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Abstract 
 
Objective – Perivascular adipose tissue (PVAT) exerts an anticontractile effect in response 
to various vasoconstrictor agonists and this is lost in obesity. A recent study reported that 
bariatric surgery reverses the damaging effects of obesity on PVAT function. However, PVAT 
function has not been characterised following weight loss induced by caloric restriction, 
which is often the first line treatment for obesity.   
 
Approach and Results – Contractility studies were performed using wire myography on 
small mesenteric arteries with and without PVAT from control, diet-induced obese, calorie 
restricted and sustained weight loss rats. Changes in the PVAT environment were assessed 
using immunohistochemistry. PVAT from healthy animals elicited an anticontractile effect in 
response to norepinephrine. This was abolished in diet-induced obesity through a 
mechanism involving increased local TNFα and reduced nitric oxide bioavailability within 
PVAT. Sustained weight loss led to improvement in PVAT function associated with 
restoration of adipocyte size, reduced TNFα and increased nitric oxide synthase function. 
This was associated with reversal of obesity-induced hypertension and normalisation of 
plasma adipokine levels, including leptin and insulin. 
 
Conclusions – We have shown that diet-induced weight loss reverses obesity-induced 
PVAT damage through a mechanism involving reduced inflammation and increased nitric 
oxide synthase activity within PVAT. These data reveal inflammation and nitric oxide 
synthase, particularly eNOS, as potential targets for the treatment of PVAT dysfunction 
associated with obesity and the metabolic syndrome.   
 
 
 
 
Abbreviations:  
eNOS, endothelial nitric oxide synthase; HFD, high fat diet; KPSS, high potassium 
physiological salt solution; L-NMMA, NG-monomethyl-L-arginine; NO, nitric oxide; NOS, nitric 
oxide synthase; PSS, physiological salt solution; PVAT, perivascular adipose tissue; TNFα, 
tumour-necrosis factor-alpha; WL, weight loss; WM, weight maintenance.  
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Introduction 
 

Obesity is one of the major causes of illness and death in the world, and is a significant 
public health burden currently affecting an estimated half a billion adults and 40 million 
children globally1. It is associated with many co-morbidities and overwhelming evidence 
supports the importance of obesity in the pathogenesis and progression of cardiovascular 
disease2. The rapidly increasing gap between the availability of medical therapies and the 
steadily rising rates of obesity emphasise the need for investigation into novel therapies to 
prevent the devastating effects of being overweight.  
 
Healthy perivascular adipose tissue exerts an anticontractile effect on adjacent arteries3-5.  
that is lost in both rodent models6-9 and human obesity and the metabolic syndrome5, 10 
suggesting that changes in PVAT function and morphology may contribute to vascular 
dysfunction associated with increased body weight5 and diabetes11, 12.  
 
The most obvious treatment for obesity is weight loss, which can be achieved through 
lifestyle changes and surgical methods. Bariatric surgery is an established method of 
reducing obesity-associated morbidity and the cardiovascular benefits have been clearly 
demonstrated13 14. The mechanisms that underlie these improvements are unclear but are 
likely to be a consequence of improvements in inflammatory and adipokine profiles15-17. Our 
studies demonstrate that bariatric surgery can reverse obesity-induced PVAT damage six 
months after surgery through reduction of adipose inflammation and increasing local 
adiponectin and nitric oxide (NO) bioavailability10. This correlated with reduced blood 
pressure and improvements in lipid profiles and blood glucose levels suggesting that the 
restoration of PVAT function could contribute to the cardiovascular benefits of losing weight.  
 
Bariatric surgery is not suitable for all obese patients meaning that simple lifestyle measures 
such as caloric restriction and increased exercise should not be ignored and are often the 
first line in treatment for obesity18. Few studies have been specially designed to determine 
the effects of weight loss produced by dietary intervention in obesity, however, the majority of 
clinical trials and animal studies have reported a beneficial effect of diet-induced weight loss 
on blood pressure13, 19, 20 and adipokine balance20-22, along with improvements in the 
inflammatory profile9, 22.  
 
Investigation into the mechanisms involved in any improvement in PVAT function could lead 
to identification of much needed novel therapeutic targets for the treatment of obesity-related 
hypertension and cardiovascular disease. Therefore, the present study was designed to 
explore changes in the PVAT environment that occur in obesity and to investigate the effects 
of diet-induced weight loss on PVAT anticontractile function. The present study tested the 
hypothesis that diet-induced weight loss would lead to the restoration of PVAT function 
through changes in local inflammation and NO bioavailability. We report that diet-induced 
obesity perturbs PVAT function through a mechanism involving inflammation and nitric oxide 
synthase (NOS) and the PVAT damage can be reversed by sustained weight loss and 
associated reduction in adipose inflammation and increased NOS availability. 
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Materials and Methods 

Materials and methods are available in the online-only Data Supplement.  
 
 

Results 
 

Weight loss reversed cardiometabolic damage induced by high fat diet. 
There were no significant differences in body weight of the rats prior to starting their 
respective diets (P=0.39). After 16 weeks of of consuming the 45% fat diet (HFD), animals 
were significantly heavier than controls (P< 0.01, Figure 1). Two groups of obese animals 
(WL and WM) were then subjected to caloric restriction for four weeks in order to induce 
weight loss. Caloric restriction produced a gradual reduction in body weight with animals 
losing an average of 130g by week 20, at which time the average body weight was no longer 
different from control (P=0.57, Figure 1). Animals consuming the HFD continued to gain 
weight and were heavier than controls at week 20. To assess whether the vascular effects of 
weight loss were altered following maintenance of body weight, rats in one of the groups 
(WM) were provided with 70 kcal/day for an additional four weeks and were able to maintain 
their body weight in comparison with control (P=0.89, Figure 1). Animals fed the HFD 
consumed significantly more calories than rats provided with a control diet (Supplementary 
Figure I, P<0.001), indicating that the animals did not compensate for the increased caloric 
content of the high fat diet by eating less. 
 
