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A major complication of type 2 diabetes (T2D) is
atherosclerotic vascular disease, which develops earlier
and more rapidly in patients with T2D than in subjects
without diabetes (1). One of the characteristic features of
T2D is excessive generation of reactive oxygen species
(ROS) in the artery wall and the resultant oxidative stress,
which contributes to the development of endothelial dys-
function and atherosclerosis (2–5). Moreover, activity of
NADPH oxidase, the primary ROS-generating enzyme in
vascular cells, has been shown to be increased in T2D
(2–5). Notably, behavioral and pharmacological interventions
that reduce vascular NADPH oxidase expression and ac-
tivity demonstrate improvements in endothelial function
and reduced atherogenesis (6–8). Furthermore, mice lack-
ing components of the NADPH oxidase subunits are pro-
tected against hypertension, and when crossed to the
apoE2/2 background, they have a marked reduction in
vascular ROS production, enhanced nitric oxide bioavail-
ability, and reduced atherosclerotic lesion formation
(9,10), thus demonstrating that excessive NADPH oxidase–
derived ROS is detrimental to vascular health. Although
the recognition that increased vascular NADPH oxidase is
an important contributor to vascular complications in
T2D, the mechanisms regulating its enzyme activity re-
main poorly understood.

Recent studies implicate adipose tissue adjacent to the
artery wall (i.e., perivascular adipose tissue [PVAT]) as
playing an important role in the pathogenesis of vascular
diseases (11–13). The PVAT serves not only as a structural
support for most arteries but also as a source of an abun-
dance of molecules with varied paracrine effects on the
underlying vascular cells (11–14). Indeed, the absence of

a separating fascia layer promotes direct paracrine com-
munications between the PVAT and the associated vascu-
lature. Among the plethora of adipose tissue–secreted
factors are both proinflammatory and anti-inflammatory
vasoactive molecules. As such, the vascular effects of the
PVAT are complex, involving changes in vasomotor tone,
smooth muscle proliferation and migration, vascular in-
flammation, and oxidative stress (11–14). Importantly,
atherosclerotic lesions develop primarily in arteries
encased by the PVAT (15), supporting the contention
that the PVAT plays an integral role in lesion develop-
ment. In addition, current data indicate a positive rela-
tionship between the PVAT volume and the severity of
vascular disease (16,17). In the setting of obesity and
T2D, adipocyte hypertrophy is associated with both the
infiltration of proinflammatory immune cells and a re-
duced expression of anti-inflammatory factors (e.g., adi-
ponectin) in the PVAT (11–13). Adiponectin is secreted
by adipocytes and has potent anti-inflammatory, insulin-
sensitizing, and cardioprotective effects (18), and circulat-
ing levels are significantly reduced in obesity and T2D
(19). Accordingly, decreased expression and secretion of
adiponectin from the PVAT may provide a permissive
environment for vascular inflammation and dysfunction
(12,20,21).

In this issue of Diabetes, Antonopoulos et al. (22) ex-
amine the effect of T2D on NADPH oxidase in human
vessels and explore potential mechanisms of this interac-
tion. The authors harvested internal mammary arteries
(IMAs) with their PVAT from 386 patients with and with-
out diabetes who were undergoing coronary bypass sur-
gery. This comprehensive investigation also includes
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genetic analyses. Not entirely surprising, patients with
T2D had low levels of circulating adiponectin and in-
creased vascular NADPH oxidase–derived ROS. Notably,
genetic variability of the gene coding for adiponectin
(ADIPOQ) and circulating adiponectin were independent
predictors of NADPH oxidase–derived ROS. In an elegant
set of ex vivo experiments, the authors were able to pin-
point a mechanism by which adiponectin protected
against ROS production. That is, treatment of human
IMA segments with recombinant adiponectin suppressed
NADPH oxidase activity in all layers of the vascular wall by
preventing activation/membrane translocation of Rac1
and downregulating p22phox in a phosphoinositide-3
kinase/protein kinase B–dependent manner. Somewhat
paradoxically, increased vascular NADPH oxidase–derived
ROS in the artery wall was positively associated with adi-
ponectin mRNA levels in the PVAT that surrounded it.
Next, experiments involving the coincubation of IMA and
PVAT demonstrated that activation of arterial NADPH ox-
idase leads to the local production of oxidation products
(e.g., 4-hydroxynonenal), which, in turn, upregulates adi-
ponectin expression in the adjacent PVAT in a peroxisome
proliferator–activated receptor-g–mediated manner.

