Hypertens 2005;23:165-174

Weerackody RP, Welsh DJ, Wadsworth RM, Peacock AJ. Inhibition of p38
MAPK reverses hypoxia-induced pulmonary artery endothelial dysfunc-
tion. Am J Physiol Heart Circ Physiol 2009;296:H1312-H1320

Bao W, Behm DJ, Nerurkar SS, et al. Effects of p38 MAPK Inhibitor on
angiotensin II-dependent hypertension, organ damage, and superoxide
anion production. J Cardiovasc Pharmacol 2007;49:362-368

Lal AS, Clifton AD, Rouse J, Segal AW, Cohen P. Activation of the neu-
trophil NADPH oxidase is inhibited by SB 203580, a specific inhibitor of
SAPK2/p38. Biochem Biophys Res Commun 1999;259:465-470

Yamamori T, Inanami O, Sumimoto H, Akasaki T, Nagahata H, Kuwabara
M. Relationship between p38 mitogen-activated protein kinase and small
GTPase Rac for the activation of NADPH oxidase in bovine neutrophils.
Biochem Biophys Res Commun 2002;293:1571-1578

Parinandi NL, Kleinberg MA, Usatyuk PV, et al. Hyperoxia-induced
NAD(P)H oxidase activation and regulation by MAP kinases in human
lung endothelial cells. Am J Physiol Lung Cell Mol Physiol 2003;284:
L26-L38

Qamirani E, Ren Y, Kuo L, Hein TW. C-reactive protein inhibits endothelium-
dependent NO-mediated dilation in coronary arterioles by activating p38
kinase and NAD(P)H oxidase. Arterioscler Thromb Vasc Biol 2005;25:995—
1001

Park JH, Park M, Byun CJ, Jo I. c-Jun N-terminal kinase 2 phosphorylates
endothelial nitric oxide synthase at serine 116 and regulates nitric oxide
production. Biochem Biophys Res Commun 2012;417:340-345
Surapisitchat J, Hoefen RJ, Pi X, Yoshizumi M, Yan C, Berk BC. Fluid shear
stress inhibits TNF-alpha activation of JNK but not ERK1/2 or p38 in hu-
man umbilical vein endothelial cells: Inhibitory crosstalk among MAPK
family members. Proc Natl Acad Sci USA 2001;98:6476-6481

Klinge CM, Blankenship KA, Risinger KE, et al. Resveratrol and estradiol
rapidly activate MAPK signaling through estrogen receptors alpha and beta
in endothelial cells. J Biol Chem 2005;280:7460-7468

Wallerath T, Deckert G, Ternes T, et al. Resveratrol, a polyphenolic phy-
toalexin present in red wine, enhances expression and activity of endo-
thelial nitric oxide synthase. Circulation 2002;106:1652-1658

Nagaoka T, Hein TW, Yoshida A, Kuo L. Resveratrol, a component of red
wine, elicits dilation of isolated porcine retinal arterioles: role of nitric
oxide and potassium channels. Invest Ophthalmol Vis Sci 2007;48:4232—
4239

DIABETES, VOL. 61, DECEMBER 2012 3187



ENDOTHELIAL DYSFUNCTION IN DIABETES

33.

34.

35.

36.

3188

Csiszar A, Labinskyy N, Podlutsky A, et al. Vasoprotective effects of re-
sveratrol and SIRT1: attenuation of cigarette smoke-induced oxidative
stress and proinflammatory phenotypic alterations. Am J Physiol Heart
Circ Physiol 2008;294:H2721-H2735

Lopez-Sepulveda R, Jiménez R, Romero M, et al. Wine polyphenols im-
prove endothelial function in large vessels of female spontaneously hy-
pertensive rats. Hypertension 2008;51:1088-1095

Xia N, Daiber A, Habermeier A, et al. Resveratrol reverses endothelial
nitric-oxide synthase uncoupling in apolipoprotein E knockout mice.
J Pharmacol Exp Ther 2010;335:149-154

Kim SW, Kim CE, Kim MH. Flavonoids inhibit high glucose-induced up-
regulation of ICAM-1 via the p38 MAPK pathway in human vein endothelial
cells. Biochem Biophys Res Commun 2011;415:602-607

DIABETES, VOL. 61, DECEMBER 2012

37.

38.

39.

40.

41.

Kobayashi T, Taguchi K, Yasuhiro T, Matsumoto T, Kamata K. Impairment
of PI3-K/Akt pathway underlies attenuated endothelial function in aorta of
type 2 diabetic mouse model. Hypertension 2004;44:956-962

Maeno Y, Li Q, Park K, et al. Inhibition of insulin signaling in endothelial
cells by protein kinase C-induced phosphorylation of p85 subunit of
phosphatidylinositol 3-kinase (PI3K). J Biol Chem 2012;287:4518-4530
Ren J. Leptin and hyperleptinemia—from friend to foe for cardiovascular
function. J Endocrinol 2004;181:1-10

Hou N, Luo JD. Leptin and cardiovascular diseases. Clin Exp Pharmacol
Physiol 2011;38:905-913

Kaneto H, Nakatani Y, Miyatsuka T, et al. Possible novel therapy for
diabetes with cell-permeable JNK-inhibitory peptide. Nat Med 2004;10:
1128-1132

diabetes.diabetesjournals.org



