
Inhibition of Vascular c-Jun N-Terminal Kinase 2 Improves
Obesity-Induced Endothelial Dysfunction After Roux-en-Y Gastric
Bypass
Petia Doytcheva, PhD; Thomas B€achler, MD; Erika Tarasco, MSc; Vincenzo Marzolla, PhD; Michael Engeli, MSc;
Giovanni Pellegrini, DVM, PhD; Simona Stivala, PhD; Lucia Rohrer, PhD; Francesco Tona, MD, PhD; Giovanni G. Camici, PhD;
Paul M. Vanhoutte, MD, PhD; Christian M. Matter, MD; Thomas A. Lutz, DVM, PhD; Thomas F. L€uscher, MD; Elena Osto, MD, PhD

Background-—Roux-en-Y gastric bypass (RYGB) reduces obesity-associated comorbidities and cardiovascular mortality. RYGB
improves endothelial dysfunction, reducing c-Jun N-terminal kinase (JNK) vascular phosphorylation. JNK activation links obesity
with insulin resistance and endothelial dysfunction. Herein, we examined whether JNK1 or JNK2 mediates obesity-induced
endothelial dysfunction and if pharmacological JNK inhibition can mimic RYGB vascular benefits.

Methods and Results-—After 7 weeks of a high-fat high-cholesterol diet, obese rats underwent RYGB or sham surgery; sham–
operated ad libitum–fed rats received, for 8 days, either the control peptide D-TAT or the JNK peptide inhibitor D-JNKi-1 (20 mg/kg
per day subcutaneous). JNK peptide inhibitor D-JNKi-1 treatment improved endothelial vasorelaxation in response to insulin and
glucagon-like peptide-1, as observed after RYGB. Obesity increased aortic phosphorylation of JNK2, but not of JNK1. RYGB and JNK
peptide inhibitor D-JNKi-1 treatment blunted aortic JNK2 phosphorylation via activation of glucagon-like peptide-1–mediated
signaling. The inhibitory phosphorylation of insulin receptor substrate-1 was reduced, whereas the protein kinase B/endothelial NO
synthase pathway was increased and oxidative stress was decreased, resulting in improved vascular NO bioavailability.

Conclusions-—Decreased aortic JNK2 phosphorylation after RYGB rapidly improves obesity-induced endothelial dysfunction.
Pharmacological JNK inhibition mimics the endothelial protective effects of RYGB. These findings highlight the therapeutic potential
of novel strategies targeting vascular JNK2 against the severe cardiovascular disease associated with obesity. ( J Am Heart Assoc.
2017;6:e006441. DOI: 10.1161/JAHA.117.006441.)
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O besity is associated with comorbidities, such as type 2
diabetes mellitus and dyslipidemia, which increase

cardiovascular risk and mortality.1,2 In obesity, a systemic
chronic inflammation leads to oxidative stress, insulin resis-
tance, and endothelial dysfunction.3,4 Bariatric surgery, in

particular Roux-en-Y gastric bypass (RYGB), is the most
effective treatment against obesity.1 RYGB achieves sustained
weight loss and significant long-term improvement of comor-
bidities; it also reduces cardiovascular morbidity and mortal-
ity.1,5,6 In addition to weight loss, surgery-specific changes of
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gut hormones, like glucagon-like peptide-1 (GLP-1) and bile
acids, may contribute to these improvements.7–9

The c-Jun N-terminal kinase (JNK) family of proteins links
obesity with insulin resistance and endothelial dysfunction. Of
the 3 known JNK isoforms, JNK1 and JNK2 are expressed
ubiquitously, whereas JNK3 expression is restricted to the
brain, heart, and testes.10 On activation, JNK suppresses
cellular insulin signaling via inhibitory phosphorylation of
insulin receptor substrate-1 (IRS-1) at Ser307 (Ser307–IRS-
1).11 In obese mice, whole-body deletion of JNK1 (JNK1�/�),
but not of JNK 2 (JNK2�/�), decreased total JNK activity in
liver, muscle, and adipose tissue, and reduced hepatic
Ser307–IRS-1 phosphorylation.12 This blunted weight gain
and improved glucose tolerance and insulin sensitivity.12 The
deletion of JNK2, performed either globally or specifically in
the liver, was also associated with the same favorable
metabolic profile13,14 previously attributed to JNK1 deletion.
Hence, the in vivo tissue-specific interactions between the 2
JNK isoforms deserve further investigation under physiological
and pathological conditions.12–14

JNK is also critical in the pathophysiology of cardiovas-
cular disease. JNK2�/� mice are protected from hyperc-
holesterolemia-induced oxidative stress, endothelial
dysfunction,15 and atherosclerosis.16 JNK2 may inhibit
endothelial NO synthase (eNOS) by phosphorylation at
Ser116 (Ser116-eNOS).17,18 Total JNK activation and
Ser307–IRS-1 phosphorylation, which are increased in the
aorta of spontaneously hypertensive rats, are associated
with vascular insulin resistance.19 Furthermore, in rat aortic
rings, the JNK inhibitor SP60012520 promotes vasodilation.21

However, SP600125 is not JNK specific and targets other
kinases.22,23 This drawback prompted the development of
more JNK-specific inhibitors (eg, the peptide inhibitor D-JNKi-
1 [D-JNK]), which more selectively blocks all JNK isoforms.24

Two-week treatment of obese diabetic db/db mice with the
L-enantiomer of D-JNK improves glucose tolerance and
insulin sensitivity, increases protein kinase B (Akt) activation,
and decreases Ser307–IRS-1 phosphorylation in liver, fat,
and muscle.25 Moreover, D-JNK treatment exerts neuropro-
tective effects in mouse models of cerebral ischemia, and
the compound is in preclinical trials.26

RYGB decreased total JNK activation and Ser307–IRS-1
inhibitory phosphorylation in the liver of type 2 diabetic rats
2 weeks after surgery.27 We previously showed, in obese rats,
a rapid improvement of endothelial function after RYGB.8 In
the aorta, RYGB decreased total JNK phosphorylation and
oxidative stress and activated the Akt/eNOS signaling
pathway, improving NO bioavailability, independent of body
weight loss.8 Therefore, the present study tested if pharma-
cological JNK inhibition in vivo in obese rats mimics the
protective endothelial effects of RYGB. Moreover, the specific
contribution of vascular JNK1 versus JNK2 in obesity-induced
endothelial dysfunction and in its improvement after RYGB
was investigated.

Methods
An expanded description of the methods is available in Data
S1.

The data, analytic methods, and study materials will be
made available on request of other researchers for purposes
of reproducing the results or replicating the procedure.

Antibodies and Reagents
The following commercially available antibodies were used:
JNK1/2 (R&D Systems, Minneapolis, MN); phosphorylated
JNK1/2 (Thr183/Tyr185) (Santa Cruz Biotechnology, Dallas,
TX); IRS-1 and phosphorylated IRS-1 (Ser307), Akt and
phosphorylated Akt (Ser473), protein kinase A (PKA) and
phosphorylated PKA (Thr197), cAMP response element bind-
ing protein and phosphorylated cAMP response element

Clinical Perspective

What Is New?

