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Abstract
Oxidative stress plays a critical role in the pathogenesis of various disorders including cardiovascular diseases, 
such as ischemia/reperfusion (I/R) injury, atherosclerosis, dyslipidemia, chronic kidney disease (CKD), 
arrhythmia, and diabetic cardiovascular complications. Although reactive oxygen species (ROS) have been 
proposed as the key mediator of oxidative stress-induced cell injury, antioxidant therapies have failed in clinical 
trials, raising the possibility that some unknown mechanism other than ROS may be involved. In 2015, we reported 
a novel apoptosis-inducing humoral factor in conditioned medium from cardiac myocytes subjected to hypoxia/
reoxygenation. This novel 69th tyrosine-sulfated eukaryotic translation initiation factor 5A (eIF5A) was rapidly 
secreted from cells in response to oxidative stress and then acted as an apoptosis-inducing ligand in an autocrine 
fashion. We termed the novel secreted form of eIF5A “Oxidative stress-Responsive Apoptosis-Inducing Protein” 
(ORAIP). Evidence has accumulated that ORAIP may be a common and dominant apoptosis-inducer among 
various cell types in response to different types of oxidative stress and is involved in a wide spectrum of acute and 
chronic disorders. Among them, here, I summarize knowledge regarding the possible roles of ORAIP in myocardial 
and cerebral I/R injury, dyslipidemia in terms of atherosclerosis, cardiovascular complications in diabetes mellitus, 
and CKD.
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INTRODUCTION
Oxidative stress has been strongly implicated in the pathogenesis of various disorders including 
cardiovascular diseases, such as arrhythmia, heart failure, dyslipidemia, atherosclerosis, chronic kidney 
disease (CKD), diabetic cardiovascular complications, and in particular ischemia/reperfusion (I/R) injury. 
Oxidative stress induces reactive oxygen species (ROS) production, lipid peroxidation, protein oxidation, 
and DNA damage in the cells that lead to apoptosis. Until recently, ROS were proposed as the key 
mediator of oxidative stress-induced cell injury[1-3]. However, large scale antioxidants (including vitamins, 
free radical scavengers) clinical trials have been unsuccessful to improve the outcome of cardiovascular 
and cerebrovascular diseases in humans[4,5], raising the possibility that there might be some unknown 
mechanism other than ROS that mediates oxidative stress-induced cell injury.

In 2015, we reported a novel apoptosis-inducing humoral factor in conditioned medium from cardiac 
myocytes subjected to hypoxia/reoxygenation. We reported that this novel secreted form of eukaryotic 
translation initiation factor 5A (eIF5A) was sulfated at the 69th tyrosine residue and contained more of 
the hypusinated isoform than the conventional cytosolic form of eIF5A[6]. We found that eIF5A undergoes 
tyrosine-sulfation in the trans-Golgi and is rapidly secreted from cardiac myocytes in response to hypoxia/
reoxygenation. It then induces apoptosis by acting as a pro-apoptotic ligand in an autocrine fashion [Figure 1]. 
We termed this novel tyrosine-sulfated secreted form of eIF5A, Oxidative stress-Responsive Apoptosis-
Inducing Protein (ORAIP)[6]. eIF5A, a member of eIFs regulating the translation initiation step of protein 
synthesis, is the only known protein to contain the unique amino acid hypusine, which is formed post-
translationally via a two-step enzymatic reaction with deoxyhypusine synthase (DHS) and deoxyhypusine 
hydroxylase [Figure 1][7]. eIF5A is primarily localized to the cytoplasm, where hypusinated eIF5A facilitates 
the translation of mRNAs that are involved in cell proliferation. We found that myocardial I/R (but not 
ischemia alone) rapidly and markedly increased plasma levels of ORAIP, which returned to the control 
level within 60 min. In vivo treatment with an anti-ORAIP neutralizing monoclonal antibody (mAb) 
significantly reduced myocardial I/R injury[6]. It seems that secretion of ORAIP is specific to oxidative 
stresses including I/R, hypoxia/reoxygenation, ultraviolet light, ionizing radiation, cold/warm-stress (heat 
shock), and blood acidification[8], then plays a crucial role in inducing apoptosis of target cells such as 
cardiac and skeletal myocytes, neurons, and cancer cells. Especially, these cells need substantial amounts of 
oxygen for their activities, making them very sensitive to oxygen concentrations and hence susceptible to 
oxidative stress-induced apoptosis mediated by ORAIP. 

