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Abstract 
Rationale Obesity is associated with impaired delivery of insulin 

and glucose by the microcirculation in skeletal muscle. Perivascular 
adipose tissue (PVAT) has anticontractile properties that are lost in 
obesity, thereby blunting insulin-induced vasodilation. We hypothesized 
that microvascular dysfunction develops during a two-week Western 
Diet (WD) and that PVAT is involved in this development, both in- and 
ex-vivo. We further hypothesized that c-Jun N-terminal kinase 2 (JNK2) 
expressing cells from the bone marrow in PVAT are causative for the 
change in PVAT function. 

Methods and Results In C57Bl/6 mice after two weeks of WD, 
PVAT weight around the gracilis arteries increased compared to chow-
fed controls. Mice on WD had reduced insulin-induced microvascular 
recruitment, along with insulin resistance, as shown by Contrast 
Enhanced Ultrasound (CEU) during a hyperinsulinemic euglycemic 
clamp. To study whether perfusion defects were caused by altered 
effects of PVAT on muscle resistance arteries (RA), insulin responses of 
RA from chow or WD mice were studied by pressure myography, in the 
absence, or presence of PVAT. Chow RA showed insulin-induced 
vasodilation after incubation with chow PVAT, but not when incubated 
alone or with WD PVAT. Moreover, insulin induced vasoconstriction in 
WD RA with WD PVAT, but not chow PVAT. Transplantation with JNK2-/- 
bone marrow restored the insulin-induced vasodilation by WD-PVAT. 

Conclusions Impaired insulin-induced muscle perfusion is an 
early phenomenon during exposure to nutrient excess and is caused by 
endothelial as well as PVAT dysfunction. The latter is caused by 
infiltration of JNK2 positive cells from bone marrow in PVAT. 
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Introduction 
Increased adiposity increases the risk for insulin resistance and 

type 2 diabetes, as well as cardiovascular disease,1 but our knowledge 
of the underlying mechanisms is incomplete. Skeletal muscle is the 
major site of action for insulin-stimulated glucose uptake, and insulin 
causes microvascular vasodilation in skeletal muscle, thereby enhancing 
access of nutrients by increasing the microvascular surface area 
available for exchange. These actions occur through the IRS-1, PI3k, 
Akt, eNOS, NO pathway.2, 3 Impairment of endothelial vasoregulation, 
particularly in the microcirculation, is seen in obesity and contributes to 
metabolic insulin resistance through a decrease in insulin-induced 
microvascular recruitment.4, 5 Microvascular endothelial dysfunction may 
occur early during nutrient excess as it is suggested that insulin 
signaling is downregulated in larger vessels after two weeks of 
increased nutrient intake.6 The mechanisms underlying microvascular 
dysfunction have been extensively studied, but remain poorly defined.  

6
Because of the control of perivascular adipose tissue (PVAT) over 

endothelial vasomotor responses to various vasoactive substances,7-10 
PVAT may be an early mediator in diet-induced microvascular 
dysfunction. We recently found an important regulatory role for PVAT in 
insulin-induced vasodilation.10 Despite pronounced effects of PVAT on 
vasoreactivity, interventions to improve PVAT function are scarce. 
Furthermore, the role of PVAT in regulation of skeletal muscle perfusion 
is not well studied. PVAT consists of adipocytes, but can also contain 
inflammatory cells such as macrophages, mast cells and T-cells.11 
During nutrient excess the number of macrophages in PVAT increases, 
and their phenotype becomes pro-inflammatory, decreasing adiponectin 
production and increasing production of pro-inflammatory adipokines,12 
a process involving c-Jun NH2-terminal kinase (JNK).13 The increase in 
the quantity of PVAT and the change in the adipokine profile in obesity 
raises the question whether this results from pre-existent cells, or 
newly recruited cells.  