• In a rodent model of diet-induced obesity, c-Jun N-terminal
kinase 2 (JNK2), but not JNK1, phosphorylation was
specifically increased in the aorta.

• Roux-en-Y gastric bypass surgery restored obesity-induced
vascular dysfunction by blunting JNK2-vascular activation.

• Aortic inhibition of the JNK isoform 2 after Roux-en-Y gastric
bypass was associated with improved insulin and glucagon-
like peptide-1–mediated endothelium-dependent vasorelax-
ation as a result of preserved NO bioavailability and blunted
oxidative stress.

• In vivo treatment with 2 different JNK inhibitors improved
endothelium-mediated vasodilation and decreased aortic
JNK2 phosphorylation, thus mimicking the effect of Roux-en-
Y gastric bypass.

What Are the Clinical Implications?

• Our data suggest that novel drugs that selectively blunt
JNK2 activation without the downsides of available JNK
inhibitors may become a promising therapeutic option
against obesity-induced endothelial dysfunction and its
associated cardiovascular disease.

• It will be important to assess the vascular and metabolic
effects of a combination therapy of Roux-en-Y gastric
bypass and JNK inhibition.

• It is intriguing to hypothesize that, as a result of such dual
treatment, a higher increase in circulating glucagon-like
peptide-1 and/or in other gut hormones may synergistically
potentiate the benefits observed in the present experi-
ments.
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binding protein (Ser133), protein kinase C (PKC) a/b and
phosphorylated PKCa/bII (Thr638/641), phosphorylated
PKCbII (Ser660), PKCd and phosphorylated PKCd (Thr505),
p38 mitogen-activated protein kinase (MAPK) and phospho-
rylated p38 MAPK (Thr180/Tyr182), p44/42 MAPK (extra-
cellular signal regulated kinase 1/2) and phosphorylated
p44/42 MAPK (extracellular signal regulated kinase 1/2)
(Thr202/Tyr204) (all from Cell Signaling, Danvers MA); PKCbII
(Thermo Fisher Scientific, Waltham, MA, United States);
eNOS/NOS type III and phosphorylated eNOS (Ser1177)
(BD Biosciences, San Jose, CA); phosphorylated eNOS Ser116
and GAPDH (both from Merck Millipore, Darmstadt, Germany);
and GLP-1 receptor (Abcam, Cambridge, UK).

Other items were purchased from supplies, as indicated:
high-fat high-cholesterol diet (Research Diets, New Brunswick,
NJ); SP600125 (Selleckchem, Houston, TX); selective JNK
inhibitor D-JNK (H-dqsrpvqpflnlttprkprpprrrqrrkkrG-NH2) and
control peptide D-TAT (H-pprrrqrrkkrG-NH2) (both from Pep-
scan, Lelystad, The Netherlands); dimethyl sulfoxide, nore-
pinephrine, Nx-nitro-L-arginine methyl ester, polyethylene
glycol–superoxide dismutase, sodium nitroprusside, dihy-
droethidium, and Hoechst 33258 (all from Sigma-Aldrich, St
Louis, MO); insulin (Humalog; Lilly, Indianapolis, IN); GLP-1
(7-36) amide (Bachem, Bubendorf, Switzerland); nicotinamide
ADP/reduced nicotinamide ADP (NADPH) assay kit (Abcam);
cyclic GMP ELISA kit (Cell Biolabs, San Diego, CA); active GLP-
1 kit (Meso Scale Discovery, Gaithersburg, MD); Microvette
with or without EDTA vacutainers (Sarstedt, N€umbrecht,
Germany); DPPIV inhibitor (Millipore, Darmstadt, Germany);
positive-charged slides, Superfrost Plus (Thermo Scientific,
Waltham, MA); RNeasy Mini Kit (Qiagen, Hilden, Germany);
Ready-To-Go You-Prime First-Strand Beads (GE Healthcare,
Little Chalfont, UK); and specific primers for quantitative
polymerase chain reaction (Microsynth, Balgach, Switzerland).

Animals and Experimental Procedures
Male Wistar rats were fed chow (lean non–operated on age-
matched controls, n=6) or a high-fat high-cholesterol diet to
induce obesity (60% kcal fat and 1.25% cholesterol; n=46) for
7 weeks before and after surgery.8 Obese rats were random-
ized to RYGB or sham surgery, and all procedures were
performed as described.8 Treatments started on the day after
surgery. A pilot (proof-of-concept) study and a main experiment
were performed with the 2 JNK inhibitors most commonly used
for in vivo investigations.20,24 In the pilot study, sham–operated
rats received SP600125, 40 mg/kg per day SC (SP600125,
n=8), or vehicle dimethyl sulfoxide sc (controlDMSO, n=6). The
main experiment compared RYGB (n=10) with sham–operated
ad libitum–fed rats treated for 8 days with either the selective
JNK inhibitor D-JNK (once-daily sc injection of 20 mg/kg per day;
H-dqsrpvqpflnlttprkprpprrrqrrkkrG-NH2; n=13) or an equimolar

dose (8.3 mg/kg) of the control peptide D-TAT sc (controlD-TAT;
H-pprrrqrrkkrG-NH2; n=9). Some controlD-TAT and D-JNK rats
were kept in metabolic cages to measure water intake and urine
excretion. The Cantonal Veterinary Office of Zurich (Zurich,
Switzerland) approved all animal experiments (approval No.
060/2015_860).

Organ Chamber Experiments
The thoracic aorta was cut into 2- to 3-mm-long rings and
connected to an isometric force transducer (Multi-Myograph
610M; Danish Myo Technology A/S, Aarhus, Denmark),
suspended in an organ chamber filled with 6 mL Krebs-
Ringer bicarbonate solution (37°C, pH 7.4, 95% O2, 5% CO2).
Isometric tension was recorded continuously, as previously
described.8,15 After a 30-minute equilibration period, rings
were gradually stretched to reach the optimal point of their
length-tension curve, as determined by the contraction in
response to potassium chloride (100 mmol/L). During sub-
maximal contraction to norepinephrine (3910�6 mol/L),
concentration-relaxation curves were obtained in a cumula-
tive manner in response to insulin (10�11 to 10�5 mol/L)
and GLP-1 (7-36) amide (10�12 to 10�6 mol/L).28,29

Responses to insulin and GLP-1 were recorded in the
presence or absence of Nx-nitro-L-arginine methyl ester
(10�4 mol/L), a nonselective NO synthase inhibitor, or of the
free radical scavenger polyethylene glycol–superoxide dis-
mutase (150 U/mL). To study the direct vascular effects of
D-JNK, a subset of aortic rings were incubated ex vivo for
30 minutes with 5 lmol/L D-JNK before insulin or GLP-1.
The NO donor sodium nitroprusside (10�10 to 10�5 mol/L)
was added to test endothelium-independent vasodilation.
Relaxations were expressed as a percentage of the precon-
traction with norepinephrine.