These results strongly suggested that ORAIP may be a specific biomarker and critical therapeutic target 
for oxidative stress-induced cell injury. We also found that the plasma levels of ORAIP were markedly 
elevated in patients with chronic disorders such as CKD, atrial fibrillation, heart failure, dyslipidemia, 
diabetes mellitus (DM), and diabetic retinopathy, in which oxidative stress plays a critical role in the 
pathogenesis[9-12]. Thus, evidence has accumulated that ORAIP may be a common and dominant apoptosis-
inducing ligand among various cell types in response to different types of oxidative stresses involved in a 
wide spectrum of acute and chronic disorders, especially cardiovascular diseases.

MYOCARDIAL AND CEREBRAL I/R INJURY
It has been long believed that neutrophils infiltrate into myocardial tissues subjected to I/R and cause 
myocardial damage, known as reperfusion injury, due to progressive capillary plugging by neutrophils that 
cause capillary no-reflow as well as ROS formation[13-15]. Because reperfusion-induced apoptotic cell death 
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cannot be prevented by neutrophil depletion, some mechanism other than neutrophil infiltration triggered 
by reperfusion may mediate apoptotic signaling before neutrophil infiltration occurs[16,17]. To exclude 
the effects of neutrophil infiltration, using an in vitro model of myocardial I/R, we identified a novel 
apoptosis-inducing humoral factor in conditioned medium from cardiac myocytes subjected to hypoxia/
reoxygenation, that is ORAIP[6]. Myocardial or cerebral I/R rapidly and markedly increased ORAIP levels 
in plasma and cerebrospinal fluid, whereas ischemia alone did not alter ORAIP levels[6,18]. In vivo treatment 
with the anti-ORAIP neutralizing mAb dominantly reduced myocardial or cerebral I/R injury as compared 
with conventional therapies[6,18]. This suggests that ORAIP plays a pivotal role in I/R-induced tissue injury 
and can be an oxidative stress-specific biomarker. 

Muscle cells (especially cardiac myocytes) and cerebral neurons demand a lot of oxygen for their activities, 
making them very sensitive to oxygen concentrations and hence susceptible to oxidative stress, such as I/R 
injury, in which ORAIP plays a major role. It is thought that patients with significant stenosis of coronary 
or cerebral arteries are often subjected to silent myocardial or cerebral I/R, even subacute myocardial or 
cerebral infarction, which may lead to accumulation of cell injury, resulting in ischemic cardiomyopathy or 
lacunar infarction. Therefore, anti-ORAIP therapy may be effective in patients with stable ischemic heart 
or cerebrovascular diseases, as well as those subjected to reperfusion therapy for acute myocardial and 
cerebral infarction.

Figure 1. A model for the mechanism by which oxidative stress induces apoptosis via the autocrine secretion of eIF5A (oxidative stress-
responsive apoptosis-inducing protein)[6]. AIF: apoptosis-inducing factor; cyt c: cytochrome c; dH: deoxyhypusine; DHS: deoxyhypusine 
synthase; DOHH: deoxyhypusine hydroxylase; H: hypusine; Jaks: Janus kinases; S, sulfated; PARP-1: poly (ADP-ribose) polymerase-1; 
STATs: signal transducers and activators of transcriptions; TPST: tyrosyl protein sulfotransferase; eIF5A: eukaryotic translation initiation 
factor 5A
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DYSLIPIDEMIA AND ATHEROSCLEROSIS
Oxidative stress plays an important role in the pathogenesis of dyslipidemia. Like other risk factors 
for atherosclerosis, such as DM, hypertension, and smoking, it is believed to play a critical role in 
atherosclerotic plaque formation and rupture[19]. According to the low-density lipoprotein cholesterol 
(LDL-C) modification hypothesis of atherogenesis, normal plasma LDL-C is modified by oxidative stress 
in the arterial wall into oxidized LDL (oxLDL), then bound and taken up through scavenger receptors by 
monocytes/macrophages chemoattracted by the oxLDL in the arterial wall. Progressive accumulation of 
cholesterol in the monocytes/macrophages turns them into foam cells[20-22]. Then, the accumulation of foam 
cells in the arterial lesions leads to atherosclerotic plaque formation. Furthermore, it has been postulated 
that plaque rupture is often associated with thrombosis and plays a major role in acute coronary syndrome 
and cerebral infarction. However, the precise mechanism of plaque vulnerability leading to rupture has 
been unclear. 

