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Abstract

Contrast-induced acute kidney injury (CI-AKI) is a common complication of many diagnostic and
therapeutic cardiovascular procedures. It is associated with longer in-hospital stay, more
complicated hospitalization course, and higher in-hospital morbidity and mortality. With
increasing use of contrast media in various diagnostic and interventional procedures, the
prevalence of CI-AKI is expected to rise. Although pre-hydration with intravenous normal saline
is recommended in patients with elevated risk of CI-AKI, this approach is often not feasible in
many clinical settings. Remote ischemic conditioning (RIC), elicited by application of one or
more, brief, non-injurious episodes of ischemia and reperfusion of a limb, is a promising therapy
for preventing or attenuating the deleterious effects of contrast media on the kidney. Although the
mechanisms of protection by RIC have not been completely defined, complex humoral, neural,
and inflammatory pathways have been hypothesized to be in play. Given that RIC is non-invasive
and cheap, it is attractive from clinical and economic perspective as a therapy to protect the kidney
from CI-AKI. In this succinct review, we highlight the unifying mechanisms of CI-AKI and
provide an overview of proposed biological mechanisms of renal protection by RIC. Emerging
pre-clinical and clinical evidence in interventional cardiology are also discussed.
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Introduction

Contrast-induced acute kidney injury (CI-AKI) defined as relative increase in serum
creatinine within 48-72 hours is a common complication of intravenous, iodinated contrast
medium that is widely used for diagnostic and therapeutic cardiovascular interventions [1-
10]. CI-AKI predicts elevated risk of heart attack, longer in-hospital stay, more complicated
hospitalization course, and higher in-hospital morbidity and mortality [2,6-8]. It is one of
the leading causes of hospital-acquired AKI, and the third most common cause of AKI after
hypovolemia, and nephrotoxic medications [11]. The incidence of CI-AKI varies
substantially (14.8 to 55%) among studies depending on how CI-AKI is defined, and the
presence of risk factors such as chronic renal insufficiency, diabetes mellitus and heart
failure [1-10, 12]. The risk of CI-AKI is especially high in the setting of emergent cardiac
procedures such as primary percutaneous coronary intervention (PCI) for acute myocardial
infarction [2,12]. In the US, approximately 1.4 million cardiac catheterization procedures are
performed each year, and other contrast-enhanced diagnostic imaging studies are performed
for various purposes [13,14]. With increasing use of contrast medium in diagnostic and
interventional procedures, the incidence of CI-AKI may rise in the next few decades.
Although pre-hydration with intravenous normal saline is recommended in patients with
elevated risk of CI-AKI, this approach is often not feasible in many clinical settings
including patients with heart failure and acute ST elevation myocardial infarction (STEMI)
requiring emergent primary PCI.

Emerging evidence suggests that remote ischemic conditioning (RIC), elicited by brief
episodes of ischemia and reperfusion at a distant vascular bed, may protect vital organs
including the kidney from subsequent injury [15-19]. This strategy appears to be protective
when applied prior to ischemic injury (pre-conditioning), during ischemic injury (peri-
conditioning) or at the onset of reperfusion (post-conditioning) [17]. Classically, RIC is
performed in humans by inflating a blood pressure (BP) cuff placed around one limb to a
pressure above systolic BP for 5 minutes followed by deflation for another 5 minutes to
allow reperfusion; this cycle is usually repeated 3—4 times [16,17]. Given that RIC is non-
invasive and cheap, it is attractive from clinical and economic perspective as a therapy to
protect the kidney from CI-AKI. In this succinct review, we highlight the unifying
mechanisms of CI-AKI and provide an overview of proposed biological mechanisms of
renal protection by RIC. Emerging pre-clinical and clinical evidence are also discussed.