Western Blot Analysis
Frozen aortas were pulverized and dissolved in lysis buffer:
NaCl (120 mmol/L), Tris (50 mmol/L), NaF (20 mmol/L),
benzamidine (1 mmol/L), dithiothreitol (1 mmol/L), EDTA
(1 mmol/L), EGTA (6 mmol/L), sodium pyrophosphate
(15 mmol/L), p-nitrophenyl phosphate (30 mmol/L), phenyl-
methylsulfonyl fluoride (0.1 mmol/L), leupeptin (0.8 lg/mL),
and NP-40 (1%). Analysis was performed with antibodies listed
in the Antibodies and Reagents subsection.

In Vitro Assays
NADPH oxidase activity, cGMP levels, and fasting plasma
concentrations of active GLP-1 were measured using
commercial kits listed in the Antibodies and Reagents
subsection.
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Statistical Analysis
Quantitative data are presented as mean�SD or median with
interquartile range. Statistical analysis was conducted with
unpaired Student t test or by 1-way ANOVA, followed by the
Bonferroni post hoc test, as appropriate. Two-way ANOVA
with repeated measures was used to compare repeated
measurements in the same animals. Data were subjected to
the statistical analysis after a test of the data distribution
status using the Kolmogorov-Smirnov test. If the homogeneity
of variance assumption was violated, the nonparametric
Kruskal-Wallis test was used instead.

All tests were 2 sided, and statistical significance was
accepted if the null hypothesis could be rejected at P<0.05.
All analyses were performed with GraphPad Prism Software
(version 7).

Results

In Vivo Pharmacological JNK Inhibition Improves
Obesity-Induced Endothelial Dysfunction Similar
to RYGB
Aortic relaxation in response to GLP-1 and insulin improved
similarly after D-JNK and RYGB when compared with obese
controlD-TAT animals (Figure 1A and 1B). Vasodilation was
abolished by preincubation with the eNOS inhibitor Nx-nitro-L-
arginine methyl ester, indicating an endothelial NO-dependent
mechanism (Figure S1A and S1B). Beforehand, we showed
that in lean non–operated age-matched and chow-fed male
Wistar rats, D-JNK did not alter GLP-1’s and insulin’s baseline
vasodilatory effects compared with vehicle-treated controls
(Figure S1C and S1D). Results after D-JNK treatment
strengthened the findings of the pilot experiment (Figure S1E
and S1F), in which rats receiving the JNK inhibitor SP600125
also improved vascular relaxation, although the effect was
less pronounced than after RYGB.

Vascular JNK Inhibition Improves Endothelial
Function in ControlD-TAT Rats
To test whether the improved relaxation seen in D-JNK rats
resulted from the direct vascular benefits of JNK inhibition, a
subset of aortic rings isolated from D-JNK and controlD-TAT rats
were preincubated with 5 lmol/L D-JNK for 30 minutes
ex vivo21,24 before organ chamber experiments. Insulin- and
GLP-1–induced relaxations improved in controlD-TAT rings
treated ex vivo with D-JNK compared with untreated rings,
suggesting a direct aortic action of D-JNK (Figure 1C and 1D).
By contrast, ex vivo D-JNK preincubation did not further
ameliorate the response of aortas from the rats that had
received D-JNK for 8 days (Figure 1E and 1F).

In Vivo JNK Inhibition and RYGB Reduce Aortic
JNK2 Phosphorylation Induced by Obesity
Next, we assessed the specific contribution of the 2 vascular
JNK isoforms in obesity-induced endothelial dysfunction.
Phosphorylation of JNK2, but not of JNK1, increased in aortas
of obese controlD-TAT when compared with chow-fed lean D-TAT
rats (Figure 2A). Furthermore, aortic JNK2 phosphorylation was
significantly decreased in RYGB and D-JNK–treated rats com-
pared with obese controlD-TAT rats, whereas JNK1 phosphory-
lation was not affected (Figure 2B). A similar result was
obtained after the pilot treatment with SP600125 (Figure S2A).

JNK Inhibition Restores Vascular Insulin- and GLP-
1–Dependent Akt/eNOS/NO Pathway Similar to
RYGB
The vascular Akt/eNOS signaling, which is activated by insulin
and GLP-18,28 and inhibited by JNK,11,17 was assessed by
Western blotting in aortic lysates. The JNK-dependent inhibitory
Ser307–IRS-1 phosphorylation decreased comparably after
RYGB and D-JNK (Figure 2C), whereas the activatory Akt-
Ser473 phosphorylation increased (Figure 2D). This led to
enhanced phosphorylation of the activatory eNOS-Ser1177
(Figure 3A), a favorable dimer/monomer ratio of eNOS (Fig-
ure 3B), which is essential for the proper coupling and function
of the enzyme.30,31 Finally, it augments NO production, as
assessed by increased aortic cGMP levels (Figure 3C). In vivo
SP600125 treatment also protected the insulin- and GLP-1–
dependent vascular signaling pathway, leading to preserved NO
bioavailability (Figure S2B through S2E). The phosphorylation of
Ser116 is a putative JNK2 target for the inhibition of eNOS.17,18

However, its assessment was inconclusive because of lack of
specificity of the commercially available anti–phosphorylated
Ser116-eNOS antibody in rat aortic tissue (Figure S3). Addi-
tional players able to modulate vascular insulin resistance,32–34

such as PKC (a/b, b II, and d; Figure S4A through S4C) and
extracellular signal regulated kinase 1/2 (p44 and p42;
Figure S4E), were assessed. No difference in phosphorylation
was observed between controls and rats after RYGB or JNK
inhibition, which further supports the role of reduced aortic
JNK2 phosphorylation as a crucial mediator of the vascular
benefits of RYGB. Only the phosphorylation of p38 MAPK was
increased on JNK inhibition and unchanged in control and RYGB
rats (Figure S4D), which may be a potential off-target effect of
long-term systemic in vivo D-JNK treatment.

JNK Inhibition Reduces Vascular Oxidative Stress
Similar to RYGB
JNK enhances vascular oxidative stress, which, in turn,
reduces NO bioavailability and leads to endothelial
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dysfunction.35,36 Decreased oxidative stress after RYGB
protects endothelial function.8 Therefore, it was further
assessed if in vivo JNK inhibition also mimics the effect of
RYGB on the vascular reduction-oxidation balance. Preincu-
bation with the free radical scavenger superoxide dismutase
improved relaxation in response to insulin and GLP-1 only in
aortic rings of controlD-TAT rats. No further improvements were

observed in RYGB- and D-JNK–treated rats, which suggests
markedly reduced oxidative stress in these contexts (Fig-
ure 3D and 3E). Concurrent with this notion, dihydroethidium
staining of aortic sections showed decreased superoxide
anion (O�

2 ) levels after RYGB and after D-JNK treatment
(Figure 3F). NADPH oxidase activity, which contributes to the
generation of O�

2 ,
35 was also significantly decreased in the

B

D

F

A

C

E

Figure 1. Cumulative concentration-response curves of aortic rings isolated 8 days after Roux-en-Y gastric bypass (RYGB) or
sham surgery/start of treatment after submaximal contraction to norepinephrine in response to glucagon-like peptide-1 (GLP-1;
A) and insulin (B) in RYGB rats, controlD-TAT rats, and rats treated with the peptide inhibitor D-JNKi-1 (D-JNK rats) (n=7–13 per
group). Ex vivo relaxation of aortic rings with or without 30 minutes ex vivo preincubation with 5 lmol/L D-JNK. Concentration-
response curves after submaximal contraction to norepinephrine in response to GLP-1 (C) and insulin (D) in controlD-TAT rats and
to GLP-1 (E) and insulin (F) in D-JNK rats (n=3–6 per group). Results are evaluated by 2-way repeated measures ANOVA and
Bonferroni post hoc test. Data are shown as mean�SD. *P<0.05, ***P<0.001 for RYGB vs controlD-TAT; °°°P<0.001 for
controlD-TAT vs D-JNK; ##P<0.01, ###P<0.001 for controlD-TAT vs D-TAT preincubated 30 minutes ex vivo with 5 lmol/L D-JNK.
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aortas of both RYGB and D-JNK rats, thus contributing to
preserved NO bioavailability (Figure 4A). Similar results were
obtained after SP600125 treatment (Figure S5A and S5B).

GLP-1 Contributes to Vascular JNK2 Inhibition
After RYGB
Increased circulating GLP-1 contributes to the beneficial
cardiovascular effects of RYGB.8,9 GLP-1–dependent PKA
activation inhibits JNK1 and JNK2 in various tissues,
including the endothelium,34,37 where it also activates the
Akt/eNOS pathway.38,39 In line with our previous results,8

fasting plasma GLP-1 levels were increased after RYGB
(Figure 4B). Surprisingly, D-JNK treatment also increased
GLP-1 levels compared with controlD-TAT rats, although to a
lesser extent than RYGB (Figure 4B). By contrast, SP600125
did not affect circulating GLP-1 levels (Figure S5C). The

aortic expression of the GLP-1 receptor was up-regulated in
RYGB and D-JNK rats. This was accompanied downstream by
enhanced phosphorylation of the PKA isoform C-a at Thr197
and of the cAMP response element binding protein at
Ser133 (Figure 4C through 4E), which lie upstream of JNK1
and JNK2 inhibition.34,37 To further ascertain the role of GLP-
1 in modulating JNK2 phosphorylation after RYGB, we
analyzed aortas from our previous study, in which sham–
operated on rats were treated with the GLP-1 analogue
liraglutide and RYGB rats received the GLP-1 receptor
antagonist exendin-9 for 8 days after surgery.8 JNK2 phos-
phorylation remained high in RYGB rats on GLP-1 receptor
blockade, whereas liraglutide treatment in sham–operated
on rats decreased JNK2 phosphorylation. JNK1 phosphory-
lation was unchanged in all groups (Figure 5A). These results
suggest that vascular JNK2 inactivation may contribute to
the GLP-1–dependent improvement of endothelial

B

JNK 2

JNK 1

JNK 2

JNK 1

p-Thr183/
Tyr185

total

A

JNK 2

JNK 1

JNK 2

JNK 1

p-Thr183/
Tyr185

total

p-IRS-1 Ser307

total IRS-1

total Akt

p-Akt Ser473

C

D

Figure 2. (A), c-Jun N-terminal kinase (JNK) 1 and JNK2 phosphorylation (46 and 55 kDa, respectively) in the aortas of lean chow-fed D-TAT vs
obese controlD-TAT rats (determined by unpaired t test). Phosphorylation of aortic JNK1 and JNK2 (B), insulin receptor substrate-1 (IRS-1) Ser307
(C), and protein kinase B (Akt) Ser473 (D) in controlD-TAT, Roux-en-Y gastric bypass (RYGB), and peptide inhibitor D-JNKi-1 (D-JNK) rats 8 days
after surgery/start of treatment. Representative Western blots and densitometric quantifications are shown (determined by 1-way ANOVA and
Bonferroni post hoc test; n=4–13 per group). Results are shown as mean�SD. p indicates phosphorylated. ¢P<0.05 for chow-fed control peptide
D-TAT vs controlD-TAT, *P<0.05 for RYGB vs controlD-TAT, °P<0.05 for controlD-TAT vs D-JNK.
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dysfunction seen after RYGB.8 In line with previous results,8

RYGB reduced food intake and body weight (Figure 5B and
5C). D-JNK treatment affected food intake and body weight
similar to RYGB (Figure 5B and 5C), whereas SP600125 had
no effect on these 2 parameters compared with its vehicle
(Figure S6A and S6B). Non–operated chow-fed rats treated
for 8 days with D-TAT and D-JNK did not show differences in
body weight between the 2 groups (Figure S6C). This
difference between the 2 JNK inhibitors prompted additional
investigations to assess potential toxicity associated with
the pharmacological treatment (Figure S7), as described in
Data S1.

Discussion
JNKs link metabolic to cardiovascular disease.8,12,14,15,17,18

The novel findings of this study show that RYGB via GLP-1–
dependent signaling improves obesity-induced endothelial
dysfunction by specific inhibition of aortic JNK2 phosphory-
lation. We provide the following key observations: (1) obesity
specifically increased JNK2, but not JNK1, phosphorylation in
the aorta; (2) RYGB improved endothelial function via a
specific decrease of aortic JNK2 phosphorylation; (3) in vivo
pharmacological JNK inhibition rapidly mimics this beneficial
vascular effect; and (4) on lower JNK2 phosphorylation, the

A

total eNOS

eNOS dimer

eNOS monomer

p-eNOS-Ser1177

F

B

C

E

D
+ SOD 150 U/mL

+ SOD 150 U/mL

RYGB D-JNK

controlsD-TAT

Figure 3. (A) Endothelial NO synthase (eNOS) Ser1177 phosphorylation (p-eNOS); and eNOS dimerization (B). Representative Western
blots and densitometric quantifications are shown (determined by 1-way ANOVA and Bonferroni post hoc test; n=6–13 per group). (C), In
vitro quantification of cGMP levels in controlD-TAT, Roux-en-Y gastric bypass (RYGB), and peptide inhibitor D-JNKi-1 (D-JNK) rats 8 days after
surgery/start of treatment (determined by Kruskal-Wallis test and Dunn multiple comparison test; n=6–13 per group). Effect of
preincubation with 150 U/mL of polyethylene glycol–superoxide dismutase (SOD) on the endothelium-dependent relaxation to glucagon-
like peptide-1 (GLP-1); (D) and insulin (E) in the same experimental groups (no differences, determined by 2-way repeated measures ANOVA
and Bonferroni post hoc test; n=3–9 per group). F, Representative pictures of dihydroethidium fluorescent staining of superoxide anions
and relative quantification in aortas isolated 8 days after surgery from controlD-TAT, RYGB, and D-JNK rats (determined by 1-way ANOVA and
Bonferroni post hoc test; n=7–10 per group). Results are shown as mean�SD (A, B, and F) or median�interquartile range (C). *P<0.05,
**P<0.01 for RYGB vs controlD-TAT; °P<0.05, °°P<0.01, °°°P<0.001 for controlD-TAT vs D-JNK.