The cardiometabolic profile of animals with dietary interventions is shown in Table 1. HFD 
produced insulin resistance without overt diabetes as shown by the increase in fasting 
plasma insulin levels (P<0.0001) without a change in blood glucose levels (P=0.83). 
Hyperinsulinemia was reversed following caloric restriction (P<0.0001) and this was 
sustained following the four-week weight maintenance period (P<0.01) with no effect on 
blood glucose levels (P=0.85). Body weight did not have an effect on plasma total 
adiponectin levels (P=0.13). Plasma leptin levels were significantly increased compared to 
those of controls after eight weeks of high fat feeding (P<0.01, data not shown) and were 
142% greater than control by week 20 (P<0.0001). Hyperleptinemia was reversed following 
caloric restriction (P<0.001) and this reduction was sustained following the four-week weight 
maintenance period (P<0.001).  
 
Systolic and diastolic blood pressure did not change over the 20-week period in animals fed 
control diet. High fat feeding induced significant increases in both systolic (P<0.0001) and 
diastolic (P<0.0001) blood pressure. Increases in systolic blood pressure were reversed 
following four-week weight loss (control vs. WL: P=0.06) and this was maintained during the 
weight maintenance period (control vs. WM: P=0.09). Diastolic blood pressure was reduced 
following weight loss; however, it remained significantly elevated compared with control 
(P<0.01). Maintenance of body weight led to complete reversal of the hypertensive 
phenotype as diastolic blood pressure decreased to control levels (control vs. WM: P=0.37). 
Significant tachycardia was observed in diet-induced obesity (control: 299±5.0 vs. obese: 
335±6.9bpm, P<0.0001). Caloric restriction induced transient bradycardia (WL: 
246±10.9bpm, P<0.0001), however heart rate returned to control levels in following weight 
maintenance (WM: 294±8.1bpm, P=0.56) suggesting that the reduced heart rate was a 
consequence of extreme weight loss. 
 
The anticontractile capacity of PVAT is restored following sustained weight loss 
The presence of PVAT did not alter the contractile response evoked by stimulation with 
KPSS in any of the animal models used (Supplementary Figure II). Moreover, responses to 
KPSS were not altered by body weight (P=0.45) allowing contractile responses to be 
expressed as percentage KPSS.  
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The presence of PVAT reduced the vasoconstrictor response to norepinephrine in lean 
controls (P<0.0001, Figure 2A). However, the presence of PVAT did not alter the contractile 
response in vessels isolated from animals provided HFD (P=0.21, Figure 2B) and the 
contractile response of vessels with PVAT to norepinephrine was increased compared to 
controls (P= 0.03, Supplementary Figure IIIA), indicating that diet-induced obesity diminished 
the anticontractile capacity of PVAT. Weight loss induced by 50% caloric restriction did not 
reverse obesity-induced loss of PVAT anticontractile effect as responses were unaltered by 
the presence of PVAT (P=0.14, Figure 2C) and the vasoconstrictor response to 
norepinephrine remained elevated compared to controls (P=0.01, Supplementary Figure 
IIIA). However, maintenance of body weight for four weeks following caloric restriction led to 
restoration of the PVAT anticontractile function as the presence of PVAT reduced the 
contractile response to norepinephrine (P<0.0001, Figure 2D) and the response of vessels 
with PVAT was no longer different to controls (P=0.35, Supplementary Figure IIIA). Changes 
in body weight had no effect on the vasoconstrictor response to norepinephrine in 
endothelium intact vessels lacking PVAT (P=0.14, Supplementary Figure IIIB).  
 
Adipocyte hypertrophy and PVAT inflammation are reduced by weight loss 
Obesity produced an increase in adipocyte cross-sectional area (P<0.0001), which was 
reduced but not completely reversed following caloric restriction (obese vs. WL: P<0.0001, 
control vs. WL: P<0.0001). However, complete restoration of adipocyte size was observed 
following a four-week weight maintenance period (control vs. WM: P=0.67, Figure 3A and B). 
The change in adipocyte area positively correlated with change in body weight (r=0.73, 
P<0.0001). 
 
Eosinophil number within PVAT was reduced in diet-induced obesity (P<0.0001). Eosinophil 
number increased following caloric restriction but levels were not significantly different to 
either control or obese (P>0.05). However, eosinophil levels within PVAT were restored by 
weight maintenance (P=0.67, Figure 3C). Moreover, the number of eosinophils within PVAT 
negatively correlated with body weight (r=-0.41, P=0.04) 
 
TNFα staining intensity was significantly increased in PVAT from obese animals compared to 
control (P<0.0001) and staining remained high following four-week caloric restriction (control 
vs WL: P=0.0019, obese vs WL: P=0.07). However, the increased TNFα immunostaining 
was reversed by sustained weight loss (control vs WM: P=0.11, obese vs WM: P<0.0001, 
Figure 4). 
 
Immunostaining for CD68+ cells was used to detect the total number of macrophages within 
PVAT (Figure 5). Macrophage infiltration occurred in diet-induced obesity (control vs obese: 
P<0.0001) and was decreased following caloric restriction (control vs WL: P>0.05, obese vs 
WL: P=0.02). However, macrophage number was further reduced to control levels following 
four-week weight maintenance (control vs WM: P=0.80, WL vs WM: P=0.0062).  
 
PVAT-derived NO contributes to restoration of PVAT anticontractility following 
maintenance of body weight 
Total eNOS expression within PVAT (Figure 6A and B) was reduced by diet-induced obesity 
(P=0.029) and remained reduced following four-week caloric restriction (P=0.04). Weight 
maintenance increased eNOS expression although levels were not significantly different to 
either control (P=0.94) or obese (P=0.34). 
 
Incubation of arteries with intact endothelium but lacking PVAT with the NOS inhibitor, L-
NMMA did not alter the vasoconstrictor response to norepinephrine (P=0.86, data not 
shown). However, the presence of L-NMMA increased the vasoconstrictor response to 
norepinephrine in PVAT intact vessels taken from control animals (P<0.0001, Figure 6C). 
Incubation of PVAT intact vessels with L-NMMA reduced the contractile response to 
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norepinephrine in obesity (P=0.0067, Figure 6D) but had no effect following weight loss 
induced by caloric restriction (P=0.06, Figure 6E). However, the effects of NOS inhibition 
were restored following weight maintenance as an increase in the contractile response was 
observed in vessels with PVAT in the presence of L-NMMA (P=0.0012, Figure 6F). 
Moreover, the presence of PVAT did not alter vasodilation in response to carbachol (P=0.81, 
Supplementary Figure IV).  
 