Contrast media and contrast-induce acute kidney injury risk

lodinated contrast medium is a substance used to enhance the visibility of vascular structures
and organs during radiographic procedures. As detailed in Table 1, contrast media may be
either ionic or non-ionic; or be of high or low osmolarity. Evidence indicates that type of
contrast agents plays a role in the development CI-AKI [20-22]. In one study, for example,
administration of a nonionic, low-osmolality contrast agent led to an 18% reduction in
creatinine clearance [20]. In comparison, an ionic high-osmolality contrast medium
produced a greater reduction in creatinine clearance (42%) [20]. Among patients with
normal or mildly depressed renal function, use of a non-ionic, low-osmolality contrast
medium minimized nephrotoxicity as measured by reductions in creatinine clearance after
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coronary angiography [21]. In the meta-analysis of 45 trials, greater increase in serum
creatinine after administration of high- compared with low- osmolality contrast medium was
seen in patients with pre-existing renal failure [22]. Thus, nonionic and low osmolality
contrast media are preferred in patients at high risk for developing CI-AKI. The volume of
contrast medium is another major modifiable risk factor for CI-AKI [12,23,24]. Although
minimizing contrast volume is the preferred strategy for the prevention of CI-AKI, some
studies have shown that relatively low volume of contrast (less than 100 ml) can still induce
permanent renal injury and the need for dialysis in patients with diabetes and pre-existing
chronic kidney disease [25,26].

Many risk factors predict increased risk for developing CI-AKI including: pre-existing
kidney disease, older age, female gender, diabetes, heart failure, use of nephrotoxic drugs,
renal artery stenosis, nephrotic syndrome, multiple myeloma, and renal transplant [4-6,12].
Diabetes mellitus increases the risk of CI-AKI in patients undergoing cardiac catheterization
partly because of impaired nitric oxide generation [25,27]. Also, older age is an independent
predictor of CI-AKI for multiple reasons including age-related changes in renal function
such as diminished glomerular filtration rate, tubular secretion, and concentrating ability of
the kidnes [5,12]. Periprocedural hypotension is also a major risk factor for the development
of CI-AKI, and even a relatively short period of hypotension is hazardous [12,28]. Detailed
analyses of these risk factors have been previously published [12]. Mehran et al. combined
these risk factors to develop a risk classification system for prediction of CI-AKI in patients
undergoing coronary angiography [12].

Mechanism of contrast-induced acute kidney injury

The pathogenesis of CI-AKI has been proposed to include vascular and tubular pathways. A
detailed review of pathophysiological mechanisms of CI-AKI is outside the scope of this
review, and has been extensively reviewed [29-33]. Of the various proposed pathways, the
major pathophysiological concepts of CI-AKI are: 1) contrast medium—induced
vasoconstriction and reduction in renal blood flow resulting in renal ischemic injury; 2)
iodinated contrast agent and oxygen free radical-mediated direct renal tubular toxicity [29-
33].

Vasoconstriction and renal ischemic injury

It well established in the literature that contrast agents induce natriuresis and diuresis, which
activate the tubuloglomerular feedback response, resulting in vasoconstriction of the
glomerular afferent arterioles causing a decrease in glomerular filtration rate [33-36]. The
best data related to the pathogenesis of contrast-induced vasoconstriction come from animal
models. Studies have shown evidence of acute tubular necrosis (ATN) following contrast
agent infusion in animal models, though the mechanisms are still not completely understood
[34-36]. The most favored theory is that ATN is caused by renal vasoconstriction resulting
in medullary hypoxia, possibly mediated by alterations in nitric oxide, endothelin, and/or
adenosine. Given that the renal medullary vascular bed is composed of long vessels of small
diameter, reduction in renal medullary blood flow may also be due to increased viscosity of
contrast agent and enhanced tubular interstitial pressure. The outer medulla, in particular
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appears to be susceptible to injury due to reductions in renal blood flow [35]. This increased
susceptibility results from baseline borderline hypoxic conditions in the outer medulla,
which are due in part to the high oxygen requirements for active sodium transport and
countercurrent flow [36].