DOI: 10.1161/JAHA.117.006441 Journal of the American Heart Association 7

JNK2 Inhibition and Endothelial Function After RYGB Doytcheva et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 11, 2018



insulin- and GLP-1–dependent Akt/eNOS signaling was
restored, oxidative stress was decreased, and aortic NO
bioavailability was preserved. The major results and proposed
underlying mechanisms are summarized in Figure 6.

RYGB Reduces Aortic JNK2 Phosphorylation
Induced by Obesity and Protects Endothelial
Function
Studies using tissue-specific gene targeting in mice pointed
initially to JNK112,14 and later to JNK213 as pivotal players in
the pathophysiological characteristics of obesity and type 2
diabetes mellitus. Hence, the role of the 2 isoforms in the
overall JNK activity in metabolic disease is yet unclear.
JNK2�/� mice were protected against hypercholesterolemia-
induced endothelial dysfunction15 and atheroma formation,16

which may suggest a specific contribution of JNK isoform 2 in
the pathophysiological characteristics of atherosclerotic dis-
ease. We and others described also the association between
total JNK activation and endothelial dysfunction induced by
obesity8,40 and type 2 diabetes mellitus41; however, the role
of JNK1 versus JNK2 has not yet been elucidated in this
context.

Our study shows that in obesity, enhanced aortic-specific
JNK2 phosphorylation impairs the insulin/IRS-1– and GLP-1/
GLP-1 receptor–dependent Akt/eNOS/NO pathway, leading
to endothelial dysfunction, whereas JNK1 phosphorylation
remains unchanged. Indeed, RYGB reduces JNK2 hyperphos-
phorylation and, thus, preserves the common insulin- and
GLP-1–mediated Akt/eNOS-dependent NO production and
restores endothelial function.29 RYGB-mediated specific JNK2
inhibition was associated with decreased aortic Ser307–IRS-1

A

p-PKA Thr197

total PKA

p-CREB Ser133

total CREB

C

GLP-1 
receptor

GAPDH

D E

B

Figure 4. (A), Reduced nicotinamide ADP (NADPH) oxidase activity in aortas (determined by 1-way ANOVA and Bonferroni post hoc test; n=6–
13 per group). (B), Fasting plasma glucagon-like peptide-1 (GLP-1) levels in controlD-TAT, Roux-en-Y gastric bypass (RYGB), and peptide inhibitor
D-JNKi-1 (D-JNK) rats 8 days after surgery/start of treatment (determined by Kruskal-Wallis test and Dunn multiple comparison test; n=6–13 per
group). Aortic GLP-1 receptor expression (C) and phosphorylation of protein kinase A (p-PKA) C-a Thr197 (D) and cAMP response element
binding protein (p-CREB) Ser133 (E) in the same groups. Representative Western blots and densitometric quantifications are shown (determined
by 1-way ANOVA and Bonferroni post hoc test; n=6–13 per group). Results are shown as mean�SD (A and C-E) or median�interquartile range
(B). *P<0.05, **P<0.01 for RYGB vs all other groups; °P<0.05 for controlD-TAT vs D-JNK.
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phosphorylation. To date, the inhibitory Ser307–IRS-1 phos-
phorylation has been linked to total JNK activity in the context
of hepatic insulin resistance.12 Only one study in sponta-
neously hypertensive rats linked Ser307–IRS-1 phosphoryla-
tion to aortic insulin resistance as a result of total JNK
increased activity, with no further investigations on JNK
isoform specificity.19

In Vivo Inhibition of JNK Mimics the Endothelial
Protective Effects of RYGB
In vivo treatment with 2 different JNK inhibitors improved
endothelium-mediated vasodilation and decreased aortic JNK2
phosphorylation. Activation of the intracellular Akt/eNOS
signaling led to higher NO production, thus mimicking the

effect of RYGB. D-JNK treatment decreased weight loss and
food intake equally to RYGB; however, body weight loss per se
is not sufficient to improve endothelial function, as previously
shown in sham–operated rats whose body weight loss was
matched to RYGB by food restriction.8 We observed that in rats
that were body weight matched to RYGB rats, endothelial
dysfunction persisted and was associated with increased total
JNK phosphorylation at the aortic level.8 Furthermore, the pilot
study showed that the favorable impact of SP600125 on
endothelial function can also be achieved in the absence of
body weight loss or reduced eating, suggesting a specific
vascular benefit on pharmacological JNK inhibition. In addition,
short-term ex vivo D-JNK treatment improved vasodilation of
aortas of controlD-TAT rats but had no incremental benefit in
animals receiving long-term in vivo D-JNK treatment. These

BA

JNK 2

JNK 1

p-Thr183/
Tyr185

total

JNK 2

JNK 1

C

Figure 5. (A), Aortic c-Jun N-terminal kinase (JNK) 1 and JNK2 phosphorylation in sham–operated on rats treated with vehicle (controls)
or liraglutide, 0.2 mg/kg BID sc (controls-lira), and Roux-en-Y gastric bypass–operated on rats treated with vehicle (RYGB) or exendin-9,
10 lg/kg per hour (RYGB-exe9), for 8 days. Tissues were taken from rats of a previous study on day 8 after surgery or after the start of
treatment, respectively8 (determined by 1-way ANOVA and Bonferroni post hoc test; n=8–13 per group). Cumulative 24-hour food intake
(determined by 2-way ANOVA and Bonferroni post hoc test; n=8–13 per group; (B) and body weight (C) of controlD-TAT, RYGB, and peptide
inhibitor D-JNKi-1 (D-JNK) rats before and after surgery and start of treatment (day 0) (no differences, determined by 2-way repeated
measures ANOVA and Bonferroni post hoc test; n=8–13 per group). Results are shown as mean�SD. p indicates phosphorylated.
*P<0.05 and **P<0.01 for RYGB vs controls or RYGB-exe9; ***P<0.001 for RYGB vs controlD-TAT;

&&&P<0.001 for RYGB vs D-JNK; °°°D-JNK
vs controlD-TAT.
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findings support a JNK inhibitory effect directly exerted in the
aortas to complement other systemic beneficial metabolic
effects of in vivo D-JNK treatment.25,42

JNKs promote reactive oxygen species production, which
impairs NO bioavailability and leads to endothelial dysfunc-
tion.15,36 In agreement with our previous findings,8 the
preincubation of aortic rings with the radical scavenger
superoxide dismutase improved insulin- and GLP-1–mediated
relaxations of aortas in controlD-TAT rats but not in RYGB and
D-JNK treated rats. This result confirms the reduction of
vascular oxidative stress, as shown by the reduced O�

2 levels
and NADPH oxidase activity,35 in the aortas of RYGB and D-
JNK rats. In microvascular endothelial cells, NADPH-depen-
dent increase of reactive oxygen species after hypoxia/
reoxygenation was blunted by SP600125 and by dominant-
negative JNK1, whereas the role of JNK2 in that condition had
not been investigated in detail.43 Our findings suggest that in
the aorta, obesity may specifically induce NADPH oxidase via
JNK2, rather than JNK1, activation.