Taken together, in their sequence of experiments, the
authors eloquently put forth that reduced adiponectin in
T2D leads to increased vascular NADPH oxidase–derived
ROS, while the PVAT “senses” increased NADPH oxidase
activity in the underlying vessel and responds by upregu-
lating adiponectin gene expression (Fig. 1). The finding
that oxidation products released from the artery wall rep-
resent “rescue signals” to increase PVAT adiponectin rep-
resents an exquisite self-control mechanism designed to
attenuate vascular oxidative stress in the setting of T2D.
This convincingly illustrates that the cross talk between
the PVAT and associated vasculature is bidirectional (i.e.,
outside-in and inside-out). The finding that PVAT-derived
adiponectin reduces vascular NADPH oxidase–derived
ROS, in part via the downregulation of p22phox, is remark-
able in light of 1) the mounting evidence, discussed above,
indicating that excessive vascular NADPH oxidase–
derived ROS is a major contributor to vascular complica-
tions in T2D and 2) the recent and exciting data reported
by Youn et al. (23), also published in Diabetes, demon-
strating that vascular ROS plays a causal role in the de-
velopment of obesity and metabolic syndrome. Youn et al.
(23) showed that mice overexpressing p22phox in vascular
smooth muscle are highly susceptible to obesity and in-
sulin resistance. Reciprocally, mice with vascular smooth
muscle–targeted deletion of p22phox are protected against
high-fat diet–induced weight gain and T-cell infiltration
into the PVAT. Therefore, it appears that increased vas-
cular ROS in obesity and T2D may further exacerbate
metabolic dysfunction, hence highlighting the importance
of identifying signals (e.g., adiponectin) involved in regu-
lating vascular redox.

Collectively, the study by Antonopoulos et al. (22)
demonstrates, for the first time, the important role of

adiponectin in the regulation of vascular NADPH oxidase
activity and ROS, suggesting that reduced secretion of
adiponectin from adipose tissue plays an important role
in the development of vascular complications associated
with T2D. Further, the authors demonstrated that the
PVAT senses oxidation products derived from the under-
lying artery wall and responds by increasing expression of
adiponectin, thus suggesting the existence of a local pro-
tective mechanism to prevent vascular oxidative stress.
Future research should determine whether disruption of
this PVAT-artery give-and-take relationship puts the ar-
teries at greater risk for atherosclerosis and identify strat-
egies that may serve as therapeutics by “hijacking” this
intricately controlled mechanism to enhance adiponectin-
vascular signaling.

Funding. The research of the authors is supported by funding from the
National Institutes of Health (K01HL125503 to J.P. and R01-HL73101 and
R01-HL107910 to J.R.S.) and the Department of Veterans Affairs Biomedical
Laboratory Research and Development Merit (0018 to J.R.S.).
Duality of Interest. No potential conflicts of interest relevant to this article
were reported.

References
1. Martín-Timón I, Sevillano-Collantes C, Segura-Galindo A, Del Cañizo-Gómez
FJ. Type 2 diabetes and cardiovascular disease: Have all risk factors the same
strength? World J Diabetes 2014;5:444–470
2. Guzik TJ, Harrison DG. Vascular NADPH oxidases as drug targets for novel
antioxidant strategies. Drug Discov Today 2006;11:524–533

Figure 1—Proposed novel cross talk between the PVAT and vas-
cular wall. 4-HNE, 4-hydroxynonenal; PI3K/Akt, phosphoinositide-3
kinase/protein kinase B; PPAR-g, peroxisome proliferator–activated
receptor-g.

