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1. Introduction

Hypertension, diabetes, hypercholesterolemia and chronic kidney disease (CKD) lead to
cardiovascular (CV) events and cardiovascular death consists of main cause in mortality of
those diseases. Understanding of pathophysiology that links them and CV events has been
vigorously studied and several factors are believed to play roles such as NO, renin-
angiotensin system, and oxidative stress. It has been shown that those factors affect
endothelial function and consequently organ circulation as well as function and viability of
cells and organs. Despite overwhelming evidences in the consequences of experimental
models of ROS-induced organ damage, large-scale clinical trials of former antioxidant
therapies, such as vitamin C, vitamin E or B-carotene, could not demonstrate satisfactory
benefit to patients and they seemed to be harmful in some cases (Hennekens et al., 1996;
Omenn et al., 1996; Virtamo et al., 1998; Hercberg et al., 1999; Lee et al., 1999; Yusuf et al.,
2000; de Gaetano, 2001; Heart, 2002; Vivekananthan et al., 2003; Hercberg et al., 2004; Kris-
Etherton et al., 2004; Lonn et al.,, 2005). Several studies concluded that [-carotene
supplementation increased the relative risk of death in patients with some types of cancer
and had no benefit on patients with cardiovascular disease. Another study said vitamin E
increased hemorrhagic stroke. Even antioxidant cocktails increased in all-cause motality
(Omenn et al., 1996; Rosen et al., 2001a). So far, supplementation with vitamins C and E,
either alone or in combination with each other or with other antioxidant vitamins, does not
appear to be efficacious for the treatment of cardiovascular disease (Lonn et al., 2005). We
investigated role of oxidative stress in consequences of multiple organ damages in mouse
and possible new therapeutic agent.
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458 Oxidative Stress and Diseases

2. Adrenomedullin
2.1 Cardiovascular effects

Adrenomedullin is a 52-amino-acid peptide and was originally isolated from
pheochromocytoma cell but is also produced and secreted in endothelial cells and potent
hypotensive peptide (Shimosawa & Fujita, 2005). We generated its deficient mice and
proved that it is an endogenous antioxidants.

We examined the antioxidant properties of AM in both angiotensin II-salt (Shimosawa et al.,
2002) and pulmonary hypertension models (Matsui et al., 2004). We showed that AM-
knockout mice had higher oxidative stress through 3 ways: the urinary excretion of
oxidative stress markers, such as 8-hydroxydeoxyguanosine (Fig. 1a) and isoprostane (Fig.
1b) by ELISA method, the immunostaining of 3-nitrotyrosine to localize oxidative stress
(Fig. 1c), and real-time oxidant production measurement by the electron spin resonance
(ESR) method (Fig. 1d). Pathological changes in the heart, such as periarterial fibrosis and
coronary artery occlusion, were prominent in the knockout mice, and further investigation
revealed that high oxidative stress caused coronary artery damage in this model.
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Fig. 1. Evaluation of oxidative stress in AM*/- mice after angiotensin II and salt loading.
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We measured urinary excretion of 8-OHdG (a) and isoprostane (b) as footsteps of oxidative
stress in whole body. As for confirming local oxidative stress, we immunostained coronary
artery with 3-nitrotyrosine (c) that reflects NO-related oxidative stress and is a good marker
for oxidative stress at the endothelial layer (arrow). For evaluation of real time production of
oxidative stress, we measured ESR signal in the heart (d). On the left of panel d, time
dependent of decay of ESR signal were plotted and on the right panel, the decay ratio of ESR
signal that reflects production of oxidative stress was calculated. All these data suggest
angiotensin II and salt-loaded AM*/- mice has higher oxidative stress than wild type mice.
Modified from Shimosawa et al. 2002.

Hypoxia is known to cause pulmonary hypertension and pulmonary vascular remodeling.
With this model, evidence is accumulating that ROS are the upstream signals of chronic
hypoxia-induced pulmonary vasoconstriction and the development of vascular remodeling.
It has been reported that ROS generated by hypoxia can induce calcium release from
sarcoplasmic reticulum stores, which is followed by pulmonary vasoconstriction (Waypa et
al., 2002). Moreover, ROS activated several growth factors such as vascular endothelial
growth factor and platelet-activating factor (PAF) (Hartung et al., 1983; Ono et al., 1992;
Chandel et al., 1998), which induce vascular remodeling. In the early phase of hypoxic
conditions, ROS may act as a trigger of this signaling cascade in the process of vascular
remodeling. In our experiments, 10% O; conditions caused higher ROS in AM-knockout
mice compared with wild-type mice. Concomitant with increased oxidative stress in the
pulmonary artery, AM-knockout mice showed marked vascular remodeling and higher
mortality (Matsui et al., 2004), which were reversed by AM supplementation or by treatment
with 4-Hydroxy-2,2,6,6-tetramethyl-piperidine-N-oxyl (hydroxyl-TEMPO), a mimetic of
superoxide dismutase. Based on this basic research, translational research studies have been
conducted in patients with pulmonary hypertension, and potent therapeutic effects of
inhaling AM have been reported (Nagaya et al., 2004). As the mortality among patients with
pulmonary hypertension is high even treatment with nitric oxide and prostaglandins, AM,
or other agents may be novel and promising agents for the treatment of these patients.