  



7 
 

Discussion 
 

The present study investigated the effects of obesity and diet-induced weight loss on the 
anticontractile properties of PVAT. The main findings were 1) diet-induced obesity perturbs 
PVAT function through a mechanism involving downregulation of NOS and increased 
inflammation; 2) the impaired anticontractile effect of PVAT associated with obesity can be 
ameliorated by sustained weight loss; and 3) sustained weight loss improves PVAT 
anticontractile function by reducing adipose inflammation and increasing NOS availability. 
These observations advance our understanding of how changes in the PVAT environment 
contribute to vascular dysfunction associated with obesity and how these may be reversed to 
restore normal PVAT function.    
 
Animals consuming the HFD rapidly gained weight becoming significantly heavier than those 
fed control diet indicative of the development of obesity. In agreement with human obesity23 
and rat models of diet-induced obesity21, 24, 25, high fat feeding was associated with 
hypertension and hyperleptinaemia. In contrast to the human phenotype, blood glucose 
levels were unaltered in obesity, however overt hyperglycaemia has rarely been reported in 
studies using Sprague Dawley rats26 and in agreement with our data, insulin resistance is 
common and its severity appears to be dependent on the fat content of the diet and duration 
of feeding27.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
 
The initial caloric restriction to 40 kcal/day was chosen to mimic human dieting28 and 
successfully produced a significant reduction in body weight over the four-week period, 
consistent with that observed in other rodent models21, 22, 29. Consistent with previous studies 
reporting the beneficial effects of weight loss on cardiovascular risk factors13, 21, 30, we also 
found circulating leptin and insulin levels were reduced to normal at the end of the four-week 
caloric restriction period. The increases in systolic blood pressure associated with obesity 
were reversed following caloric restriction, however diastolic blood pressure was only 
restored to control levels at the end of the four-week weight maintenance period suggesting 
that reversal of obesity-induced hypertension required sustained weight loss. The cause of 
the difference in the effect of caloric restriction on systolic versus diastolic blood pressure is 
unclear but may be a consequence of changes in peripheral resistance as this directly 
influences diastolic blood pressure. This is supported by the data presented in this study, as 
obesity-associated changes in the PVAT environment were still present following four-week 
caloric restriction, so increased diastolic blood pressure in weight loss animals might reflect 
the reduced PVAT anticontractile capacity. 
 
In line with studies of small arteries taken from obese patients5, 10 and rodent models of 
obesity 7-9, 31, we found that the anticontractile effect of PVAT was lost in the rat model of diet-
induced obesity. Obesity has been described as ‘the perfect storm’ as the storage of excess 
energy in adipocytes leads to hypertrophy and subsequent hypoxia, resulting in chronic 
inflammation and abnormalities in adipocyte function2. Adipocyte hypertrophy is one of the 
major hallmarks of obesity and similar to previous studies5, 9, 10 we found that the cross-
sectional area of adipocytes from mesenteric PVAT of obese animals was greatly increased. 
It has been shown that blood supply to adipocytes does not increase to compensate for 
enlarged adipocyte size32 and hypertrophied adipocytes are larger than the normal diffusion 
distance of oxygen within tissues33 suggesting that obese adipocytes exist in a state of 
hypoxia34. This results in the development of a chronic inflammatory state within the adipose 
tissue with increased production of pro-inflammatory cytokines, such as TNFα5, 10, 35, which 
was observed in PVAT from obese animals.  
 
Increased adipocyte size and subsequent inflammation within PVAT contribute to the 
obesity-induced loss of PVAT anticontractile effect. This is supported by previous work within 
our laboratory showing that experimental hypoxia, produced by gassing arteries with 95% 
nitrogen and 5% CO2 for 2.5 hours, significantly attenuated the anticontractile effect of PVAT 



8 
 

in both rat5, 36 and mouse37 mesenteric arteries through a mechanism that involved increased 
TNFα and IL-6. However, the damaging effects of obesity on PVAT function could not be 
reversed by incubation of arteries from obese patients with an anti-TNFα antibody5 
suggesting that chronic inflammation produces changes in adipocyte function and 
subsequent release of adipokines. 
 
The origins of pro-inflammatory cytokines within PVAT have not been explored, however 
previous studies have suggested increased levels of TNFα are a consequence of both 
increased adipokine secretion from the adipocytes and increased macrophage infiltration into 
the adipose tissue38, 39. Our data support a role for increased macrophage infiltration as the 
number of CD68+ cells within PVAT was increased in obesity. We accept that CD68+ may not 
be entirely macrophage specific as discussed previously by Kunisch et al.40 and it is feasible 
that increased adipose fibrosis may contribute to the changes observed41. However, studies 
using a mouse model of macrophage ablation showed a key role for macrophage activation 
in the loss of anticontractile effect when healthy PVAT is subjected to inflammatory insults36 
suggesting that the observed infiltration of pro-inflammatory macrophages contribute to the 
loss of PVAT anticontractile capacity in our animal model of diet-induced obesity. Moreover, 
a recent study reported increased macrophage infiltration in the aortic PVAT of obese mice 
when identified using either CD68 or F4/8042.  
 
Eosinophils play a role in sustaining anti-inflammatory M2 macrophages within the adipose 
tissue43 and recent studies within our laboratory have shown a loss of PVAT anticontractile 
effect in ΔdbGATA-F2 mice, which are deficient in eosinophils44. We show a reduction in the 
number of eosinophils within PVAT in diet-induced obesity and an inverse correlation with 
body weight, consistent with reports in perigonadal adipose tissue from obese mice43. This 
suggests that loss of eosinophils may contribute to the obesity-induced loss of PVAT 
anticontractile function, although the mechanism is currently unclear. 
 