Direct renal tubular cytotoxicity

Direct tubular injury, due to direct cytotoxic effects of contrast medium or in association
with the generation of oxygen free radicals, contributes to CI-AKI [37,38]. Importantly,
direct cytotoxicity may also be exacerbated by and act in concert with renal artery
vasoconstriction. Sustained reduction in renal blood flow, because of vasoconstriction, may
last for several hours. These results in concentration of iodinated contrast medium in the
renal tubules and collecting ducts. This stasis of contrast in the kidney allows for direct
cellular injury and death to renal tubular cells [37,38]. The degree of cytotoxicity to renal
tubular cells is directly related to the length of exposure those cells [29-33,37,38]. Similarly,
the sustained reduction in renal blood flow to the outer medulla, as previously discussed,
may lead to medullary hypoxia, ischemia, and tubular cell death.

In summary, the contrast media used for diagnostic and therapeutic interventions can induce
renal ischemic injury, possibly caused by contrast medium—mediated vasoconstriction and
free radical-mediated direct renal tubular toxicity [29—-38]. The combination of these sets of
processes result in CI-AKI, although other processes including inflammation and oxidative
stress may play further role.

The concept of remote ischemic conditioning

The endogenous protective phenomenon of “ischemic conditioning,” in which an organ is
put into a protected state by subjecting it to one or more brief non-injurious episodes of
ischemia and reperfusion, was initially shown to have the potential of attenuating myocardial
ischemia and injury [15]. This strategy was first described in 1986 as the protection
conferred to ischemic myocardium by preceding brief periods of non-injurious ischemia
separated by periods of reperfusion [15]. In this report, four five-minute episodes of regional
ischemia in canine myocardium induced by reversible coronary artery ligation, each
followed by a five-minutes of reperfusion, protected against myocardial infarction during a
subsequent prolonged period of ischemia, resulting in a 75 percent reduction in infarct size
compared to a control group [15]. This early observation initiated research interest in
ischemic conditioning, however, the invasive nature of this approach hampered further
research in humans and translation into clinical practice.

Intriguingly, shortly after this initial report on ischemic conditioning, it was discovered that
ischemic conditioning stimulus applied to one vascular bed, or organ or tissue, conferred
global protection and rendered a remote tissue and organ resistant to ischemia and ischemia-
reperfusion injury [16-19]. This strategy, termed “remote ischemic conditioning (RIC),”
rejuvenated research interest in this field [16]. In 1993, it was demonstrated in anesthetized
dogs that 4 episodes of 5-min ischemia and reperfusion in the left circumflex coronary
territory, followed by a 1-hour occlusion of the left anterior descending coronary artery,
significantly reduced myocardial infarct size [16]. RIC was proven to be cardio-protective in
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this preclinical study, and subsequent reports have confirmed that other organs such as brain,
liver, kidney can be protected in a similar manner [39-43].

Mechanism of renal protection by remote ischemic conditioning

The mechanisms of protection by RIC are not completely understood but several studies
have implicated complex humoral, anti-inflammatory and neuronal signaling pathways. The
details of these pathways, particularly in relation to cardio-protection, have been previously
reviewed [17,44,45].

With regards to the kidney, we propose that RIC prevents CI-AKI via two major pathways:
1) generation of NO/nitrite, and 2) release of damage associated proteins (DAMPS) and
activation temporary cell cycle arrest in renal tubular epithelial cells [45]. As shown in
Figure 1, these processes ultimately enhance the ability of the kidney to withstand contrast-
induced vasoconstriction and tubular toxicity, the two major mechanisms of CI-AKI.

Generation of nitric oxide/nitrite

Studies suggest that several signal transduction pathways are activated by RIC, including
generation of endogenous protective biomarkers in many organs, such as nitrite [46,47].
Recent translational studies in rats and humans found nitrite, the single electron oxidation
product of NO, to be increased by about 50% with a single cycle of RIC when normal
reperfusion accompanied by reactive hyperemia was performed [46]. Further experiments
suggested that nitrite was both necessary and sufficient to confer cardio-protection when
human plasma after RIC was given to rat hearts in an ex vivo cardiac ischemia reperfusion
model [46]. Thus plasma nitrite, which correlates strongly to endothelial nitric oxide
synthase (eNOS) activity, NO generation and vasodilatation, may represent a means by
which RIC prevents renal vasoconstriction.