2.2 Renal effects and possible role in CKD and diabetic kidney disease

Renal dysfunction or chronic kidney disease (CKD) draws high interests among
nephrologists as well as cardiologists and other specialities. There are several factors
implicated to connect renal dysfunction and cardiovascular events, endothelial dysfunction,
renin-angiotensin-aldosterone axis, oxidative stress, and unknown toxic agents. In order to
investigate if renin-angiotensin axis and oxidative stress can be therapeutical target in CKD,
we used AM knockout mice. We found increased oxidative stress and local renin-
angiotensin system in the ureter-obstructed kidney of AM knockout mice. Concordance
with the increase of oxidative stress and renin-angiotensin system, severe interstitial fibrosis,
and cell proliferation were prominent in AM-knockout mice. The interstitial fibrosis can be
partly reversed by hydroxyl-TEMPO, angiotensin receptor blockers, or the systemic
replacement of AM (unpublished observation). When dual treatment with angiotensin
receptor blocker and hydroxyl-TEMPO were given, pathological changes are more
effectively reversed compared with that by each agent alone. Angiotensin II is known to
induce oxidative stress via activating NADPH oxidase and AM can block this pathway via
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c-Src (Liu et al., 2007). In the kidney, oxidative stress is generated not only by NADPH
oxidase but from mitochondria and xanthine oxidase and thus AM or angiotensin II blocker
alone therapy is not sufficient and together with hydroxyl-TEMPO that can totally block
oxidative stress is effective.

Multiple lines of study have shown that diabetic patients have increased oxidative stress
and the resultant organ damage (Rosen et al., 2001b). In turn, it is hypothesized that
oxidative stress can induce diabetes by series of studies; oxidative stress impairs insulin
internalization (Bertelsen et al., 2001), blocks insulin receptor substrate phosphorylation,
impairs phosphoinositide-3 kinase activity (Najib & Sanchez-Margalet, 2001), induces
protein glycation and as a consequence of advanced glycation end-products-receptor
binding that leads to cytotoxicity in pancreatic beta cells and reduces the translocation of
glucose transporter type-4 (Rudich et al., 1997; Rudich et al., 1998). An in vivo study also
showed that the administration of oxidative stress aggravated diabetes in diabetes-prone
obese-Zucker rats (Laight et al., 2000). Antioxidan supplementation studies have shown
conflicting resuts; some reported beneficial effects in endothelial function, retinal blood flow
and renal function outcomes (Blum et al.; Ziegler et al., 2004; Lopes de Jesus et al., 2008), in
contrast, the recent metaanalysis of antioxidants, vitamin C and E, supplementation trials
revealed ineffectiveness in glycemic control (Akbar et al., 2011). On the other hand, in
clinical settings, diabetics have higher oxidative stress and AM levels (Hayashi et al., 1997),
which led us to assume that AM is upregulated in order to antagonize oxidative stress. In
fact, aged or angiotensin Il-treated AM-knockout mice showed insulin resistance, and this
was reversed by AM supplementation (Shimosawa et al., 2003; Xing et al., 2004) (Fig. 2). In
this experiment, we showed that oxidative stress directly impaired insulin signaling by
interfering with insulin receptor substrate 1 and 2 phosphorylations. By in vitro
experiments, we found that oxidative stress not only impairs insulin signaling, but also
reduces glucose transporter 4 transcription (unpublished observation).
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Fig. 2. Insulin resistance in skeletal muscle of aged AM*/- mice which was recovered by AM
supplement.