JNK in PVAT may be a regulator of insulin’s microvascular 
effects. JNK is involved in the pathogenesis of both insulin resistance 
and microvascular dysfunction.14-17 We have previously shown 
involvement of JNK in PVAT dysfunction.10 JNK promotes M1 
polarization of macrophages,16 and decreases insulin sensitivity.14 JNK 
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is encoded by three genetic loci, JNK1, JNK2 and JNK3, of which both 
JNK1 and JNK2 are involved in the development of insulin resistance,18, 

19 and JNK2 is implicated in vascular pathologies that are strongly linked 
to dysfunctional PVAT.20, 21 Whether JNK2 affects insulin resistance at 
least through microvascular dysfunction or PVAT dysfunction is 
unknown.  

We investigated whether microvascular insulin resistance is 
already apparent after two weeks Western Diet (WD) and whether PVAT 
is involved in this process. We further investigated whether deletion of 
JNK2 in the bone marrow affects the functional phenotype of PVAT and 
resistance arteries.  
 
Research design and methods 
Animals 

All animal work was approved by the local ethics committee for 
animal experiments of the VU University Amsterdam and complied with 
Dutch government guidelines. Male C57Bl/6NCrl mice (Bl/6) (The 
Jackson Laboratory, Amsterdam, The Netherlands) and male B6.129S2-
Mapk9tm1Flv/J (JNK2-/-) (The Jackson Laboratory, Amsterdam, The 
Netherlands) were ordered at 4 weeks of age. Bl/6 mice were used as 
JNK2+/+ controls. Ubiquitin Green Fluorescent Protein+/+ mice were 
supplied by R. Mebius. Bl/6 mice were fed normal chow or Western Diet 
(WD) (21% fat, D12079B, Research Diets, New Brunswick) ad libitum 
for two weeks, starting at 6 weeks of age and studied at 8 weeks.  
 
Surgical procedure 

Mice were anaesthetized with Fentanyl (0.31 mg/kg), Midazolam 
(6.25 mg/kg) and Acepromazine (6.25 mg/kg) intraperitoneally. The 
right jugular vein was cannulated with polyethylene tubing (PE-10).  
 
Microvascular perfusion imaging 

The proximal adductor muscle group of the upper hindleg was 
imaged in cross-section with Contrast-Enhanced Ultrasonography 
(CEU). Phospholipid-coated microbubbles with a perfluorobutane 
(C4F10) gas core were made by sonication with a 1,2-distearyol-sn-
glycero-3-phosphocholine (DSPC), polyoxyethylene-40 (PEG 40) 
stearate and 1,2-distearyol-sn-glycero-3-phosphoethanolamine-N-
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[carboxy(polyethylene glycol)2000] (DSPE-PEG2000) coating (Erasmus 
Medical Center, Rotterdam, The Netherlands).22 Microbubbles were 
infused at 5 μl/min. Three consecutive replenishment curves were 
imaged at a mechanical index of 0.12, each following a one-second, 1.9 
mechanical index pulse destroying all microbubbles in the cross-section. 
Video-intensities were analyzed with the Image Processing toolbox in 
MATLAB. Inflow curves were fitted to  
 VI = MBV(1-e-MFV(t-0.5)) 
VI is the video intensity at a given time (t in secs), MBV is 
Microvascular Blood Volume, MFV is Microvascular Flow Velocity and e 
the natural logarithm. VI in skeletal muscle was normalized on VI in the 
femoral artery, correcting for differences in microbubble density in the 
circulation. 

6 
Euglycemic hyperinsulinemic clamp 

Insulin sensitivity was assessed using a primed euglycemic 
hyperinsulinemic clamp; 200 mU/kg; Actrapid, Novo Nordisk, France, 
followed by continuous infusion (3 mU/kg/min) for 60 minutes, together 
with variable infusion of 20% D-glucose to maintain euglycemia. Blood 
glucose was assessed from the tail vein with a Freestyle Precision Xceed 
(Abbott, Hoofddorp, The Netherlands), and maintained at 5 mmol/l (90 
mg/dl) by adjusting the variable glucose infusion rate.  
 
