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研究成果の概要（和文）：糖尿病は、過剰な酸化物質が抗酸化力を上回り、血管の機能障害や血管の希薄化が起
こると、血管の老化を加速させる。我々は、シンクロトロン放射光イメージング法やRNAseqやプロテオーム解析
を用いてインスリン抵抗性が、Nox2やiNOSの活性化を介した酸化物質の上昇、代謝の柔軟性の低下、ミトコンド
リア機能障害による冠動脈機能障害を引き起こすことを、老化のマウスモデルで実証した。

研究成果の概要（英文）：Diabetes accelerates vascular ageing when excess oxidants exceed antioxidant
 capacity, vascular dysfunction and vessel rarefaction. We tested whether Nox2 contributes to 
coronary dysfunction in diet induced early-stage diabetes induced by high fat diet (HFD) and 
increased salt intake in mice treated with and without apocynin. Synchrotron microangiography 
revealed that the coronary capacity to produce NO (nitric oxide) was diminished by insulin 
resistance, suggesting Nox2 overactivation in insulin resistance reduces NO bioavailability. In 
SAMP8 mice glycolysis was inhibited and abnormal purine metabolism increased xanthine oxidase 
activation on HFD leading to microvascular dysfunction. Mice developed mild coronary dysfunction due
 to elevated oxidants, metabolic inflexibility and mitochondrial dysfunction. We conclude that 
insulin resistance greatly increases endothelin production through Nox2 to reduce NO 
bioavailability. iNOS upregulation promoted p53 activation in senescent mice.

研究分野：循環器生理学

キーワード： coronary circulation　diabetes　senescence　inflammation　oxidative stress　nitric oxide
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研究成果の学術的意義や社会的意義
我々の研究は、マウスにおいて優れたイメージング技術により、カロリー過多や塩分多量摂取などの食生活の乱
れによる生活習慣病が、心臓の微小血管の早期老化を引き起こし、運動やストレス時に心臓の機能を低下させる
ことを明らかにした。また、運動がこの血管機能障害を改善することを示し、治療のターゲットを特定した。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
A sedentary lifestyle, excess calorie and salt intake induce premature vascular aging and cardiovascular 
disease through chronic inflammation and oxidative stress by inducing a senescence associated secretory 
phenotype (SASP). It was established that reactive oxygen species (ROS) induced DNA damage and 
subsequent p53/NF-κβ activation and thereby cell senescence. Internationally, various groups had 
demonstrated a role for coronary microvascular dysfunction and nitric oxide (NO) depletion in diastolic 
dysfunction in established heart failure associated with diabetes, vascular aging and the initiation of insulin 
resistance (1, 2). However, previous research on cardiac senescence did not consider the relative 
contributions of non-vascular cell types in the induction of vascular aging before diabetes becomes 
advanced. Many proposed that coronary endothelial cells (EC) were the major source of oxidative stress 
causing coronary endothelial dysfunction without ever investigating this assumption. Earlier research 
indicated that stress activation of p53 in mouse cardiomyocytes (CM) increased ROS production through 
monoamine oxidase-A (MAO-A) (3). On the other hand, upregulation and overactivation of NADPH 
oxidase-2 (Nox2) in EC and immune cells in various pathological states was considered a major source of 
ROS. 
 
２．研究の目的 
The main objective was to determine whether coronary vascular aging in diabetes originates from early 
inflammation and oxidative stress that develops in CM or cells within the extracellular matrix and is then 
exacerbated by EC senescence and reduced capacities to produce NO and other vasodilators with aging in 
sedentary rodents. To achieve this aim, we utilized senescence accelerated mouse prone-8 (SAMP8, non-
diabetic model) and resistant-1 (SAMR1) mice, a mouse model of diet-induced obesity and insulin 
resistance and both prediabetic and diabetic Goto-Kakizaki (GK) rats.  
 
３．研究の方法 
Mice and rats were maintained on special diets to simulate the spectrum of lifestyle disease from insulin 
resistance to type-2 diabetes and cardiac and coronary function were assessed over the specified time 
courses indicated below with echocardiography and synchrotron based microangiography. Whole left 
ventricles or cell separated fractions were used for molecular investigations. In this research we investigated 
the origins of oxidative stress and inflammation with cell separation technology, metabolomic and 
proteomic analyses, qPCR investigation of gene expression changes, fluorescence tracer imaging 
approaches to dissect the crosstalk mechanisms between the coronary circulation and myocardium during 
accelerated aging in rodent models. The main rodent models utilized were as follows; 
(1) SAMP8 and SAMR1 male mice on a high fat diet (HFD) with 1% NaCl drinking water for 24 weeks, 
including SAMP8 mice chronically treated with MAO-A inhibitor (clorgyline) or Nox2 inhibitor (apocynin) 
to inhibit CM and EC/immune cell sources of ROS respectively. 
(2) B6D2 hybrid male mice were for 8-16 weeks on either HFD or HFD in combination with high sugar 
diet (HFHSD) to induce insulin resistance. On the basis of findings in (1) we included a group of apocynin-
treated mice on HFD. 
(3) Male Wistar and GK rats on a high salt (6% NaCl) diet. 
 