Consistent with our data showing reduced eNOS levels in PVAT in obesity, several studies 
have reported decreased eNOS expression in white adipose tissue taken from animal 
models of obesity45, 46 suggesting that this may contribute to the observed reduction in NO 
activity.  Moreover, TNFα activity has been shown to induce eNOS downregulation in rodent 
white adipose tissue45 and contribute to endothelial dysfunction via downregulation of NOS in 
small mesenteric arteries47 suggesting that changes in eNOS activity could be the link 
between increased inflammation in PVAT and reduced function.  
 
Previous studies in human subcutaneous small arteries reported NOS inhibition had no effect 
on PVAT function in human obesity5, 10. We found that NOS inhibition produced a reduction in 
vascular contractility in obesity, suggesting that changes in NOS activity and subsequent 
reduced NO bioavailability contribute to the attenuation of PVAT function. The reasons for 
this are unclear, but increased levels of reactive oxygen species have been reported to lead 
to the uncoupling of eNOS resulting in the formation of perioxynitrite rather than NO31, 48. This 
is supported by previous data from our laboratory showing free radical scavengers can 
rescue PVAT anticontractile function in human obesity10 and the recent work of Xia et al. 
showing eNOS uncoupling within aortic PVAT from high fat fed mice42.  
 
A previous study reported that bariatric surgery could restore PVAT function by a reduction in 
adipose inflammation and increasing NO bioavailability10, therefore we investigated whether 
weight loss induced by dietary restriction could produce similar effects. In order to separate 
the effects of reduced energy intake and the physiological effects of weight loss, PVAT 
function was explored after a four-week caloric restriction period and following a weight 
maintenance period, in which animals were maintained on a healthy caloric intake for a 
further four-weeks leading to sustained weight loss. We found that the anticontractile effect of 
PVAT was restored following sustained weight loss and this was associated with reversal of 
hypertension and reduction in markers of the metabolic syndrome. However, the magnitude 



9 
 

of the PVAT effect was not as pronounced as that observed in control animals providing 
evidence for the existence of parallel signalling pathways and PVAT-derived relaxing factors 
mediating PVAT function.  
 
The improvement in PVAT function was associated with the restoration of adipocyte size to 
control levels, infiltration of eosinophils, decreased macrophage infiltration, reduction in 
PVAT TNFα and restoration of eNOS expression suggesting that reduced inflammation 
facilitates restoration of PVAT function. The effects of diet-induced weight loss on adipose 
inflammation have not been widely studied, however our findings are consistent with 
previous studies showing significant reductions in TNFα expression within mesenteric white 
adipose tissue following caloric restriction49. The increased eosinophil number within PVAT 
and their link to M2 macrophage stabilisation43; along with the reduced CD68+ cell staining 
indicate that reduction in macrophage infiltration may contribute to the restoration of PVAT 
function. Moreover, a recent study within our laboratory also supports the role of eosinophil 
infiltration in reversal of obesity-induced PVAT damage as reconstitution of eosinophils in 
ΔdbGATA-F2 mice restored the PVAT anticontractile capacity44.  
 
Along with the reduction in TNFα, we found that eNOS levels were restored following weight 
maintenance. This may be a consequence of the decreased macrophage numbers as this 
would reduce the high level of NO associated with uncoupling and also reduce TNFα 
production allowing restoration of normal eNOS expression.  Moreover, inhibition of NOS 
increased the contractile response to norepinephrine suggesting NOS function within PVAT 
was improved with a subsequent increase in NO bioavailability. This is supported by 
observations of increased plasma nitrite levels in obese patients following 12-week dietary 
intervention50. Moreover, enhanced NO bioavailability mediated increased endothelium-
dependent relaxation following 10% weight loss in obese patients51. Improvements in 
vascular responses to L-arginine were also reported following weight loss and correlated with 
decline in serum TNFα52 suggesting a role for reduced TNFα in the restoration of NO.  
 
We have shown that obesity is associated with a reversible reduction in NO bioavailability 
and restoration of adipose eNOS levels may also contribute to reversal of the metabolic 
syndrome. Overexpression of eNOS in mice was found to prevent high fat diet-induced 
weight gain and hyperinsulinaeima and attenuate diet-induced adipocyte hypertrophy 
through increased metabolic rate46. Moreover, eNOS has been suggested to be a key 
regulator of metabolic homeostasis following observations that deletion of the eNOS gene 
induced insulin resistance through its effects on vasodilation and insulin signalling within the 
skeletal muscle53, 54. This suggests that the observed improvement in insulin sensitivity may 
be a consequence of improved eNOS function and a defect in NO synthesis may represent a 
mechanism linking metabolic syndrome and cardiovascular disease. Taken together, these 
data reveal eNOS as a new target for the treatment of PVAT dysfunction associated with 
obesity and the metabolic syndrome.  
 
Four-week caloric restriction and its associated weight loss did not restore the anticontractile 
capacity of PVAT, even though systolic blood pressure returned to normal. Adipocyte 
hypertrophy and local inflammation were reduced within PVAT but not restored to control 
levels and NOS activity remained perturbed following weight loss. Moreover, diastolic blood 
pressure remained elevated suggesting that the damaging effects of obesity on PVAT 
function were not immediately reversed following return to control body weight and providing 
additional evidence for the role of PVAT in modulation of vascular tone.  
 
Bariatric surgery led to complete restoration of the PVAT anticontractile capacity within six 
months that was associated with reduced systolic blood pressure even though patients were 
still obese and had enlarged adipocytes within PVAT10. Similar to our results following 
sustained weight loss, where the anticontractile effect was restored, a reduction in TNFα 
staining associated with increased local NO bioavailability was reported within PVAT 
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following bariatric surgery suggesting that reductions in local inflammation are key to 
restoration of the PVAT anticontractile capacity.    
 
The results presented have shown that diet-induced obesity impairs PVAT anticontractile 
function through a mechanism involving increased TNFα and downregulation of NOS and 
that PVAT anticontractile function can be restored by sustained weight loss through reduction 
in local TNFα and increased NO availability. The findings support the targeting of 
inflammation and nitric oxide synthase for the treatment of PVAT dysfunction associated with 
obesity and the metabolic syndrome.  
 
  



11 
 

Acknowledgments 
a) Acknowledgments: We thank the Histology Core Facility at The University of Manchester 

for assistance with histology.  
b) Sources of funding: This work was funded by a grant from the British Heart Foundation 

(FS/11/81/29331). 
c) Disclosures: None. 
 