Bone marrow transplantation 

To study the effect of the bone marrow on PVAT, we created 
chimeras of Bl/6 mice with bone marrow from GFP+/+, JNK2-/-, or 
JNK2+/+ mice. Recipient Bl/6, as well as donor mice were put on 
acidified drinking water with neomycin (100 μg/ml) and polymyxin B (8 
μg/ml), and had chow diet, one week before bone marrow 
transplantation. Recipient-mice were irradiated one day before 
transplantation (2*6 Gy). Bone marrow was suspended in RPMI-1640, 
2% fetal calf serum and heparin (5 U/ml). Bl/6 mice were injected 
intravenously with 5*106 cells. Mice are indicated by the type of diet 
they received, (Chow for chow diet and WD for Western Diet) and by 
the bone marrow transplantation. Thus:  

 mice without bone marrow transplantation are only indicated by 
their diet 
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 chimeras with JNK2-/- bone marrow are indicated first by their 
diet, and then the bone marrow. Thus chimeras with JNK2-/- 
bone marrow: chowJNK2-/- BMResistance Artery (RA) and WDJNK2-/- 

BMPVAT and chimeras with JNK2+/+ bone marrow chowJNK2+/+ BMRA 
and WDJNK2+/+ BMPVAT. 

 
Ex-vivo vasoreactivity 

Ex vivo insulin-induced vasoreactivity of isolated RAs that feed 
the gracilis muscle in the mouse hindlimb was studied as described 
previously.10 Resistance arteries were randomly assigned to be pre-
incubated for 30 minutes without PVAT, with chow PVAT, or WD PVAT. 
All PVAT adjacent to the RA was isolated from the origin of the gracilis 
artery at the femoral artery, until the first major side branch.  

After preconstriction with KCl (25 mM), the inner diameter of 
resistance arteries was recorded to determine baseline diameter and 
diameter changes induced by four concentrations of insulin (0.02, 0.2, 
2.0 and 20 nM), each exposure being for 30 minutes. Endothelial 
integrity was determined by measuring responses to the endothelium-
dependent vasodilator acetylcholine 1*10-7M (ACh) after each 
experiment, an RA failing to achieve at least 10% vasodilation to Ach 
was excluded from all analyses. 
 
Statistics 

Normally distributed data are presented as mean ± SE, and as 
median and range when not normally distributed. Differences in weights 
of mice and of epididymal adipose tissue, insulin-sensitivity, infiltration 
of GFP-positive cells, as well as baseline vasoreactivity parameters were 
tested with unpaired Student’s t-tests, and the difference in PVAT 
weight was tested with a Mann-Whitney U test. Changes in 
microvascular blood volume and microvascular flow velocity during 
hyperinsulinemia were analyzed with a paired t-test. Ex-vivo 
vasoreactivity was tested for differences with a one-way ANOVA with 
Bonferroni post-hoc correction. Diameter-values and p-values in the 
legends represent analyses of reactivity to the 2.0 nM insulin 
concentration. 
Results 
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Two weeks WD reduces insulin sensitivity and insulin-induced 
microvascular recruitment 

Metabolic insulin sensitivity was measured with a 
hyperinsulinemic euglycemic clamp in mice fed either chow or WD for 
two weeks. Insulin sensitivity was reduced by 48% in WD mice as 
compared to chow mice, as indicated by lower glucose infusion rates at 
similar levels of glycemia (figure 1A, B). Fasting glucose was unaffected 
by the WD (figure 1C). During the clamp, microvascular blood volume 
(MBV) increased in chow mice, (figure 1D, supplementary figure S1), 
but not in WD mice (figure 1E). This indicates a decrease in insulin-
induced microvascular recruitment by WD. Microvascular flow velocities 
(MFV) decreased insignificantly in both the chow and the WD mice 
(Supplementary figure S1).  