diabetes.diabetesjournals.org Padilla and Associates 1905



3. Ihm S-H, Lee J-O, Kim S-J, et al. Catechin prevents endothelial dysfunction
in the prediabetic stage of OLETF rats by reducing vascular NADPH oxidase
activity and expression. Atherosclerosis 2009;206:47–53
4. Wendt MC, Daiber A, Kleschyov AL, et al. Differential effects of diabetes on
the expression of the gp91phox homologues nox1 and nox4. Free Radic Biol Med
2005;39:381–391
5. Rask-Madsen C, King GL. Mechanisms of disease: endothelial dysfunction
in insulin resistance and diabetes. Nat Clin Pract Endocrinol Metab 2007;3:46–56
6. Vallejo S, Palacios E, Romacho T, Villalobos L, Peiró C, Sánchez-Ferrer CF.
The interleukin-1 receptor antagonist anakinra improves endothelial dysfunction
in streptozotocin-induced diabetic rats. Cardiovasc Diabetol 2014;13:158
7. Cannizzo B, Quesada I, Militello R, et al. Tempol attenuates atherosclerosis
associated with metabolic syndrome via decreased vascular inflammation and
NADPH-2 oxidase expression. Free Radic Res 2014;48:526–533
8. Walker A, Kaplon R, Pierce G, Nowlan M, Seals D. Prevention of age-related
endothelial dysfunction by habitual aerobic exercise in healthy humans: possible
role of nuclear factor kB. Clin Sci (Lond) 2014;127:645–654
9. Barry-Lane PA, Patterson C, van der Merwe M, et al. p47phox is required
for atherosclerotic lesion progression in apoE(-/-) mice. J Clin Invest 2001;108:
1513–1522
10. Judkins CP, Diep H, Broughton BRS, et al. Direct evidence of a role for Nox2
in superoxide production, reduced nitric oxide bioavailability, and early athero-
sclerotic plaque formation in apoE-/- mice. Am J Physiol Heart Circ Physiol 2010;
298:H24–H32
11. Brown NK, Zhou Z, Zhang J, et al. Perivascular adipose tissue in vascular
function and disease: a review of current research and animal models. Arte-
rioscler Thromb Vasc Biol 2014;34:1621–1630
12. Payne GA, Kohr MC, Tune JD. Epicardial perivascular adipose tissue as
a therapeutic target in obesity-related coronary artery disease. Br J Pharmacol
2012;165:659–669

13. Omar A, Chatterjee TK, Tang Y, Hui DY, Weintraub NL. Proinflammatory
phenotype of perivascular adipocytes. Arterioscler Thromb Vasc Biol 2014;34:
1631–1636
14. Owen MK, Witzmann FA, McKenney ML, et al. Perivascular adipose tissue
potentiates contraction of coronary vascular smooth muscle: influence of obesity.
Circulation 2013;128:9–18
15. Ishikawa Y, Ishii T, Asuwa N, Masuda S. Absence of atherosclerosis evo-
lution in the coronary arterial segment covered by myocardial tissue in cholesterol-fed
rabbits. Virchows Arch 1997;430:163–171
16. Greif M, Becker A, von Ziegler F, et al. Pericardial adipose tissue determined
by dual source CT is a risk factor for coronary atherosclerosis. Arterioscler
Thromb Vasc Biol 2009;29:781–786
17. Jeong JW, Jeong MH, Yun KH, et al. Echocardiographic epicardial fat
thickness and coronary artery disease. Circ J 2007;71:536–539
18. Caselli C, D’Amico A, Cabiati M, Prescimone T, Del Ry S, Giannessi D. Back
to the heart: the protective role of adiponectin. Pharmacol Res 2014;82:9–20
19. Antoniades C, Antonopoulos AS, Tousoulis D, Stefanadis C. Adiponectin:
from obesity to cardiovascular disease. Obes Rev 2009;10:269–279
20. Meijer RI, Bakker W, Alta C-LAF, et al. Perivascular adipose tissue control of
insulin-induced vasoreactivity in muscle is impaired in db/db mice. Diabetes
2013;62:590–598
21. Lynch FM, Withers SB, Yao Z, et al. Perivascular adipose tissue-derived
adiponectin activates BK(Ca) channels to induce anticontractile responses. Am J
Physiol Heart Circ Physiol 2013;304:H786–H795
22. Antonopoulos AS, Margaritis M, Coutinho P, et al. Adiponectin as a link between
type 2 diabetes and vascular NADPH oxidase activity in the human arterial wall: the
regulatory role of perivascular adipose tissue. Diabetes 2015;64:2207–2219
23. Youn J-Y, Siu KL, Lob HE, Itani H, Harrison DG, Cai H. Role of vascular
oxidative stress in obesity and metabolic syndrome. Diabetes 2014;63:2344–
2355

1906 Commentary Diabetes Volume 64, June 2015