  



12 
 

References 
 

1. Jensen MD, Ryan DH, Apovian CM et al. American College of Cardiology/American Heart 
Association Task Force on Practice G, Obesity S. 2013 aha/acc/tos guideline for the management of 
overweight and obesity in adults: A report of the american college of cardiology/american heart 
association task force on practice guidelines and the obesity society. Journal of the American College 
of Cardiology. 2014;63:2985-3023 

2. de Ferranti S, Mozaffarian D. The perfect storm: Obesity, adipocyte dysfunction, and 
metabolic consequences. Clinical chemistry. 2008;54:945-955 

3. Lohn M, Dubrovska G, Lauterbach B, Luft FC, Gollasch M, Sharma AM. Periadventitial fat 
releases a vascular relaxing factor. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology. 2002;16:1057-1063 

4. Verlohren S, Dubrovska G, Tsang SY, Essin K, Luft FC, Huang Y, Gollasch M. Visceral 
periadventitial adipose tissue regulates arterial tone of mesenteric arteries. Hypertension. 
2004;44:271-276 

5. Greenstein AS, Khavandi K, Withers SB, Sonoyama K, Clancy O, Jeziorska M, Laing I, Yates 
AP, Pemberton PW, Malik RA, Heagerty AM. Local inflammation and hypoxia abolish the protective 
anticontractile properties of perivascular fat in obese patients. Circulation. 2009;119:1661-1670 

6. Gao YJ, Holloway AC, Zeng ZH, Lim GE, Petrik JJ, Foster WG, Lee RM. Prenatal exposure to 
nicotine causes postnatal obesity and altered perivascular adipose tissue function. Obesity research. 
2005;13:687-692 

7. Fésüs G, Dubrovska G, Gorzelniak K, Kluge R, Huang Y, Luft FC, Gollasch M. Adiponectin is 
a novel humoral vasodilator. Cardiovascular research. 2007;75:719-727 

8. Ma L, Ma S, He H, Yang D, Chen X, Luo Z, Liu D, Zhu Z. Perivascular fat-mediated vascular 
dysfunction and remodeling through the ampk/mtor pathway in high-fat diet-induced obese rats. 
Hypertension research : official journal of the Japanese Society of Hypertension. 2010;33:446-453 

9. Ketonen J, Pilvi T, Mervaala E. Caloric restriction reverses high-fat diet-induced endothelial 
dysfunction and vascular superoxide production in c57bl/6 mice. Heart and vessels. 2010;25:254-262 

10. Aghamohammadzadeh R, Greenstein AS, Yadav R, Jeziorska M, Hama S, Soltani F, 
Pemberton PW, Ammori B, Malik RA, Soran H, Heagerty AM. Effects of bariatric surgery on human 
small artery function: Evidence for reduction in perivascular adipocyte inflammation, and the 
restoration of normal anticontractile activity despite persistent obesity. Journal of the American College 
of Cardiology. 2013;62:128-135 

11. Yudkin JS, Eringa E, Stehouwer CD. "Vasocrine" signalling from perivascular fat: A 
mechanism linking insulin resistance to vascular disease. Lancet. 2005;365:1817-1820 

12. Meijer RI, Bakker W, Alta CL, Sipkema P, Yudkin JS, Viollet B, Richter EA, Smulders YM, van 
Hinsbergh VW, Serne EH, Eringa EC. Perivascular adipose tissue control of insulin-induced 
vasoreactivity in muscle is impaired in db/db mice. Diabetes. 2013;62:590-598 

13. Hofso D, Nordstrand N, Johnson LK, Karlsen TI, Hager H, Jenssen T, Bollerslev J, Godang K, 
Sandbu R, Roislien J, Hjelmesaeth J. Obesity-related cardiovascular risk factors after weight loss: A 
clinical trial comparing gastric bypass surgery and intensive lifestyle intervention. European journal of 
endocrinology / European Federation of Endocrine Societies. 2010;163:735-745 

14. Sjostrom L, Peltonen M, Jacobson P et al. Bariatric surgery and long-term cardiovascular 
events. JAMA : the journal of the American Medical Association. 2012;307:56-65 



13 
 

15. Butner KL, Nickols-Richardson SM, Clark SF, Ramp WK, Herbert WG. A review of weight loss 
following roux-en-y gastric bypass vs restrictive bariatric surgery: Impact on adiponectin and insulin. 
Obesity surgery. 2010;20:559-568 

16. Cancello R, Henegar C, Viguerie N et al. Reduction of macrophage infiltration and 
chemoattractant gene expression changes in white adipose tissue of morbidly obese subjects after 
surgery-induced weight loss. Diabetes. 2005;54:2277-2286 

17. De Ciuceis C, Porteri E, Rizzoni D et al. Effects of weight loss on structural and functional 
alterations of subcutaneous small arteries in obese patients. Hypertension. 2011;58:29-36 

18. Kotsis V, Stabouli S, Papakatsika S, Rizos Z, Parati G. Mechanisms of obesity-induced 
hypertension. Hypertension research : official journal of the Japanese Society of Hypertension. 
2010;33:386-393 

19. Look ARG, Wing RR. Long-term effects of a lifestyle intervention on weight and cardiovascular 
risk factors in individuals with type 2 diabetes mellitus: Four-year results of the look ahead trial. 
Archives of internal medicine. 2010;170:1566-1575 

20. Takemori K, Kimura T, Shirasaka N, Inoue T, Masuno K, Ito H. Food restriction improves 
glucose and lipid metabolism through sirt1 expression: A study using a new rat model with obesity and 
severe hypertension. Life sciences. 2011;88:1088-1094 

21. Rodriguez A, Becerril S, Valenti V, Moncada R, Mendez-Gimenez L, Ramirez B, Lancha A, 
Martin M, Burrell MA, Catalan V, Gomez-Ambrosi J, Fruhbeck G. Short-term effects of sleeve 
gastrectomy and caloric restriction on blood pressure in diet-induced obese rats. Obesity surgery. 
2012;22:1481-1490 