 
Increased PVAT weight and epididymal adipose tissue weight precede 
increased body weight during short-term WD  

6
After two weeks WD, epididymal adipose tissue weight was 70% 

higher in WD mice than in chow mice, while overall body weight did not 
significantly differ between the two groups (figure 2A, B). Figures 2D 
and 2E show the location and extent of PVAT in the hindlimb and a 
cross-section of PVAT around the gracilis resistance artery respectively. 
Interestingly, PVAT surrounding the resistance artery (RA) feeding the 
gracilis muscle in WD mice weighed three times more than in chow mice 
despite a large interindividual variation (P<0.01; figure 2C). These data 
show that hypertrophy of PVAT is more pronounced than that of other 
adipose tissue depots. 
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Figure 1. Insulin sensitivity and microvascular recruitment are reduced in WD 
mice  
A.  Chow mice (n=11) are more insulin sensitive than WD mice (n=9) during the last 
30 minutes of a 60 minute hyperinsulinemic euglycemic clamp, as evidenced by higher 
glucose infusion rates during this period, *p<0.05. 
B. Mean blood glucose concentrations during the clamp, there was no significant 
difference between the two groups, p=0.29. 
C. Fasting blood glucose concentration was not significantly different in chow and 
WD, p=0.85. 
D. Pictures at different moments during the replenishment curve. First (black and 
white) picture during high mechanical index microbubble destruction, the middle picture 
depicts the first frame after microbubble destruction and shows very low video intensity 
within the region of interest in the muscle. The femoral artery can be seen at the top just 
above the region of interest. The latest picture shows a high video intensity in the region 
of interest. A corresponding typical example replenishment curve is shown as well. 
E. Microvascular Blood Volume (MBV) measured as video-intensity, increased during 
the clamp in chow mice (n=11) by approximately 38% (*p<0.05, compared to baseline). 
In WD mice (n=9), video-intensity did not increase from baseline to hyperinsulinemia, 
p=0.49. 
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 6
Figure 2. Baseline characteristics of chow and WD mice 
A. Body weights at the end of the two-week diet intervention were similar in chow 
(n=11) and WD mice (n=10), p=0.17. 
B.  Epididymal adipose tissue mass increased by more than 70%, *p<0.02 between 
chow and WD mice. 
C. PVAT weight from the major RA supplying the gracilis muscle increases more 
than threefold during WD, **p<0.01. 
D. Pictures of the gracilis artery (left), gracilis vein (right) and adjacent PVAT in 
chow and WD mice. 
E. Hematoxylin eosin staining of the hindleg. A=Artery, LA=Lamina Adventitia, LI 
=Lamina Intima, LM=Lamina Media, M=muscle, PVAT=Perivascular Adipose Tissue, 
V=vein 
 

Two weeks WD blunts the capability of PVAT to reveal insulin-induced 
vasodilation and also alters the response of resistance arteries to insulin 
 Because insulin-induced microvascular recruitment was 
diminished by WD, and weight of PVAT had increased, we explored 
whether WD affected the vasodilator potential of insulin, as well as the 
influence of PVAT on resistance arteries (RAs). To this end, we 
combined chow and WD RAs with both chow and WD PVAT. Insulin 
induced a concentration-dependent vasodilation of chow RAs with chow 
PVAT, but not without PVAT (figure 3A), corroborating previous 
findings.10 In contrast, vasodilation was not seen in chow RA with WD 
PVAT (figure 3A). Moreover, WD RA did not show insulin-induced 
vasodilation, regardless of PVAT-origin (figure 3B). WD did not affect 
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maximum diameters, vascular tone or acetylcholine-mediated 
vasodilation (figures 3C-3E; supplemental table S1). Nevertheless, 
together, these findings indicate that two weeks WD affected both the 
PVAT-phenotype and endothelial insulin-signaling in RAs.  