GLP-1–Dependent Inhibition of Aortic JNK2
Restores Endothelial Function After RYGB

Finally, the present study focused on the role of
upstream GLP-1–dependent molecular pathways in medi-
ating aortic JNK2 inactivation after RYGB. In line with our
previous results,8 fasting plasma GLP-1 levels and aortic
GLP-1 receptor expression were increased after RYGB.
GLP-1–dependent aortic PKA Thr197 and cAMP response
element binding protein Ser133 activatory phosphoryla-
tions were increased and accompanied by downstream
JNK2 inhibition, thus strengthening the mechanistic link
between increased GLP-1 signaling after RYGB and
aortic JNK2 inhibition. This notion was supported by the
fact that in vivo GLP-1 receptor antagonism with exendin-
9 in RYGB rats blocked the JNK2 inhibition achieved
by RYGB, whereas GLP-1 agonism with liraglutide tended
to mimic the benefit of RYGB in obese sham–operated on
rats.
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• D-JNK
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insulin
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Endothelial-dependent relaxa�on

NADPH oxidase
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• D-JNK
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Figure 6. Proposed mechanism(s) underlying the improvement of endothelium-dependent vasodilation
after Roux-en-Y gastric bypass (RYGB). Higher circulating glucagon-like peptide-1 (GLP-1) after RYGB
activates the endothelial GLP-1 receptor and downstream protein kinase A (PKA), which inhibits c-Jun
N-terminal kinase (JNK) 2. JNK2 directly inhibits endothelial NO synthase (eNOS) and insulin receptor
substrate-1 (IRS-1) in the insulin signaling pathway; PKA and IRS-1 lead to protein kinase B (Akt) activation,
which then directly stimulates eNOS. This, in turn, leads to improved NO bioavailability and vasodilation. In
parallel, JNK2 inactivation inhibits reduced nicotinamide ADP (NADPH) oxidase activity and decreases the
levels of superoxide anions, which further contributes to preserved NO bioavailability and vasodilation.
These beneficial effects of RYGB were mimicked by in vivo pharmacological JNK inhibition. Blue and red
arrows indicate experimentally observed activation and inactivation, respectively, of proposed downstream
mediators. D-JNK indicates peptide inhibitor D-JNKi-1; and p, phosphorylated.

DOI: 10.1161/JAHA.117.006441 Journal of the American Heart Association 10

JNK2 Inhibition and Endothelial Function After RYGB Doytcheva et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 11, 2018



Interestingly, systemic administration of D-JNK also
increased circulating GLP-1 levels; this was not observed
with SP600125, possibly because of its lower potency and
specificity.23 Peripheral GLP-1 is secreted from intestinal
endocrine cells in response to nutrients44 and insulin.45

Therefore, JNK inhibition in the small intestine may influence
GLP-1 secretion through the insulin signaling. Hence, sys-
temic JNK inhibition may improve endothelium-mediated
vasodilation through a direct inactivation of vascular JNK2,
and indirectly through increased GLP-1 signaling, which may
further contribute to blunt JNK2 and to activate eNOS in
aortas, as summarized in Figure 6. In future studies, it would,
therefore, be important to assess the vascular and metabolic
effects of a combination therapy between RYGB and JNK
inhibition in comparison to the single treatment reported in
the present study. It is intriguing to hypothesize that, as a
result of such dual treatment, higher increases in circulating
GLP-1 and/or in other gut hormones may synergistically
potentiate the benefits observed in the present experiments.

Study Limitations
Reduced JNK2-dependent inhibitory phosphorylated Ser116-
eNOS may have contributed to the observed benefits of RYGB
and JNK inhibition,17,18 but lack of specificity of the commer-
cially available antibodies in the rat aorta did not allow a
satisfactory assessment of this putative JNK2 target.

SP600125 inhibits multiple other kinases besides JNK,23

which limits its clinical application. On the other hand, D-JNK
treatment, despite a high JNK specificity,24 may induce renal
toxicity, in particular in obese animals, which seems attribu-
table to its carrier peptide, D-TAT, and thus is independent of
the D-JNK inhibitory activity, as previously shown.46 Indeed, we
observed proximal tubule injury in the carrier peptide–treated
controlD-TAT and in D-JNK rats. In a previous study, despite
improved glucose control, albuminuria worsened after in vivo
treatment with the peptide JNK inhibitor in diabetic db/db
mice42 by an effect possibly linked to the D-TAT carrier
peptide–induced kidney toxicity, independent of the metabolic
benefits of JNK inhibition.42,46 In our study, SP600125
treatment was not associated with kidney injury, further
supporting the presence of JNK-independent cytotoxicity (ie,
toxicity related to the D-TAT carrier peptide).46 Last, in D-JNK
treated rats, aortic phosphorylation of p38 MAPK was
increased, in contrast to previous in vitro studies testing
D-JNK specificity.26,47 Although potential off-target effects of
long-term systemic in vivo D-JNK administration cannot be
excluded, in our setting, this treatment led to overall improved
aortic Akt/eNOS signaling and NO bioavailability.

Overall, our data suggest that novel drugs, able to
selectively blunt JNK2 activation without the downsides of
available JNK inhibitors, may become a promising therapeutic

option against obesity-induced endothelial dysfunction and its
associated cardiovascular disease.

Conclusions
Obesity-induced activation of vascular JNK2 and the associ-
ated endothelial dysfunction were reversed by RYGB, through
GLP-1–dependent signaling. These beneficial effects of RYGB
were mimicked by in vivo pharmacological JNK inhibition,
highlighting the potential therapeutic relevance of novel
strategies targeting vascular JNK2 against the severe cardio-
vascular disease associated with obesity.
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Data S1

Tissue harvesting and blood collection 

Rats were sacrificed eight days after surgery and start of treatment. Rats were 

fasted overnight and sacrificed at the beginning of the light cycle by isoflurane 

anesthesia followed by heart exsanguination. For plasma analyses, blood collected in 

Microvette EDTA vacutainers was supplemented with a DPPIV inhibitor; for serum 

analyses, blood was collected in Microvette vacutainers. After centrifugation, plasma 

or serum were stored at -80°C. Organs were harvested within 30 minute after 

exsanguination. The thoracic aorta was placed immediately in cold modified Krebs-

Ringer bicarbonate solution (pH 7.4, 37°C, 95% O2, 5% CO2) of the following 

composition (mmol/L): NaCl (118.6), KCl (4.7), CaCl2 (2.5), KH2PO4 (1.2), MgSO4 

(1.2), NaHCO3 (25.1), glucose (11.1), and calcium EDTA (0.026). The aorta was 

cleaned from adhering connective tissue and was either snap-frozen in liquid 

nitrogen and stored at -80°C or used immediately for ex vivo organ chamber 

experiments. 