Release of DAMPS and activation of temporary cell cycle arrest

Studies have shown that RIC may attenuate AKI by causing release of (DAMPS) during
brief ischemia, that are filtered by the kidney and signal through toll-like receptors in the
proximal tubules epithelia, which may then induce natural defenses such as bio-energetic
down-regulation and temporary cell cycle arrest [41,45]. These defenses, once engaged, can
then protect the kidney during subsequent ischemic stress and exposure to toxins.
Specifically, in the kidney, RIC-induced generation of tissue inhibitor of metalloproteinases
2 (TIMP-2) and insulin-like growth factor—binding protein 7 (IGFBP7), both markers of cell
cycle arrest, have been previously reported [41,45]. Recent research indicates that the
product of urinary TIMP-2 and IGFBP7 (TIMP2*IGFBP7) is a predictor of AKI when they
increase after exposures such as cardiac surgery [41,48,49], whereas increases in
TIMP2*IGFBP7 in response to RIC protect the kidney from AKI due to cardiac surgery
[41,45].

Given that renal ischemic injury and tubular toxicity are the most common
pathophysiological concepts of CI-AKI, it stands to reason that RIPC may prevent CI-AKI
via nitrite-induced vasodilation and TIMP2*IGFBP7-mediated temporary cell cycle arrest of
the renal tubular epithelial cells at the time of exposure to contrast medium. Although the
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process of identifying the precise molecular mechanisms of RIC has been slow, it is
important that these efforts continue- it may be possible to target identified molecular
pathways pharmacologically. Thus, RIC-mediated protective pathways may become target
for therapeutic interventions in the nearest future.

Overview of clinical evidence of renal protection by remote ischemic
conditioning

Preliminary clinical studies in cardiac surgery patients on RIC showed promise for renal
protection [41-43], however recent large randomized clinical trials have yielded neutral
results in patients undergoing cardiac surgery [50,51]. With regards to CI-AKI in the context
of coronary angiography, few clinical trials and observational studies have shown promising
results in various clinical settings [52-54].

In the landmark, randomized Pilot Renal Protection Trial (RenPro) involving 100 patients
with impaired renal function undergoing elective coronary angiography, Er et al. showed
reduced rate of CI-AKI (12% versus 40%) in patients that received RIC compared to control
[52]. Multivariable analysis adjusting for contrast media volume and diabetes mellitus status
revealed that RIC was a strong independent correlate for prevention of CI-AKI [52].
Following this report in high risk patients, Igarashi et al. assessed the incidence of CI-AKI
based on urinary liver-type fatty acid-binding protein (L-FABP) level (defined as L-FABP
>17.4ug/g) and >25% increase in serum creatinine level in a small sample of patients (n=60)
with moderate renal disease (eGFR 30-60MI/min per 1.73m2) undergoing elective coronary
angiography [53]. They observed that RIC was associated with reduced incidence of CI-AKI
determined by L-FABP (7.7% vs 26.9%; P = 0.038) but not serum creatinine. Subsequent
meta-analysis by Pei et al. explored the effect of RIC on CI-AKI in five clinical trials
(n=1153 subjects) in patients undergoing elective PCI [54]. They observed a reduced risk of
CI-AKIl in RIC group (OR 0.61; 95% CI 0.38 to 0.98; P = 0.04) with no significant
heterogeneity (12 = 39.0%) [54].

In the context of STEMI, two studies assessing the effect of RIC of the limb on CI-AKI have
been performed. In an elegant randomized controlled trial involving STEMI patients (n=94)
in Japan, Yamanaka et al. showed that RIC applied before PCI significantly reduced CI-AKI
(10% versus 36%) compared with PCI alone [55]. Recent analysis of data from National
Cardiovascular Data Registry (NCDR) Acute Coronary Treatment and Intervention
Outcomes Network Registry®-Get With the Guidelines™ (ACTION Registry-GWTG) from
two PCl-hospitals in the United States utilizing RIC during helicopter transport showed that
STEMI patients who received RIC during inter-facility helicopter transport were less likely
to have CI-AKI compared to patients who did not receive RIC (8.7% versus 18.5%;
unadjusted OR=0.42, 95% CI 0.18- 0.94, p=0.036) [56]. Further subgroup analyses revealed
that the magnitude and direction of the RIC effect on incidence of CI-AKI were generally
consistent among different subgroups, except for those with morbid obesity (BMI>35) [56].