Insulin resistance was measured by ex vivo experiments. Isolated soleus muscle was incubated
with insulin and 12C-deoxyglucose. Deoxyglucose uptake was evaluated as insulin sensitivity.
Aged male AM*/-mice (55 weeks old) showed insulin resistance and AM supplementation for
a month successfully reversed insulin resistant state. Modified from Shimosawa et al. 2003.
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Recent clinical trial in diabetic CKD patients revealed bardoxolone methyl effectively
improved in the estimated GFR independent from blood pressure which is the most
important risk in CKD (Pergola et al., 2011). Also, it improved insulin resistance by
increasing glucose uptake in skeletal muscle (Saha et al.), which is compatible with our
findings in AM knockout mice as described above. Bardoxolone methyl is an oral
antioxidant inflammation modulator and activates the Keapl-Nrf2 pathway. Keapl-Nrf2
pathway regulates inflammation and oxidative stress (Dinkova-Kostova et al., 2005) via
increased expression of heme oxygenase 1 (Wu et al., 2011). This compound is so far the only
clinically available antioxidants that show organ protective effect, however, it requires
further assessment if bardoxolone methyl can prevent hard end-point such as
cardiovascular events or mortality in CKD patients.

3. Platinum nanoparticle

In diabetic-CKD, possible clinical usefulness of bardoxolone methyl was shown as
mentioned above, so far few antioxidant agents are proved to be effective in cardiovascular
protection. Although in pulmonary hypertension AM showed its clinical usefulness by
inhaling, AM is a peptide and its clinical use is limited due to its short half life. We next
investigated the possible therapeutic effect of platinum-nano-particle.

In recent years, a few reports about new drug delivery system using nanotechnology have
been released (Muro et al., 2006; Kajita et al., 2007; Shimizu et al., 2010). Among them
platinum nanoparticles as both superoxide dismutase (SOD) mimetic and catalase mimetic
(Kajita et al., 2007, Watanabe et al., 2009). In vivo experiments shows its effectiveness in
smoking-induced lung damage (Onizawa et al., 2009) or stroke model mice (Takamiya et
al.et al., 2011). Platinum nanoparticles (PAA-Pt) was administered intranasally, which were
then exposed to cigarette smoking for 3 days. Cigarette smoking induced NFkappaB
activation, and neutrophilic inflammation in the lungs of mice, and intranasal
administration of PAA-Pt inhibited these changes. Moreover in in vitro experiments,
treatment of alveolar-type-II-like A549 cells with PAA-Pt inhibited cell death after exposure
to a cigarette smoke extract. Transient middle cerebral artery occlusion (tMCAO) and
reperfusion model was used in this study. PAA-Pt was administered intravenously. PAA-Pt
dramatically reduced oxidative stress in the brain and significantly improved the motor
function and greatly reduced the infarct volume, especially in the cerebral cortex with
preserved collagen IV and a remarkable suppression of MMP-9. By these acute models the
antioxidant effect and concomitant organ protection by PAA-Pt were established. We
investigated the chronic effect of PAA-Pt and studied if PAA-Pt reverse cardiovascular
damage in metabolic syndrome model by eliminating ROS.

Metabolic syndrome model was established by angiotensin II and high salt diet on diabetic
8-week-old male db/db mice. 10 pM platinum nanoparticles were given orally. The
oxidative stress was measured in two ways. First, the urinary excretion of isoprostane
reflects the state of systemic oxidative stress. Ang II and salt loading increased isoprostane
excretion in db/db mice. PAA-Pt reduced isoprostane excretion, suggesting that PAA-Pt
would be an effective antioxidant (Fig 3). Blood pressure was elevated by angiotensin II and
high salt diet and PAA-Pt treatment did not have any effects on blood pressure and other
metabolic biomarkers of mice.
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Fig. 3. PAA-Pt effect on oxidative stress

Db/db mice were treated with angiotensin II and high salt diet and urinary isoprostane was
measured as a marker of oxidative stress. PAA-Pt effectively reduced oxidative stress.

Consistent with AM knockout mice, angiotensin II and high salt diet induced pericoronary
fibrosis in db/db mice (Fig. 4a). The degree of deterioration of vascular damage was much
severer in the db/db mice than wild type mice. PAA-Pt therapy reversed the vascular
damage in angiotensin II/salt loaded db/db mice. The area of fibrous changes was
calculated for each group (Fig 4b). The results of RT-PCR supported the aforesaid
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N
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( Azan staining x 200 )

Fig. 4. Histopathological changes of db/db mice by angiotensin II/high salt diet and effect
of PAA-Pt.
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histopathological findings. We examined mRNA expression of ANP and procollagen type
I in the heart as molecular markers of cardiac damage and we found that those molecular
markers were apparently up-regulated by angiotensin II and salt loading (Fig 5). PAA-Pt
reduced these markers expressions to the almost same extent with the control db/db mice
and these results support our findings in the histopathological examinations.