 
Figure 3. PVAT from WD mice does not uncover insulin-induced vasodilation and 
WD RAs become insensitive to the effects of chow PVAT 
A. Maximum RA diameters did not differ between chow (n=25) and WD RA (n=24), 
p=0.59.  
B. Tone development in RAs was also not different between chow and WD RA, 
p=0.73. 
C. Acetylcholine-mediated vasodilation remained unaffected by the WD, being 
similar in the two groups, p=0.93. 
D. Chow RAs pre-incubated with chow PVAT (n=11) exhibit insulin-induced 
vasodilation, compared to those without PVAT (n=8), *p<0.05, ***p<0.001. The 
capability to uncover insulin-induced vasodilation is restricted to chow PVAT, as 
vasodilation with WD PVAT (n=7) is restricted, p=0.82 vs. chow PVAT. 
E. WD RA without PVAT (n=9) did not vasodilate and neither did nor WD RA with 
chow PVAT (n=8), p=0.63. WD RA with WD PVAT showed a trend towards 
vasoconstriction compared to no PVAT (n=7), p=0.06  

 
Short-term WD induces adiponectin resistance in RAs 

We hypothesized that the WD RA did not exhibit insulin-induced 
vasodilation despite presence of chow PVAT due to adiponectin 
resistance, because of adiponectin’s vasodilator effects. Indeed, while 
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adiponectin enabled insulin-induced vasodilation in chow RA, this effect 
was lost in WD RA (figure 4).  

 

 
Figure 4. WD is accompanied by adiponectin resistance in WD RAs 
WD RA incubated with adiponectin did not vasodilate (n=5) when insulin was added to the 
organ-bath, in contrast to the chow RA (n=6), *p<0.05. 

6
 
Bone marrow-derived cells infiltrate PVAT during WD 

To study to what extent influx of inflammatory cells contributes 
to PVAT expansion, we transplanted bone marrow from Bl/6 mice 
expressing Green Fluorescent Protein (GFP) to Bl/6 mice before the 
start of the diet. Indeed, after two weeks WD, we observed an increase 
of GFP-positive cells in PVAT (figure 5B). In WD PVAT T-lymphocytes, 
mast cells and monocytes/macrophages were encountered 
(Supplementary figure S3). Unexpectedly, the GFP expressing cells in 
WD PVAT not only consisted of small inflammatory cells, but, in contrast 
to chow PVAT, a portion of adipocytes was also GFP-positive (Figure 
5A).  
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Figure 5. Bone marrow derived cells infiltrate PVAT during WD 
A. GFP expression is seen in leucocytes (yellow arrows), but also adipocytes (white 
arrow) of WD mice. Adipocytes in chow mice did however not express GFP. As a 
comparison a picture of a whole body GFP+/+ mouse is given, as well as a negative 
control. 
B. Total GFP expression is higher in WD PVAT (n=5) compared to chow PVAT (n=3). 
Column height is shown in arbitrary units, p<0.05.  

 
Transplantation with JNK2-deficient bone marrow salvages the 
vasodilator phenotype of PVAT during exposure to WD 

In absence of PVAT, transplantation with either JNK2+/+ bone 
marrow, or JNK2-/- bone marrow did not affect RA responses to insulin 
(figure 6A, compare figures 3A, B). Moreover, both WDJNK2+/+BMRAs and 
WDJNK2-/-BMRAs did not exhibit vasodilation in the presence of PVAT, 
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independent of its origin (chow vs. WD; JNK2+/+ vs. JNK2-/-) (figure 6B). 
The latter shows that deletion of JNK2 in the bone marrow does not 
protect the endothelium from the detrimental effects of WD.  

Similarly to the RAs of non-chimera mice, chowJNK2+/+BMRAs with 
chowJNK2+/+BMPVAT and chowJNK2-/-BMRAs with chowJNK2-/-BMPVAT dilated 
normally in response to insulin (figure 6C). However, in contrast to 
WDJNK2+/+BMPVAT, which did not exhibit vasodilation in chowJNK2+/+BMRAs, 
PVAT from WDJNK2-/-BMmice restored insulin induced vasodilation in 
chowJNK2-/-BMRAs (figure 6D). This indicates that infiltration of JNK2 
positive cells into PVAT during WD play a pivotal in the loss of its 
vasodilator properties. 