In summary, while most studies assessing the effect of RIC on CI-AKI have shown positive
results, studies of the effect of RIC on AKI in surgical and medical patients without the use
of contrast media have yielded mixed results. Importantly, the location and nature of RIC
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protocol as well as the definition of AKI varied among these studies making comparison of
study findings difficult. Although RIC is safe, cheap and readily available, widespread
adoption into clinical practice has been hindered by mixed results of clinical data and
heterogeneity among existing studies including- different disease processes, patient
populations, clinical settings and method of delivering RIC. Therefore, for RIC to become
standard of care in clinical practice, more well-designed randomized controlled trials using
standardized RIC protocol are needed.

Application and timing of remote ischemic conditioning

RIC is commonly performed in humans by inflating a BP cuff placed around upper or lower
limb to a pressure above systolic BP (usually 200 mmHg) for 5 minutes followed by
deflation for another 5 minutes to allow reperfusion; this cycle is usually repeated 3—4 times
[16,17]. RIC can be applied prior to ischemic injury (pre-conditioning), during ischemic
injury (peri-conditioning) or after ischemic injury and at the onset of reperfusion (post-
conditioning) [17]. For patients undergoing elective cardiac catheterization, remote ischemic
pre-conditioning is the most commonly employed strategy. In relation to acute myocardial
ischemia, pre-conditioning is almost impossible, unless performed on daily basis, because
the timing of coronary occlusion and acute cardiac ischemic events cannot be predicted.
Post-conditioning, on the hand, may be too late to prevent ischemic injury and the early part
of reperfusion injury. As such, remote ischemic peri-conditioning appears to be the most
feasible RIC method of cardio-protection in the setting of STEMI and NSTEMI. In relation
to CI-AKI, both pre-conditioning and peri-conditioning are feasible when performed before
cardiac catheterization and contrast load. Given the complexity of STEMI patients and the
need for emergent revascularization, RIC is best performed during inter-facility transport of
STEMI patients to prevent interference with primary PCI during cardiac catheterization. Our
group has previously shown the feasibility of remote ischemic peri-conditioning application
during inter-facility air transport of STEMI patients in United States [56-58].

Conclusion

Over the last three decades, several preclinical and small-size clinical studies have shown
that RIC may protect the kidney from CI-AKI. Although, the underlying mechanisms of this
reno-protective effect have not been fully elucidated, it appears to be partially related to
RIC-induced renal vasodilatation and temporary cell cycle arrest of renal tubular epithelial
cells. Further studies are needed to establish the reno-protective effects of RIC, determine
the optimal dosing, and examine novel molecular mechanisms that may serve as target for
therapeutic interventions.
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. Emerging evidence suggests prevention of contrast-induced acute kidney
injury by remote ischemic conditioning.

. Conditioning-induced renal vasodilatation and temporary cell cycle arrest of
renal tubular epithelial cells appear to play a role.

. Identifying novel molecular mechanisms of ischemic conditioning may help
develop therapeutic interventions.

. Further studies are needed to establish the reno-protective effects of remote
ischemic conditioning.
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Proposed Mechanism of Protection Against Contrast-induced Acute Kidney Injury by
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Table 1

Commonly used iodinated contrast media

Name Type lodine content | Osmolality

Nonionic

iohexol (Omnipaque 350) | Monomer | 350 mgl/ml 884 Low

iopamidol (Isovue 370) Monomer | 370 mgl/ml 796 Low

iopromide (Ultravist 370) | Monomer | 370 mgl/ml 774 Low

ioxilan (Oxilan 350) Monomer | 350 mgl/ml 695 Low

iodixanol (Visipaque 320) | Dimer 320 mgl/ml 290 Low

lonic

metrizoate (Isopaque 370) | Monomer | 370 mgl/ml 2100 | High

diatrizoate (Hypaque 50) Monomer | 300 mgl/ml 1550 | High

ioxaglate (Hexabrix) Dimer 320 mgl/ml 580 Low
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