22. Park S, Park NY, Valacchi G, Lim Y. Calorie restriction with a high-fat diet effectively 
attenuated inflammatory response and oxidative stress-related markers in obese tissues of the high 
diet fed rats. Mediators of inflammation. 2012;2012:984643 

23. Bult MJ, van Dalen T, Muller AF. Surgical treatment of obesity. European journal of 
endocrinology / European Federation of Endocrine Societies. 2008;158:135-145 

24. Dobrian AD, Davies MJ, Prewitt RL, Lauterio TJ. Development of hypertension in a rat model 
of diet-induced obesity. Hypertension. 2000;35:1009-1015 

25. Erdos B, Kirichenko N, Whidden M, Basgut B, Woods M, Cudykier I, Tawil R, Scarpace PJ, 
Tumer N. Effect of age on high-fat diet-induced hypertension. American journal of physiology. Heart 
and circulatory physiology. 2011;301:H164-172 

26. Reuter TY. Diet-induced models for obesity and type 2 diabetes. Drug Discovery Today: 
Disease Models. 2007;4:3-8 

27. Oakes ND, Cooney GJ, Camilleri S, Chisholm DJ, Kraegen EW. Mechanisms of liver and 
muscle insulin resistance induced by chronic high-fat feeding. Diabetes. 1997;46:1768-1774 

28. Brownell KD, Greenwood MR, Stellar E, Shrager EE. The effects of repeated cycles of weight 
loss and regain in rats. Physiology & behavior. 1986;38:459-464 

29. Simonds SE, Pryor JT, Ravussin E et al. Leptin mediates the increase in blood pressure 
associated with obesity. Cell. 2014;159:1404-1416 

30. Esposito K, Pontillo A, Di Palo C, Giugliano G, Masella M, Marfella R, Giugliano D. Effect of 
weight loss and lifestyle changes on vascular inflammatory markers in obese women: A randomized 
trial. JAMA : the journal of the American Medical Association. 2003;289:1799-1804 



14 
 

31. Marchesi C, Ebrahimian T, Angulo O, Paradis P, Schiffrin EL. Endothelial nitric oxide synthase 
uncoupling and perivascular adipose oxidative stress and inflammation contribute to vascular 
dysfunction in a rodent model of metabolic syndrome. Hypertension. 2009;54:1384-1392 

32. Kabon B, Nagele A, Reddy D, Eagon C, Fleshman JW, Sessler DI, Kurz A. Obesity decreases 
perioperative tissue oxygenation. Anesthesiology. 2004;100:274-280 

33. Brahimi-Horn MC, Pouyssegur J. Oxygen, a source of life and stress. FEBS Lett. 
2007;581:3582-3591 

34. Trayhurn P, Wang B, Wood IS. Hypoxia in adipose tissue: A basis for the dysregulation of 
tissue function in obesity? The British journal of nutrition. 2008;100:227-235 

35. Winkler G, Kiss S, Keszthelyi L et al. Expression of tumor necrosis factor (tnf)-alpha protein in 
the subcutaneous and visceral adipose tissue in correlation with adipocyte cell volume, serum tnf-
alpha, soluble serum tnf-receptor-2 concentrations and c-peptide level. European journal of 
endocrinology / European Federation of Endocrine Societies. 2003;149:129-135 

36. Withers SB, Agabiti-Rosei C, Livingstone DM, Little MC, Aslam R, Malik RA, Heagerty AM. 
Macrophage activation is responsible for loss of anticontractile function in inflamed perivascular fat. 
Arteriosclerosis, thrombosis, and vascular biology. 2011;31:908-913 

37. Withers SB, Simpson L, Fattah S, Werner ME, Heagerty AM. Cgmp-dependent protein kinase 
(pkg) mediates the anticontractile capacity of perivascular adipose tissue. Cardiovascular research. 
2014;101:130-137 

38. Dorresteijn JA, Visseren FL, Spiering W. Mechanisms linking obesity to hypertension. Obesity 
reviews : an official journal of the International Association for the Study of Obesity. 2012;13:17-26 

39. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. Obesity is 
associated with macrophage accumulation in adipose tissue. Journal of Clinical Investigation. 
2003;112:1796-1808 

40. Kunisch E, Fuhrmann R, Roth A, Winter R, Lungershausen W, Kinne RW. Macrophage 
specificity of three anti-cd68 monoclonal antibodies (kp1, ebm11, and pgm1) widely used for 
immunohistochemistry and flow cytometry. Ann Rheum Dis. 2004;63:774-784 

41. Alvey NJ, Pedley A, Rosenquist KJ, Massaro JM, O'Donnell CJ, Hoffmann U, Fox CS. 
Association of fat density with subclinical atherosclerosis. J Am Heart Assoc. 2014;3 

42. Xia N, Horke S, Habermeier A, Closs EI, Reifenberg G, Gericke A, Mikhed Y, Munzel T, 
Daiber A, Forstermann U, Li H. Uncoupling of endothelial nitric oxide synthase in perivascular adipose 
tissue of diet-induced obese mice. Arteriosclerosis, thrombosis, and vascular biology. 2016;36:78-85 

43. Wu D, Molofsky AB, Liang HE, Ricardo-Gonzalez RR, Jouihan HA, Bando JK, Chawla A, 
Locksley RM. Eosinophils sustain adipose alternatively activated macrophages associated with 
glucose homeostasis. Science. 2011;332:243-247 

44. Withers S, Forman R, Else K, Meza-Perez S, Agace W, Cruickshank S, Heagerty A, 
Svensson-frej M. Eosinophils are crucial for mediating the anticontractile capacity of perivascular 
adipose tissue. Circulation. 2013;128 

45. Valerio A, Cardile A, Cozzi V, Bracale R, Tedesco L, Pisconti A, Palomba L, Cantoni O, 
Clementi E, Moncada S, Carruba MO, Nisoli E. Tnf-alpha downregulates enos expression and 
mitochondrial biogenesis in fat and muscle of obese rodents. The Journal of clinical investigation. 
2006;116:2791-2798 