４．研究成果 
We found that the type of lifestyle disease diet influenced vascular and cardiac function outcomes 
differentially in our models dependent on the presence of insulin resistance and whether it progressed to 
type-2 diabetes. Our main findings suggest that diet associated metabolic dysregulation in CMs contribute 
to the reduction of NO bioavailability for coronary vasodilation and at the same time increase 
vasoconstrictor production even in the absence of insulin resistance. While there was no role for Nox2 
overactivation in coronary microvascular dysfunction due to senescence this role changed and Nox2 greatly 
contributed to microvascular dysfunction in the insulin resistant state. The main findings are briefly 
summarized below. 
(1) In the absence of insulin resistance, HFD was found to diminish coronary arteriole-small artery NO-
mediated vasodilation in SAMP8 mice relative to SAMR1 mice (Figure 1). While there were no indications 
of heart failure in SAMP8 vehicle treated mice and basal coronary perfusion was well maintained, selective 
blockade of coronary vasodilators (EDH and prostanoids) revealed a reduced ability to produce NO in 
microvessels and endothelium dependent vasoconstrictor production. Notably, MAO-A inhibition did not 
alter the microvascular dysfunction, while Nox2 inhibition evoked pronounced vasoconstriction in the 
absence of EDH and prostanoids (data not shown). The latter suggests that Nox2 is not appreciably 
upregulated in the heart in this SAMP8 model and confirms that Nox2 is an important cofactor for eNOS 
coupling to vasodilation. High intensity interval training of SAMP8 HFD mice largely ameliorated coronary 



microvascular dysfunction in the absence of insulin resistance (Figure 2). We then established the molecular 
basis of these signaling pathway changes using immunoblotting and metabolome analyses. 
 

 
 

 
In SAMP mice, in addition to the reported elevation in p53 expression we found that the HFD increased 
vasoconstrictor factor (ET-1, ROCK2) expression. Acetylation and phosphorylation modifications of p53 
protein showed opposite changes in response to HFD. On the other hand, SAMR1 mice showed a 
compensatory increase in Sirt1 expression that was not observed in SAMP8 mice on the same diet. 
Metabolome analyses of myocardium showed changes in xanthine oxidase (XO) signaling supporting a 
role for increased CM activation of XO, but no change in arginase signaling within the vasculature (Figure 
3). Immunoblotting of phospho-eNOS revealed that vasodilatory NO signaling was suppressed by HFD, 
but eNOS was not uncoupled by this diet treatment, and rather L-Arginine and NO bioavailability was 
reduced in part by XO activation. Nitrosative stress due to iNOS upregulation and 3-nitrotyrosine 
production due to the HFD was minor, in contrast to a previous study on female SAMP8 mice (4). 
(2) HFD treatment in B2D2 hybrid mice increased fasted blood glucose and glucose intolerance consistent 
with insulin resistance and prediabetes. While B6D2 mice on a normal diet maintained the ability to increase 
NO-mediated vasodilation in coronary microvessels (not shown) during blockade of other vasodilators this 
was lost in HFD treated mice (Figure 4, left panels). In contrast to the SAMP8 study, apocynin treated 
B6D2 mice on HFD maintained NO-mediated vasodilation (Figure 4, right panels). This finding suggests 
that with insulin resistance development Nox2 activity is greatly potentiated and oxidative stress from 
vascular origin is exacerbated. RNAseq analysis of myocardium showed that metabolic dysregulation of 
CMs also likely contributed to the observed ED dysfunction (to be confirmed). 



 

 
 

 
 
In follow up experiments in B6D2 mice we found that dietary intervention in combination with low 
intensity exercise training (treadmill running) after 8wk of HFD evoked distinct changes in protein 
expression relative to mice that remained sedentary on HFD (Figure 5). Indeed, the differential protein 
changes in HFD mice relative to normal diet mice indicated that metabolic dysregulation and mitochondrial 
dysfunction in CMs were pronounced, but also indicated that elevated HMG-CoA levels due to 
dyslipidemia potentially drives the increase in vasoconstriction through overactivation of RhoA/Rho 
Kinase signaling (Figure 5, blue bars). In addition, there was a pronounced downregulation of histone H1.2, 
which suggests that the DNA damage response was impaired by HFD exposure. Notably, these changes in 
CM proteome were all reversed by the diet intervention with exercise training (Figure 5, red bars). From 
transcriptome analyses by RNAseq, 49 differentially expressed genes were found to be reversed by diet 
intervention and exercise training and gene ontology analysis suggests that most of the significant pathway 
changes were associated with vasculature development and regulation. 



 
 
(4) High salt diet exacerbated insulin resistance in the prediabetic GK rats, accelerating diabetes progression.  
Here we showed that sympatho-adrenal overactivation by the high salt consumption increased the 
proinflammatory environment and ROS generation through PKC and iNOS upregulation and activation, as 
well as promoting endothelin-1 and Rho Kinase activation and downregulation of eNOS (JT Pearson et al 
Clinical Science 135, 2021, 327-346). We considered that the proinflammatory environment of the 
myocardium associated with chronic insulin resistance predisposes the GK rat to exaggerated constrictor 
tone in the coronary microcirculation, which may be in part due to metabolic dysregulation of non-vascular 
cells. 
(5) Within budget constraints cell separation and isolated CM from young and aged GK and Wistar rats 
were initiated after repeated delays due to the COVID-2019 pandemic. EC and CM incubation protocols 
were refined and conditioned media from cells incubated in low and high glucose conditions were collected. 
However, analysis of cytokine production from isolated CMs remains ongoing to be considered in future 
research. 
 
The findings described herein for the non-vascular cell contributions to coronary vascular aging in 
senescent mice and various models of insulin resistance are currently being prepared for multiple 
manuscript submissions. 
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