 

6

Figure 6. PVAT phenotype during WD can be restored by deletion of JNK2-
expressing cells in the bone marrow 
A. Without PVAT, insulin does not induce vasodilation in either chow JNK2+/+BMRA 
(n=5), p=0.07, WD JNK2+/+BMRA (n=3), p=0.35, chow JNK2-/-BMRA (n=5), p=0.30 or WD JNK2-

/-BMRA (n=7), p=0.36. Lines are overlapping, therefore, not all lines can be easily 
distinguished. 
B. In the presence of chow PVAT from chimera mice WD JNK2+/+BMRA (n=5), p=0.55 
and WD JNK2-/-BMRA (n=5), p=0.21 do not exhibit insulin-induced vasodilation. With WD 
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PVAT from chimera mice WD JNK2+/+BMRA (n=5), p=0.55 and WD JNK2-/-BMRA (n=5), p=0.55, 
also showing a neutral response. 
C. Chow JNK2+/+BMRAs with chow JNK2+/+BMPVAT (n=5) and chowJNK2-/-BMRAs with chow 
JNK2-/-BMPVAT (n=6) vasodilated after addition of insulin, p<0.05 for both compared to 
baseline, p=0.36 between these two conditions. 
D. Chow JNK2-/-BMRAs show insulin-induced vasodilation with WD JNK2-/-BMPVAT (n=7), 
whereas chowJNK2+/+BMRAs did not show insulin-induced vasodilation with WD JNK2+/+BMPVAT 
(n=5). Absence of JNK2 in the RA does not influence the responsiveness to PVAT 
*p<0.05. 

 
Maximum RA diameters (figure 7A) nor tone development (figure 

7B) were affected by JNK2 status. Although acetylcholine induced 
vasodilation was not significantly affected by JNK2 genotype (Figure 
7C), there was a trend towards higher acetylcholine-induced 
vasodilation in both chowJNK2-/-BMRAs and WDJNK2-/-BMRAs, compared with 
their JNK2+/+BMcontrols. 
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6

Figure 7. Baseline characteristics of RAs are not affected by bone marrow 
transplantation 
A. Maximum diameters of gracilis RAs are not affected by diet or JNK2 genotype, 
p=0.63. 
B. Tone development is not affected by JNK2 deletion in the bone marrow, neither 
does the diet in the vessels with JNK2+/+ bone marrow, but surprisingly, tone was lower in 
WD JNK2-/-BMvessels, compared to Chow JNK2-/-BMvessels, *=p<0.05. 
C. Acetylcholine mediated vasodilation is not significantly different between chow or 
WD chimeras with bone marrow from either JNK2-/- mice or JNK2+/+ mice,, despite there 
being a trend towards higher acetylcholine mediated vasodilation in JNK2-/-BMRAs (p=0.32 in 
the chow RAs and p=0.13 in WD RAs). 
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Discussion 
In the present study, we have shown that PVAT in skeletal 

muscle loses its vasodilator properties after two weeks exposure to a 
Western diet. Moreover, endothelial insulin responses to PVAT are also 
blunted, due to adiponectin-resistance. During these two weeks cells 
from the bone marrow infiltrate PVAT, altering its vasodilator 
phenotype. JNK2-expressing cells are pivotal in this change in PVAT, as 
deletion of JNK2 in the bone marrow prior to the start of WD salvages 
the PVAT phenotype. JNK2-deficient bone marrow does not restore the 
phenotype of the endothelium.  
  