46. Sansbury BE, Cummins TD, Tang Y, Hellmann J, Holden CR, Harbeson MA, Chen Y, Patel 
RP, Spite M, Bhatnagar A, Hill BG. Overexpression of endothelial nitric oxide synthase prevents diet-
induced obesity and regulates adipocyte phenotype. Circulation research. 2012;111:1176-1189 



15 
 

47. Wimalasundera R, Fexby S, Regan L, Thom SA, Hughes AD. Effect of tumour necrosis factor-
alpha and interleukin 1beta on endothelium-dependent relaxation in rat mesenteric resistance arteries 
in vitro. British journal of pharmacology. 2003;138:1285-1294 

48. Schiffrin EL. Oxidative stress, nitric oxide synthase, and superoxide dismutase: A matter of 
imbalance underlies endothelial dysfunction in the human coronary circulation. Hypertension. 
2008;51:31-32 

49. Yamashita AS, Lira FS, Rosa JC, Paulino EC, Brum PC, Negrao CE, dos Santos RV, Batista 
ML, Jr., do Nascimento CO, Oyama LM, Seelaender M. Depot-specific modulation of adipokine levels 
in rat adipose tissue by diet-induced obesity: The effect of aerobic training and energy restriction. 
Cytokine. 2010;52:168-174 

50. Miyaki A, Maeda S, Yoshizawa M, Misono M, Saito Y, Sasai H, Endo T, Nakata Y, Tanaka K, 
Ajisaka R. Effect of weight reduction with dietary intervention on arterial distensibility and endothelial 
function in obese men. Angiology. 2009;60:351-357 

51. Pierce GL, Beske SD, Lawson BR, Southall KL, Benay FJ, Donato AJ, Seals DR. Weight loss 
alone improves conduit and resistance artery endothelial function in young and older 
overweight/obese adults. Hypertension. 2008;52:72-79 

52. Ziccardi P, Nappo F, Giugliano G, Esposito K, Marfella R, Cioffi M, D'Andrea F, Molinari AM, 
Giugliano D. Reduction of inflammatory cytokine concentrations and improvement of endothelial 
functions in obese women after weight loss over one year. Circulation. 2002;105:804-809 

53. Shankar RR, Wu YG, Shen HQ, Zhu JS, Baron AD. Mice with gene disruption of both 
endothelial and neuronal nitric oxide synthase exhibit insulin resistance. Diabetes. 2000;49:684-687 

54. Duplain H, Burcelin R, Sartori C, Cook S, Egli M, Lepori M, Vollenweider P, Pedrazzini T, 
Nicod P, Thorens B, Scherrer U. Insulin resistance, hyperlipidemia, and hypertension in mice lacking 
endothelial nitric oxide synthase. Circulation. 2001;104:342-345 

  



16 
 

Highlights 

 The anticontractile effect of PVAT on adjacent arteries was abolished in diet-induced 
obesity.  

 Sustained diet-induced weight loss led to an improvement in PVAT function through 
reduced inflammation and restored NOS activity.  

 This study identifies inflammation and NOS as potential targets for the treatment of 
obesity-related hypertension.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



17 
 

 
 

Figure legends 
 
Figure 1. The effect of caloric intake on body weight. HFD increased body weight and 
this could be reversed by caloric restriction to 40 kcal/day (control vs obese: P < 0.0001, 
weight loss vs obese: P < 0.01). Data are expressed as mean ± S.E. **** indicates P < 
0.0001, two-way ANOVA with Bonferroni post hoc test, control: n = 12, obese: n = 14, weight 
loss: n = 12, weight maintain: n = 8. CR: caloric restriction; WM: weight maintenance period. 
 
Figure 2. Effect of diet-induced weight loss on PVAT anticontractile capacity. A, 
Healthy control animals: the presence of PVAT reduced the vasoconstrictor response to 
norepinephrine in vessels (P < 0.0001, n = 12). B, Diet-induced obesity: the presence of 
PVAT did not alter the contractile response  to norepinephrine (P = 0.21, n = 14). C, Diet-
induced weight loss: the anticontractile effect of PVAT was not restored (P = 0.14, n = 12) 
but D, Weight maintenance: PVAT anticontractile capacity was improved after an additional 
4-weeks (P < 0.0001, n = 8). Data are expressed mean ± S.E. * P < 0.05, ** P < 0.01, **** P 
< 0.0001, two-way ANOVA with Bonferroni post hoc test.  
 
Figure 3. Adipocyte hypertrophy is reversed by sustained weight loss. A, Mesenteric 
PVAT from control (i), obese (ii), weight loss (WL) (iii) and weight maintenance (WM) (iv) 
animals were stained with H&E to determine adipocyte area and number of eosinophils. 
Representative images were obtained at 40x magnification, scale bar represents 50 µm and 
arrows highlight eosinophils. B, Average adipocyte areas were increased in diet-induced 
obesity (control vs obese: P < 0.0001). Adipocyte hypertrophy was reduced following weight 
loss (obese vs weight loss: P < 0.0001) but not completely restored to control size (control vs 
weight loss: P < 0.001). The additional 4-week weight maintenance period reversed obesity-
induced adipocyte hypertrophy (control vs weight maintenance: P > 0.05). C, The number of 
eosinophils in mesenteric PVAT was reduced in diet-induced obesity (control vs obese: P < 
0.0001), this was increased following weight loss and eosinophil number was not significantly 
different to either control or obese. The additional 4-week weight maintenance period 
restored eosinophil number to control levels (controls vs weight maintain: P = 0.67). Data are 
expressed as mean ± S.E. * P < 0.05, *** P <0.001, **** P < 0.0001, one-way ANOVA with 
Tukey post hoc test. Control: n = 5, obese: n = 6, weight loss (WL): n = 5, weight maintain 
(WM): n = 9 animals. 100 consecutive adipocytes were analysed from 1 slide per animal.  
 