Dihydroethidium staining on rat aortae 

Frozen 10 µm sections from aortae were cut with a Leica CM3050S cryostat 

and placed on positive-charged slides Superfrost Plus. Dihydroethidium (DHE) was 

prepared as stock solution in DMSO, diluted in deoxygenated PBS (final 

concentration 5 µM), and applied to frozen sections for 30 min at 37°C. Nuclei were 

counterstained with Hoechst 33258 (final concentration 1µg/ml). Slides were 

coverslipped and images taken on a SP8 microscope (10x/0.30 objective; Leica, 

Solms, Germany), and quantified (ImageJ, NIH). DHE fluorescence was calculated 
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by subtracting the auto-fluorescence signal (green channel) from the DHE signal (red

channel), and normalized to the total fluorescent area. 

qPCR analysis 

Expression of kidney injury molecule-1 (KIM-1) and lipocalin-2 (NGAL) was 

analyzed by qPCR of snap-frozen kidney tissue. RNA was isolated from frozen 

kidneys with a RNaeasy Mini Kit and reverse transcribed with a Ready-To-Go You-

Prime First-Strand Beads. Rat-specific primers were used for KIM-1 (forward: 

GTGGGTCACCCTGTCACAAT, reverse: ATGTTGTATCGACCGCTGCT) and NGAL 

(forward: GATGAACTGAAGGAGCGATTC, reverse:

TCGGTGGGAACAGAGAAAAC). CT results were normalized to GAPDH CT. 

Histological analysis 

Representative samples of aorta, liver, pancreas, kidneys, thyroid glands, 

inguinal white adipose tissue and interscapular brown adipose tissue were fixed in 

10% neutral buffered formalin and embedded in paraffin. Sections (3-5 µm) were 

prepared, mounted on glass slides, deparaffinised in xylene, rehydrated through 

graded alcohols and stained with haematoxylin and eosin (H&E) for the histological 

examination. All slides were scanned using digital slide scanner NanoZoomer-XR 

C12000 (Hamamatsu, Hamamatsu City, Japan) and images were taken using NDP-

view2 viewing software (Hamamatsu). 

Renal injury, characterized by tubular degeneration and regeneration and interstitial 

inflammation, was assessed by light microscopy in a blinded fashion (by G.P.). A 

semi-quantitative scoring of 0-5 was employed, based on the proportion of affected 

tubules: 0, none; 1, <10% (slight injury); 2, 11-25% (mild); 3, 26-45% (moderate); 4, 

46-75% (marked); and 5, >75% (severe).
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Supplemental Results 

JNK2 inhibition after in vivo SP600125 treatment induces protective vascular 

effects similar to RYGB 

In the pilot experiment, eight-day treatment of DIO sham-operated ad libitum-

fed rats with SP600125 increased endothelium-mediated relaxation in response to 

GLP-1 and insulin similar to RYGB, although the effect was less pronounced than in 

RYGB rats (Fig. S1E-F). In vivo SP600125 treatment decreased aortic JNK2 

phosphorylation compared to controlsDMSO rats, while JNK1 phosphorylation was not 

affected (Fig. S2A). JNK2 inhibition was followed by decreased IRS-1 Ser307 and 

increased Akt Ser473 phosphorylation and higher eNOS dimerization similar to 

RYGB and D-JNK treatment (Fig. S2B-E). Additionally, in vivo SP600125 

treatment also decreased aortic superoxide anion levels and NADPH activity 

comparable to RYGB surgery (Fig. S5A-B). SP600125 did not affect circulating 

GLP-1 levels (Fig. S5C). These results support a direct role of vascular JNK2 

inactivation in lowering oxidative stress and activating Akt/eNOS signaling pathways 

to improve endothelial function after RYGB, and prompted us to perform the main 

experiment using the more specific JNK inhibitor D-JNK. 

Aortic eNOS Ser116 phosphorylation 

It has been published that JNK2 directly inhibits eNOS by Ser116 

phosphorylation in studies using bovine aortic endothelial cells 1 and mouse aortae 2. 

Unfortunately, we could not detect eNOS Ser116 phosphorylation in rat aorta with the 

same anti-human Ser116 antibody used in previous publications 1, 2. This antibody, 

which is the only commercially available anti-phospho-Ser 116 eNOS, showed bands 

between 100 kDa and 130 kDa, but not at 140 kDa, which is the expected molecular 
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weight of eNOS. In contrast, total eNOS was detected at 140 kDa (Fig. S3). The

eNOS Ser116 antibody has not been validated in rat tissue before (personal 

communication; Merck Millipore) and the only available results had been obtained 

with bovine aortic endothelial cells 1. One study assessed eNOS Ser116 in mice 

aortae, but representative images for total and phosphorylated eNOS did not report 

the molecular weight references to rule out an unspecific binding 2. A sequence 

alignment of the human and rat immunogenic regions used for this antibody showed 

sub-optimal homology, suggesting limited reactivity (personal communication; Merck 

Millipore). Therefore, it is possible that the antibody is not suitable to detect eNOS 

Ser116 phosphorylation specifically in rat tissue. 

D-TAT carrier peptide-dependent kidney toxicity

D-JNK treatment affected food intake and body weight similar to RYGB

(Fig.6B-C), while SP600125 or D-JNK in chow-fed lean rats (Fig. S6A-C) had no 

effect. This prompted us to investigate organ toxicity as a potential cause of weight 

loss after chronic D-JNK treatment in obese rats. Circulating markers of liver and 

kidney damage were assessed (urea, creatinine, cystatin C, transferrin, albumin, 

alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase). Only 

creatinine and cystatin C levels were significantly elevated in the D-JNK group, 

suggesting potential kidney toxicity (Fig. S6D-E). Furthermore, histological 

analysis indicated tubular degeneration and necrosis, accompanied by tubular 

regeneration and interstitial, predominantly lymphohistiocytic cell infiltration (Fig.

S7A-B). Renal injury also occurred in controlsD-TAT rats but was more moderate 

(approximately 40% tubules affected) compared to D-JNK-treated rats (> 80%). 

These histological changes were accompanied by impaired kidney function in 
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controlsD-TAT and D-JNK animals, with increased urinary excretion and a presumably

compensatory higher water intake (Fig. S7C-F). There was no statistically 

significant difference in urine excretion and water intake between controlsD-TAT and D-

JNK animals. Gene expression analysis of acute kidney injury markers showed 

increased kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated 

lipocalin/lipocalin 2 (NGAL) in obese rats upon D-JNK and D-TAT treatment (Fig. 