It has previously been described that metabolic insulin resistance 
develops in muscle after short periods of high fat feeding.23 Whether 
microvascular insulin resistance also develops soon in the course of 
nutrient excess was not known. This study has shown that insulin-
induced microvascular recruitment is indeed blunted early during 
Western Diet. This bears importance as microvascular insulin resistance 
decreases insulin transport and delivery, and is also implicated in the 
development of microvascular complications.24  
 

PVAT from chow mice permits insulin-induced vasodilation in 
chow RA, indicating an important role of PVAT in microvascular 
function. In contrast, WD PVAT did not permit vasodilation. Importantly, 
without PVAT, no altered responses were observed in WD RAs. 
Strikingly, the increase in PVAT weight was subject to large variation, 
nevertheless, the lost potential to uncover insulin-induced vasodilation, 
i.e. the vasodilator phenotype of PVAT, was shared between all WD 
PVAT samples. This suggests that exposure to WD either reduces 
production of adipokines that permit insulin-induced vasodilation in 
PVAT, or increases production of vasoconstrictor adipokines. 
 

WD RAs become insensitive to the anticontractile effects of chow 
PVAT. When we exposed WD RAs to globular adiponectin, they also did 
not show vasodilation on insulin. Therefore, the endothelium remains 
the most important determinant for the endothelium-PVAT interaction. 
This finding corroborates earlier findings in the Zucker Diabetic Fatty 
(ZDF) rat, that ZDF RA do not elicit NO-dependent vasodilation in 
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response to globular and full-length adiponectin, despite similar 
expression of adiponectin receptors as in RAs of Zucker lean rats.25 
Adiponectin also regulates insulin-induced increases in microvascular 
blood volume in vivo through the Akt-eNOS-NO pathway.26 Together, 
this suggests that either adiponectin coming from PVAT, or other 
proteins which act through the AdipoR1-receptor, are important 
regulators of vasomotor responses. Once endothelial damage during a 
diet has occurred, signaling through the AdipoR1-receptor can not 
acutely restore this. Downregulation of AMPKα2 offers an elegant 
explanation for this effect. PVAT has been implicated in affecting 
(micro-)vascular vasodilation and vasoconstriction,7, 10 but its quantity 
is also associated with an increased risk for atherosclerosis.27 Whether 
the functional changes of PVAT observed here also affect large arteries 
is nevertheless unknown. 6 

Transplantation with GFP+/+ bone marrow showed that not only 
inflammatory cells in PVAT are bone-marrow-derived, but a peculiar 
finding was that perivascular adipocytes express GFP in WD mice, 
whereas adipocytes from chow mice did not express GFP. The 
contribution of the adipocytes apparently derived from the bone marrow 
is unclear. We could show that the new inflammatory cells in PVAT were 
at least macrophages, mast cells and T-lymphocytes (supplemental 
figure S3). Through the specific deletion of JNK2 in the bone marrow, 
we showed that deficiency of JNK2 in bone marrow-derived cells 
prevents PVAT from being affected by WD. We did not observe an effect 
of this transplantation on the endothelium. However, cross-talk from 
bone marrow to the endothelium has previously been described.28-30 
Whereas these studies targeted eNOS production, and thereby 
specifically targeted the endothelium. Nevertheless, this does not 
exclude an important role for JNK2 in endothelium, especially because 
pharmacological inhibition of JNK restored the vasodilator interaction 
between db/db PVAT and control RAs.10 The protective effect on WDJNK2-

/-BMPVAT was not due to irradiation and bone marrow transplantation 
per se, RAs from chimera mice showed essentially the same results as 
RAs from normal mice (figures 6G and 3D). It has been reported that 
JNK1 almost completely compensates for JNK2 deficiency in whole-body 
knockout mice during a diet.18 Our results partially contradict those 
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results, as deletion solely of JNK2 in bone marrow restored insulin-
induced vasodilation in the presence of WD-PVAT. Possible explanations 
for this finding are that JNK2 is more important for PVAT properties 
than JNK1, and that we used a much shorter duration diet than 
others.18, 20 Because JNK1 and JNK2 are differentially activated, their 
activation-profile at the commencement of inflammation may differ.20 
The current results with JNK2 deficiency in PVAT confirm and extend 
our previous findings using pharmacological inhibition of JNK to restore 
db/db PVAT and prevent TNF-α mediated blunting of insulin-induced 
vasodilator signalling.10, 17 Together these findings suggest that JNK2 in 
PVAT is a potential target for pharmacological interventions to treat 
obesity-dependent microvascular dysfunction and insulin resistance. 
 