Pericoronary fibrosis were evaluated by Azan staining. Fibrosis was robust by angiotensin II
and high salt diet and was reversed by PAA-Pt.

db/db All+HS db/db All+HS+PAA-Pt db/db normal diet

ANP

PESRY _

185

Fig. 5. Molecular markers for cardiac damage and fibrosis.

mRNA expression of ANP and procollagen type I were evaluated. Concomitant with figure
4, angiotensin II and high salt diet aggravated cardiac damage and it was reversed by PAA-
Pt.

PAA-Pt behaves as an SOD mimetic and possesses a catalase activity, then its efficacy can
last longer than vitamin C (Kajita et al., 2007). It is mainly because the catalytic property of
PAA-Pt which is distinguished from vitamin C that is quickly consumed. Therefore we
examined the effect of PAA-Pt in metabolic syndrome model mice to reduce oxidative stress
and protect the cardiovascular system. Concordance with in vitro study, PAA-Pt effectually
reduced ROS and prevented cardiovascular damage in hypertensive db/db mice.

We found the extension of cardiovascular damages was much severer and the level of
systemic oxidative stress, which was evaluated by urinary excretion of isoprostane, was
much higher in db/db mice. Then, it is indicated that the ‘metabolic-syndrome-status’ is
equal to ‘high-oxidative-stress-status’ and this status seems to be the trigger of the vicious
cycle of organ damage. Thus, the scavenging ROS would be a promising approach to
preventing organ damage in metabolic syndrome.

PAA-Pt also has the possibility to solve the problems of former antioxidants as vitamin C, E
or B-carotene. It is said the one of the reasons why those former antioxidants would have
failed to be effective against organ damage that they are short-acting and could not
eliminate intracellular ROS, including mitochondrial ROS. PAA-Pt possesses long-lasting
activity (means catalytic effect) and dual properties as SOD and catalase mimetics. The
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pharmacokinetics of PAA-Pt in detail have not been revealed yet that PAA-Pt should enter
to systemic circulation from digestive apparatus, and be excreted from urine. Also we
suggestively expect the novel antioxidant PAA-Pt enables to eliminate intracellular ROS.
Further studies in pharmacokinetics and safety of PAA-Pt in chronic use are required.
Specially, PAA-Pt contains platinum, which is sometimes toxic to the kidney, we must be
careful about its nephrotoxicity before clinical applications. In site of some assignments such
as its safety or full internal dynamism must be proven before clinical use, this novel agent
will be certain way to open the door to interdisciplinary treatments between
nanotechnology and medicine.

4. Perspectives

Piles of evidence accumulated that oxidative stress is a new therapeutic targets in
preventing cardiovascular events and its risks. Among risks, hypertension, glucose
metabolism and lipid accumulation in the vasculature are closely related with oxidative
stress, however, some but not all antioxidant lower blood pressure or prevent
atherosclerosis. Blood pressure is regulated by both circulating blood volume and vascular
resistance and most of the data suggest that oxidative stress may affect vascular resistance
but not blood volume, which can explain antioxidant therapy is not consistent in lowering
blood pressure. For lipid disorders and consecutive atherosclerosis, oxidized LDL as well as
its receptor is important. In mice LDL level are almost negligible however, oxidized LDL
receptor such as LOX-1 overexpression leads to vascular damage (Inoue et al., 2005). It
suggests that ligand regulation by targeting oxidative stress is not sufficient but we should
consider receptor regulation as well. On the other hand, insulin resistance or glucose
metabolism can be a good target of antioxidant therapy. Insulin signaling is impaired by
oxidative stress and it is reversed by antioxidants. Our and others” basic trials as well as
recent data by bardoxolone methyl are promising, although the optimal glucose regulation
level to prevent cardiovascular complications in diabetes are still under debate. The ‘lower
the better’ of blood glucose is controversial because of hypoglycemia induces poor
prognosis in cardiovascular event, however, targeting oxidative stress recovers impaired-
insulin resistance and does not stimulate insulin release, therefore, it would be safer than
insulin replacement or insulin secretion stimulating agents such as sulphonylurea. Further
clinical trials are required.

5. Conclusion

AM, PAA-PT or bardoxolone are possibly promising antioxidants in treating or reducing
risks for chronic metabolic disease and organ damages. Other possible agents are also under
investigations and novel technology will lead us to invent antioxidants with more efficacy
and less side effect. Oxidative stress is indispensable for host defence and appropriate
reduction of oxidative stress is required when considering antioxidants in clinical use.
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