S7G-H). A slight increase of these kidney injury markers was also observed in 

chow-fed D-TAT- and D-JNK-treated animals while SP600125 did not affect KIM-1 

and NGAL expression (Fig. S7G-H). The analyses of aorta, liver, pancreas, 

thyroid glands, white and brown adipose tissue from controlsD-TAT and D-JNK rats did 

not show biochemical or histological signs of toxicity (data not shown), suggesting a 

kidney-specific effect. To our knowledge, this is the first study clearly showing in vivo 

D-JNK toxicity in the kidney. Published data on D-JNK pharmacokinetics after a

single intra-peritoneal injection in mice reported a higher accumulation of D-JNK in 

the filter organs (kidney and liver) and in urine for up to one week, suggesting that D-

JNK excretion is almost exclusively urinary 3. In D-JNK, the active JNK inhibitory 

peptide is conjugated to a commonly used cell-penetrating oligo-peptide, the HIV-1 

TAT protein, which functions as a carrier 4. It has been reported that various cell-

permeable peptides, including D-TAT oligo-peptides such as D-JNK, induce in vitro 

length-dependent cytotoxic effects irrespective of their sequence 5. Therefore, the 

observed kidney damage was likely due to intrinsic cytotoxicity of the D-TAT carrier 

peptide independent of the D-JNK inhibitory activity 5. This would explain why renal 

toxicity, which was observed in both controlsD-TAT and D-JNK rats, was more 

pronounced in the D-JNK rats because of the peptide length. No toxicity was 

observed with SP600125, which supports the independence of toxicity from the JNK 

inhibitory activity of D-JNK. 
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Supplemental Figures 

Figure S1

Concentration–response curves after 30 minute pre-incubation with 10-4 mol/L 

endothelial NO synthase inhibitor, L-NAME and submaximal contraction to NE in 

response to (A) GLP-1 and (B) insulin in controlsD-TAT, RYGB, and D-JNK rats (n=3 

per group). Concentration–response curves after submaximal contraction to NE in 

response to (C) GLP-1 and (D) insulin in non-operated, chow-fed rats treated with D-

TAT or D-JNK for eight days (n=2-4 per group). Relaxations in response to (E) GLP-1 

and (F) insulin in RYGB, controlsDMSO, and SP600125 rats (*, **, *** p<0.05, p<0.01, 

p<0.001 RYGB vs. controlsDMSO, &&, &&& p<0.01, p<0.001 RYGB vs. SP600125, as 

determined by two-way repeated measures ANOVA and Bonferroni post hoc test; 

n=5-10 per group). Results are shown as mean ± SD. 

B         Fig. S1A
+ L-NAME 10-4 mol/L + L-NAME 10-4 mol/L

C D

E
F
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Figure S2 

Aortic (A) JNK1 and JNK2 phosphorylation, (B) IRS-1 Ser307, (C) Akt Ser473, (D) 

eNOS Ser1177 phosphorylation and (E) eNOS dimerization in controlsDMSO, RYGB, 

and SP600125 rats eight days after surgery/start of treatment. Representative 

Western blots and densitometric quantifications are shown (*, **, *** p<0.05, p<0.01, 

p<0.001 RYGB vs. controlsDMSO, §, §§ p<0.05, p<0.01 controlsDMSO vs. SP600125, as 

determined by one-way ANOVA and Bonferroni post hoc test; n=5-11 per group). 

Results are shown as mean ± SD. 
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Figure S3 

Western blot analysis of (A) eNOS Ser116 phosphorylation and (B) total eNOS 

(molecular weight of 140 kDa) in the same aortic lysates from controlsD-TAT, RYGB, 

and D-JNK rats. Representative pictures are shown. 

Fig. S3
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Figure S4 

Western blot analysis of phosphorylation of (A) PKC alpha/beta Thr638/641, (B) 

PKCβII Ser 660, (C) PKCδ Thr 505, (D) p38 MAPK Thr180/Tyr182, (E) ERK1/2 (44 

and 42 KD, respectively) in controlsD-TAT, RYGB, and D-JNK rats eight days after 

surgery/start of treatment. Representative Western blots and densitometric 

quantifications are shown (* p<0.05 D-JNK vs RYGB and controlsD-TAT, as 

determined by one-way ANOVA and Bonferroni post hoc test; n=7 per group). 

Results are shown as mean ± SD. 
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Figure S5 

(A) In vitro DHE fluorescent staining of anion superoxide and relative quantification in

aortae isolated from controlsDMSO, RYGB and SP600125 rats eight days after 

surgery/start of treatment. Representative pictures are shown. (B) In vitro NADPH 

oxidase activity in aortae isolated eight days after surgery (* p<0.05 RYGB vs. all 

other groups, § p<0.05 controlsDMSO vs. SP600125, as determined by one-way 

ANOVA and Bonferroni post hoc test; n=7-9 per group). (C) Fasting plasma GLP-1 

levels (* p<0.05 RYGB vs. all other groups, as determined by Kruskal-Wallis test and 

Dunn’s Multiple Comparison test; n=6-16 per group).  Results are shown as mean ± 

SD except in Figure S5C where results are presented as median ± IQR. 
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Figure S6 

(A) Cumulative 24-hour food intake (*, **, *** p<0.05, p<0.01, p<0.001 RYGB vs.

controlsD-TAT, controlsDMSO, as determined by two-way ANOVA and Bonferroni post 

hoc test; n=8-13 per group) and (B) body weight of controlsDMSO, RYGB and 

SP600125 rats before and after surgery and start of treatment (day 0) (*, ** p<0.05, 

p<0.01 RYGB vs. controlsD-TAT, controlsDMSO, as determined by two-way repeated 

measures ANOVA and Bonferroni post hoc test; n=8-13 per group). (C) Body weight 

(n=4 per group) in non-operated, chow-fed rats treated with D-TAT or D-JNK for eight 

days (no differences, as determined by two-way repeated measures ANOVA and 

Bonferroni post hoc test; n=2-4 per group). (D) Serum creatinine and (E) plasma 

cystatin C levels in controlsD-TAT, RYGB, and D-JNK rats eight days after surgery/start 

of treatment (** p<0.01 RYGB vs. D-JNK, ° p<0.05 controlsD-TAT vs. D-JNK, as 

determined by Kruskal-Wallis test and Dunn’s Multiple Comparison test; n=6-8 per 

group). Results are shown as mean ± SD except in Figure S6D-E where results 

are presented as median ± IQR. 
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Figure S7 

Histological analysis by hematoxylin and eosin (H&E) staining of kidney from (A) a D-

JNK and (B) a controlsD-TAT rat euthanized eight days after sham surgery/start of 

treatment. Cumulative 24-hour urine excretion in (C) controlsD-TAT rats and (D) D-JNK 

rats, and cumulative 24-hour water intake in (E) controlsD-TAT rats and (F) D-JNK rats 

1 day before and 7 and 8 days after surgery and start of treatment (#, ##, ### 

p<0.05, p<0.01, p<0.001 Day -1 vs. Day 7 and Day 8, as determined by one-way 

ANOVA and Bonferroni post hoc test;  n=6 per group). qPCR analysis of kidney 

expression of (G) kidney injury molecule-1(KIM-1) and (H) neutrophil gelatinase-

associated lipocalin (NGAL) eight days after surgery and start of treatment (°, °°° 

p<0.05, p<0.001 D-JNK vs. all other groups, as determined by Kruskal-Wallis test 

and Dunn’s Multiple Comparison test; n=4-7 per group). Results are shown as mean 

± SD except in Figure S7G-H where results are presented as median ± IQR. 
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