To investigate whether ORAIP has a role in atherosclerosis, especially in the mechanism of plaque rupture, 
we analyzed plasma levels of ORAIP and oxLDL in patients with dyslipidemia as well as heterozygous 
familial hypercholesterolemia (HeFH). We also examined the expression of ORAIP and the levels of 
oxLDL in atherosclerotic coronary arterial tissues obtained from HeFH patients with a coronary artery 
bypass graft. Plasma levels of LDL-C, oxLDL, and ORAIP in HeFH were significantly elevated as compared 
with those in dyslipidemia. ORAIP and oxLDL colocalized in the plaque lesion of coronary arteries 
from a HeFH patient [unpublished observation]. These findings suggested that high levels of plasma 
LDL-C facilitate oxidative stress in the arterial wall which, in turn, induces oxLDL accumulation, plaque 
formation, and ORAIP secretion, resulting in arterial cell apoptosis leading to plaque rupture. Although 
further investigations are needed, our findings suggest that anti-ORAIP therapy could be a way to reduce 
atherosclerotic plaque rupture and cardiovascular injury in patients with dyslipidemia, especially HeFH.  

DIABETIC CARDIOVASCULAR COMPLICATIONS
Diabetic cardiovascular complications include microangiopathy, atherosclerotic macroangiopathy, and 
muscle injury. There are four main molecular mechanisms implicated in the hyperglycemia-induced cell 
injury: increased polyol pathway flux, increased advanced glycation end-product formation, activation of 
protein kinase C isoforms, and increased hexosamine pathway flux. All of these mechanisms have been 
proposed to reflect the hyperglycemia-induced overproduction of ROS by the mitochondria[23]. We reported 
previously[24] that plasma ORAIP levels in DM model rats were markedly elevated during the diabetic 
phase as compared to the non-diabetic control phase, and that there was a significant positive correlation 
between plasma levels of glucose and ORAIP. We also found that high glucose-induced massive apoptosis 
of cultured cardiac myocytes, which was largely suppressed by neutralizing anti-ORAIP mAbs in vitro. 
Furthermore, recombinant-ORAIP induced the apoptosis of pancreatic ß-cells in vitro. Hyperglycemia 
induces pancreatic ß-cell apoptosis leading to insulin deficiency[25]. These findings strongly suggest that 
ORAIP plays a pivotal role in hyperglycemia-induced myocardial injury as well as pancreatic ß-cell injury 
in DM. ORAIP may be a biomarker and a critical therapeutic target for myocardial injury and progression 
of insulin deficiency due to pancreatic ß-cell injury in patients with DM. 

Microangiopathy
Diabetic microangiopathy is often associated with three major complications: nephropathy, retinopathy, 
and neuropathy. It is proposed that capillary endothelial cells and glomerular mesangial cells are 
preferentially injured by hyperglycemia because these cells cannot reduce the transport of glucose inside 
the cell when they are exposed to hyperglycemia[26]. Although we do not have data on whether these cells 
secrete ORAIP in response to hyperglycemia, as we reported previously that plasma levels of ORAIP were 
markedly elevated in patients undergoing dialysis largely due to diabetic nephropathy[9]. These elevated 
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levels of ORAIP played a role in other complications such as cardiovascular injury and sarcopenia in these 
patients. 

For diabetic retinopathy, it is thought that vascular endothelial growth factor (VEGF) plays a critical 
role in retinal neovascularization and diabetic macular edema. VEGF also plays a protective role against 
retinal apoptosis induced by oxidative stress (perhaps due to retinal I/R)[26,27]. We reported that vitreous 
body concentrations of ORAIP were significantly increased in diabetic retinopathy, especially proliferative 
diabetic retinopathy, suggesting that ORAIP plays a role in oxidative stress-induced retinal cell injury[12]. 
Therefore, the combination of anti-VEGF and anti-ORAIP therapies will be complementary against 
ischemic as well as I/R injury in diabetic retinopathy. 

Because neurons (especially cerebral neurons) are susceptible to oxidative stress-induced cell injury, the 
long-term elevation of plasma ORAIP levels induced by hyperglycemia should injure peripheral neurons as 
well.

Atherosclerotic macroangiopathy
DM is often associated with hypertriglyceridemia due to insulin resistance. In addition, hyperglycemia 
in DM induces oxidative stress, which facilitates LDL-C oxidation in arterial tissues leading to plaque 
formation. Thus, hyperglycemia in DM often causes dyslipidemia, resulting in the development of 
atherosclerotic macroangiopathy involving coronary, cerebral, and peripheral arteries. Atherosclerosis in 
these large arteries leads to life-threatening ischemic heart disease, cerebral infarction, and arteriosclerosis 
obliterans. As mentioned in the “Dyslipidemia and atherosclerosis” section, oxidative stress in arterial 
tissues induces ORAIP secretion, which may result in apoptosis of arterial cells leading to plaque rupture. 
Further investigations are needed to prove the usefulness of anti-ORAIP therapy with a neutralizing mAb 
in protecting from atherosclerotic plaque rupture and cardiovascular injury in patients with DM as well as 
dyslipidemia.

