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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.
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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-kp activation and thereby cell senescence. Internationaly, 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 theinitiation 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.

The main objective was to determine whether coronary vascular aging in diabetes originates from early
inflammation and oxidative stress that developsin 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.

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
ventriclesor cell separated fractions were used for molecular investigations. In thisresearch we investigated
the origins of oxidative stress and inflammation with cell separation technology, metabolomic and
proteomic analyses, gPCR 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 SAM P8 mice chronically treated with M AO-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 findingsin (1) weincluded a group of apocynin-
treated mice on HFD.

(3) MaleWistar and GK rats on a high salt (6% NaCl) diet.

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
overactivationin coronary microvascular dysfunction due to senescence thisrole changed and Nox2 greatly
contributed to microvascular dysfunction in the insulin resistant state. The main findings are briefly
summarized bel ow.

(1) In the absence of insulin resistance, HFD was found to diminish coronary arteriole-small artery NO-
mediated vasodilation in SAM P8 micerelativeto SAMR1 mice (Figure 1). While there were no indications
of heart failurein SAM P8 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 SAM P8 HFD micelargely ameliorated coronary



microvascular dysfunction in the absence of insulin resistance (Figure 2). We then established the molecul ar
basis of these signaling pathway changes using immunaoblotting and metabol ome analyses.
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Sequential Imaging (2% isoflurane) Fig.2. Exercise restored NO-mediated dilation in SAMP8
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In SAMP mice, in addition to the reported elevation in p53 expression we found that the HFD increased
vasoconstrictor factor (ET-1, ROCK?2) 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 Sirtl 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
rolefor increased CM activation of X O, but no change in arginase signaling within the vascul ature (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 intol erance consistent
withinsulin resistance and prediabetes. While B6D2 mice on anormal diet maintained the ability toincrease
NO-mediated vasodilation in coronary microvessels (not shown) during blockade of other vasodilatorsthis
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
CMsalso likely contributed to the observed ED dysfunction (to be confirmed).
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EC/'VSMC Arginase activity
NO

B 2e 1 - b 177 i

57 suanp-aooor . v—l o ‘ Ser L bioavailability

E b own 70 - U @

R = s § ey Ornithing —— _°1¢

g - poome @ 08 NO e Polyamines

Eos £ NO + Citrulline + Urea

Eelm e O i Prom £ @ \ {Stiffening)
i . CM £ O, + Vasodilation

F iy sirainx diet P=0.084 | @ Vascular homeostasis

g | <% | peNOS Ser''? OONC-

EE nowe | suppressed by HFD Vasoconstriction T

i s in prone mice S-nitration of proteins {3-Nitrotyrosine)

Resstan Pane Arg/{Orn+Cit) OrniArg Argininosuccinate

}.

&
Concentration (nmolig)

‘Concentration {nmolig)

eNOS-ThriTotal eNOS (' )
s o

o p-eNOS Thrées T
= e by @apocynin
Index of Peroxynitrite
” Formation

1sq SN P- U0

o

&

JEET T TR Y Ery
:,fs‘:}';ﬁ fff:‘,,;f;@

: ) Arginase aclivityl  Arginine precursor
bioavailability in Prone not limiting in Prone
o ey o . by HFD

Total eNOSH -actis
£ B ¢
T
e
fgie
3§
ANT-actin

Fig-4. Nox2 Upregulation Reduces Nitric Oxide Bioavailability in insulin
resistant B6D2 mice
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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
changesin HFD micerelative to normal diet miceindicated that metabolic dysregulation and mitochondrial
dysfunction in CMs were pronounced, but also indicated that elevated HMG-CoA levels due to
dydipidemia potentialy 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 changesin
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.



Fig.5. Effects of Diet Intervention and Exercise in Diet-induced Obese Mice
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(4) High salt diet exacerbated insulin resistancein the prediabetic GK rats, accel erating 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 &
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 mediafrom cellsincubated 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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