A limitation of the study is that we were unable to study in-vivo 
insulin sensitivity and microvascular responses in the chimeras, as mice 
did not tolerate the combination of bone marrow transplantation, 
hyperinsulinemic clamp and microvascular perfusion measurements. 
Another limitation is that we do not know yet which JNK2-expressing 
cell type determines the PVAT-phenotype during WD exposure. These 
questions will be addressed in follow-up studies. 
 

In conclusion, the property of PVAT to synergize with insulin, 
evoking vasodilation in muscle resistance arteries is lost rapidly during 
Western diet exposure, in parallel to impairment of hyperinsulinemia-
induced microvascular recruitment in vivo. The loss of anticontractile 
effect of PVAT during WD is critically dependent on JNK2 in bone 
marrow-derived cells.  
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Supplementary figures  

1A Graphic example of a real-time replenishment curve at baseline and 
hyperinsulinemia. The plateau reached after approximately 15 seconds is well 
recognizable and represents MBV. The steepness of the curve is the β or MFV. 
The lower panels show how the microbubbles in the skeletal muscle 
microcirculation refill after being destructed (during first panel), directly after 
the destruction the skeletal muscle in the region of interest is almost completely 
devoid of contrast. After 30 seconds (last panel), the microbubbles have refilled 
the microcirculation. 
1B Microvascular flow velocity decreases non-significantly in both chow and WD 
mice during hyperinsulinemia.  
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Supplemental Table S1 
 

Chow 

RA, no 

PVAT 

WD 

RA, no 

PVAT 

Chow 

RA + 

Chow 

PVAT 

Chow 

RA + 

WD 

PVAT 

WD RA 

+ Chow 

PVAT 

WD RA 

+ WD 

PVAT 

P-

value 

Acetylcholine-

induced 

vasodilation 

(%) 

67±14 57±9 78±2 34±7 51±11 47±9 NS 

Tone (% of 

Dmax) 
36±4 37±6 38±6 37±5 47±2 33±5 NS 

Dmax (μm) 126±22 146±6 131±8 121±7 135±8 132±10 NS 

 

 

6

Supplemental figure 2  
Upper left panel and the middle panel reveal the presence of T-lymphocytes in 
PVAT. 
The upper right panel shows mast cells in PVAT 
Macrophages are also present in PVAT as shown in the bottom panel. 
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Supplemental Table S2 

 
 Acetylcholine-induced 

vasodilation (%) 

Tone (% of Dmax) Dmax (μm) 

JNK2-/- BMChow RA, no 

PVAT 
56±15 44±6 122±8 

JNK2-/-BMWD, no PVAT 65±9 41±4 118±12 

JNK2-/- BMChow RA + 

JNK2-/- BMChow PVAT 
54±23 52±5 132±8 

JNK2-/- BMChow RA + 

JNK2-/-WD PVAT 
59±13 47±7 129±9 

JNK2-/- BMWD+JNK2-/-

Chow PVAT 
47±19 25±8 124±8 

JNK2-/- BMWD + JNK2-

/-WD PVA 
51±18 31±6 120±16 

JNK2+/+BMChow, no 

PVAT 
31±7 42±7 

 

116±10 

JNK2+/+BMWD, no 

PVAT 
30±6 35±15 143±7 

JNK2+/+BMChow + 

JNK2+/+ ChowPVAT 
44±6 43±3 138±8 

JNK2+/+BMChow + 

JNK2+/+ WDPVAT 
61±12 34±1 122±8 

JNK2+/+BMWD + 

JNK2+/+ ChowPVAT 
39±8 30±7 

130±2 

JNK2+/+BMWD + 

JNK2+/+ WDPVAT 
50±12 35±10 129±9 

p-value NS NS NS 
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