Muscle injury
Myocardial injury, as well as sarcopenia, often develops later in the course of DM, causing various types of 
arrhythmias (such as atrial fibrillation and paroxysmal supraventricular tachycardia) and heart failure (such 
as diabetic cardiomyopathy). Because cardiac and skeletal myocytes are susceptible to oxidative stress-
induced apoptosis mediated by ORAIP, and ORAIP has a critical role in hyperglycemia-induced myocardial 
injury[24], hyperglycemia-induced high plasma levels of ORAIP may also mediate the development of 
sarcopenia. 

Taken together, these data offer a possible anti-ORAIP therapy against vascular as well as cardiac and 
skeletal muscle injury involved in DM.

CARDIOVASCULAR COMPLICATIONS IN CKD
Cardiovascular complications critically affect the morbidity and mortality of CKD, especially in end-
stage renal disease patients on dialysis. Because conventional cardiovascular risk factors such as DM, 
hypertension, hypercholesterolemia, and smoking are often associated with CKD, oxidative stress has 
been implicated in the mechanism of cardiovascular injury in CKD[28], though the precise mechanism is 
still unclear. To investigate the roles of ORAIP in oxidative stress-induced cardiovascular injury in CKD, 
we analyzed the plasma levels of ORAIP in patients with the end-stage renal disease just before and after 
dialysis[9]. Plasma ORAIP levels before dialysis were markedly elevated [93.6 ± 5.1 (mean ± SE) ng/mL] as 
compared with those of control subjects (6.6 ± 1.5 ng/mL). After dialysis, plasma levels of ORAIP were not 
decreased, but rather slightly (and significantly) increased to 98.5 ± 5.7 ng/mL (P = 0.0122), suggesting that 
ORAIP may be a little concentrated, but not eliminated by dialysis. 
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To assess the effects of high concentrations of plasma ORAIP on the cardiovascular injury, we analyzed 
plasma levels of cardiac troponin T and brain natriuretic peptide (BNP). Plasma levels of cardiac troponin 
T were considerably elevated and there was a tendency of a positive correlation (but not significant) 
between plasma levels of ORAIP and cardiac troponin T[9]. Because many factors may contribute to 
myocardial injury, the absence of a significant positive correlation between plasma levels of ORAIP and 
cardiac troponin T does not exclude the possibility that ORAIP may contribute to the myocardial injury. 
Plasma BNP levels were markedly elevated. There was also a tendency of a positive correlation (but not 
significant and weaker than that for cardiac troponin T) between plasma levels of ORAIP and BNP. This 
seems reasonable because cardiac troponin T directly reflects myocardial injury whereas BNP can be 
affected by several other factors such as overhydration in patients with end-stage renal disease on dialysis 
as well as myocardial injury. Although the primary mechanism of oxidative stress generation in CKD 
is unclear, the elevated plasma levels of ORAIP may cause sarcopenia and renal microvascular injury, 
resulting in the progression of CKD. Although further in vivo treatment studies are needed, these data 
offer support for a possible anti-ORAIP therapy to at least partially protect from cardiovascular injury and 
sarcopenia in patients with CKD.

CONCLUSION
For life, oxygen is a double-edged sword because it is not only essential for vital activities, but excessive 
oxygen can be harmful to various cells, known as oxidative stress. Since we discovered a novel secreted 
form of eIF5A to be ORAIP, we found that plasma levels of ORAIP were elevated in a wide range of acute 
and chronic disorders (including cardiovascular diseases), in which oxidative stress is known to be involved 
in the pathogenesis. Using animal models of such disorders, we also demonstrated that anti-ORAIP 
therapy with neutralizing mAbs could critically reduce oxidative stress-induced cell injury. We speculate 
that excessive external stresses involved in various pathological conditions including electromagnetic waves 
(such as ionizing radiation and ultraviolet), physicochemical stimuli (such as heat-shock, acidification, 
pressure overload, and high osmotic pressure) as well as excessive oxygen (such as ischemia/reperfusion) 
may trigger the oxidative stress-sensing mechanism of the cells, which results in the secretion of ORAIP. 
Then, secreted ORAIP induces apoptosis of the cells in an autocrine/paracrine fashion, that contributes 
to the progression of these disorders. Recently, we identified a cell-surface receptor for ORAIP (that is, 
ORAIP-receptor; unpublished data), through which ORAIP transduces the apoptotic signal intracellularly. 
From data of hyperglycemia-induced cell apoptosis[24], it is strongly suggested that the ORAIP/ORAIP-
receptor pathway mediates a great part of oxidative stress-induced cell injury. Therefore, anti-ORAIP 
therapy may be very efficient and effective in combination with conventional therapies against oxidative 
stress-mediated cell injury in various disorders, especially cardiovascular diseases.
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