Figure 4. Inflammation within PVAT is reversed by sustained weight loss. A, 
Immunostaining for TNFα in mesenteric PVAT from control (i), obese (ii), weight loss (iii) and 
weight maintenance (iv) animals. Representative image of a negative control where samples 
were incubated with mouse IgG is shown (v).  Representative images were obtained at 40x 
magnification and scale bar represents 50 µm. B, Adipocytes were positive for TNFα to a 
higher extent in obese samples than control (P < 0.0001) and staining remained high 
following weight loss (control vs weight loss: P = 0.0019, obese vs weight loss: P = 0.07). 
Increased TNFα was reversed following the four-week weight maintenance period (control vs 
weight maintain: P = 0.11, obese vs weight maintain: P < 0.0001). Percentage staining 
intensity is expressed as mean ± S.E. * P < 0.05, ** P < 0.01, **** P < 0.0001, one-way 
ANOVA with Tukey post hoc test. Control: n = 5, obese: n = 6, weight loss (WL): n = 5, 
weight maintain (WM): n = 9 animals. 5 fields of view per slide and 1 slide per animal.  
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Figure 5. Macrophage infiltration is reversed by diet-induced weight loss. A, 
Immunostaining for CD68+ cells in mesenteric PVAT from control (i), obese (ii), weight loss 
(iii) and weight maintenance (iv) animals. Representative image of a negative control where 
samples were incubated with mouse IgG is shown (v). Representative images were obtained 
at 40x magnification, scale bars represent 75 µm and arrows highlight CD68+ cells. B, The 
number of CD68+ cells within PVAT was increased in diet-induced obesity (control vs obese: 
P < 0.0001).  This was reduced following caloric restriction (obese vs weight loss: P = 0.02) 
although further reductions were observed at the end of the 4-week weight maintenance 
period (weight loss vs weight maintain: P = 0.0062, control vs weight maintain: P = 0.80). 
Data are expressed mean ± S.E. * P < 0.05, ** P < 0.01, **** P < 0.0001, one-way ANOVA 
with Tukey post hoc test. Control: n = 5, obese: n = 6, weight loss (WL): n = 5, weight 
maintain (WM): n = 9 animals. 5 fields of view per slide and 1 slide per animal.  
 
Figure 6. Adipocyte-derived nitric oxide plays a key role in the restoration of the PVAT 
anticontractile capacity. A, Expression of total eNOS within PVAT was reduced by diet-
induced obesity (P = 0.03, n = 4) and remained reduced following 4-week caloric restriction 
(P = 0.04, n = 4). Sustained weight loss increased eNOS expression although levels were 
not significantly different to either control (P = 0.94, n = 4) or obese (P = 0.34, n = 4). Vessels 
with endothelium were incubated with 100 µM L-NMMA, a NOS inhibitor, for 30 minutes. B, 
Healthy control animals: Incubation of vessels with L-NMMA potentiated the vasoconstrictor 
response in the presence of PVAT (P < 0.0001, n = 12) C, Diet-induced obesity: L-NMMA 
reduced the contractile response to norepinephrine in vessels with PVAT (P = 0.0067, n = 
14). D, Diet-induced weight loss: NOS inhibition had no effect on the contractile response (P 
= 0.06, n = 8). E, Weight maintenance:  NOS inhibition increased the contractile response to 
norepinephrine (P = 0.0012, n = 7). Data are expressed mean ± S.E. * P < 0.05, ** P < 0.01, 
two-way ANOVA with Bonferroni post hoc test.  
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 Control Obese Weight loss Weight 
maintain 

Systolic BP (mmHg) 119.9 ± 1.2† 142.4 ± 2.1* 124.1 ± 2.03† 116.0 ± 1.9†§ 

Diastolic BP (mmHg) 82.6 ± 1.2† 99.04 ± 1.6* 91.03 ± 1.7*† 84.40 ± 1.6†§ 

Blood glucose (mmol/L) 6.65 ± 0.27
 
 6.91 ± 0.26  6.66 ± 0.23 6.86 ± 0.24 

Insulin (ng/ml) 1.31 ± 0.18† 2.80 ± 0.35* 1.03 ± 0.19† 1.17 ± 0.08† 

Leptin (ng/ml) 3.46 ± 0.53† 8.40 ± 0.91* 4.17 ± 0.59† 2.62 ± 0.33† 

Adiponectin (µg/ml) 3.84 ± 0.27 4.24 ± 0.22 3.43 ± 0.38 4.58 ± 0.55 

Table 1. Diet-induced changes in cardiometabolic parameters can be reversed by 

caloric restriction.   

  Values are expressed as mean ± SE. *P<0.05 versus control; †P<0.05 versus obese, 
§P<0.05 versus weight loss one-way ANOVA with Tukey post hoc test, n = 8 – 12.  



Supplementary Figure I. Caloric intake. Food

intake was measured daily, animals on the HFD

consumed significantly more calories than those

on the control diet (P < 0.001). Data are

expressed as mean ± S.E, control: n = 6, obese:

n = 5, weight loss: n = 6.
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Supplementary Figure II. The presence of PVAT

had no effect on the contractile response to

KPSS in health or disease (P = 0.4511). Data are

expressed mean ± S.E.M * P < 0.05, one-way

ANOVA with Tukey post hoc test, control: n = 12,

obese: n = 14, weight loss (WL): n = 12, weight

maintain (WM): n = 8.
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Supplementary Figure III. Diet does not alter vasoconstriction in the absence of PVAT.

A, The contractile response of vessels with PVAT taken from obese animals was increased

compared to controls (P = 0.0332). The vasoconstrictor response remained elevated

compared to controls in vessels taken from weight loss animals (P = 0.0148). However,

weight maintenance led to improvement in the PVAT anticontractile capacity as the

response was no longer different to controls (P = 0.35). B, Body weight had no effect on

contractile response to norepinephrine in endothelium intact vessels lacking PVAT (P =

0.1353). Data are expressed as mean ± S.E. * P < 0.05, two-way ANOVA with Bonferroni

post hoc test. control: n = 12, obese: n = 14 , weight loss: n = 12 , weight maintain: n = 8.
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Supplementary Figure IV. PVAT has no

effect on endothelium-dependent dilation.

The presence of PVAT did not alter the dilation

response to carbachol in vessels taken from

control rats following constriction with 10 µmol/L

norepinephrine (P = 0.8057, n = 12). Data are

expressed as mean ± S.E.M. * P < 0.05, two-

way ANOVA with Bonferroni post hoc test.
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ii) Obese

iii) Weight loss iv) Weight maintain

i) Control
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