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 Abstract 
  Background:  Although there are some animal models for biomarkers of contrast-induced 
acute kidney injury (CI-AKI), for cardiorenal syndrome (CRS) and for acute renal failure, the 
interplay between CI-AKI and CRS has yet to be evaluated. Insight into the pathogenesis of 
CRS is urgently needed from animal models in order to foster the discovery and implementa-
tion of novel biomarkers for this disease. Specially designed animal models for type 1 and 3 
CRS, particularly CI-AKI, have not yet emerged.  Summary:  We hypothesize that the aging 
male spontaneously hypertensive rat (SHR) is likely to be a suitable model. The SHR model is 
able to mimic risk factors for preclinical CRS that appears in the clinical setting, specifically 
hypertension, age, preexisting damage and dysfunction of the heart and kidney, endothelial 
dysfunction, increased level of reactive oxygen species, decreased level and bioavailability of 
nitric oxide (NO), impairment of the  L -arginine-NO pathway, and insulin resistance. In the SHR, 
CI-AKI results in a different profile of AKI biomarkers than is seen with preexisting chronic 
kidney injury.  Key Messages:  The SHR model can be used to evaluate the interaction between 
CI-AKI and CRS type 1 and 3 and to verify neutrophil gelatinase-associated lipocalin (NGAL) 
as a reliable CI-AKI biomarker for clinical application. Further research is warranted with a 
large number of aging male SHRs to prove NGAL as a sensitive, specific, highly predictive, 
early biomarker for CI-AKI.  © 2016 S. Karger AG, Basel 
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 Introduction 

 Cardiorenal syndrome (CRS) is characterized by different degrees of cardiac and renal 
dysfunction and the interactions of combined cardiac and renal damages. Five types of CRS 
have been recognized  [1] , including an acute group (type 1 CRS and type 3 renocardiac 
syndrome), a chronic group (type 2 and 4) as a counterpart of the acute group, and secondary 
syndrome (type 5)  [1] . Type 1 CRS is defined as an acute worsening of heart function leading 
to acute kidney injury (AKI)  [2–4] . In patients with acute myocardial infarction and acute 
heart failure who have left or right heart catheterization, the administration of contrast media 
can contribute to contrast-induced AKI (CI-AKI)  [5] . Type 3 CRS is defined as acute worsening 
of kidney function leading to acute cardiac dysfunction  [1, 4] . Therefore, CI-AKI can poten-
tially contribute to acute cardiac dysfunction in patients with stable cardiac function who 
undergo elective cardiac catheterization.

  CI-AKI is typically defined as an increase in serum creatinine (Cr) of 0.5 mg/dl or a 25% 
increase from the baseline assessed at 48 h after the angiography procedure  [5] . However, 
serum Cr is both an indirect and insensitive marker for the evaluation of AKI  [5] . The discovery 
of novel biomarkers of AKI for the early diagnosis of CI-AKI based on a thorough under-
standing of the pathogenesis of CRS is urgently needed  [5] . Although some animal models 
exist for CI-AKI biomarkers  [6] , for CRS  [7, 8] , and for acute renal failure  [9] , the interaction 
between CRS and CI-AKI has not yet been evaluated. A new concept called ‘preclinical CRS’ 
has recently been introduced. Based on this concept, hypertension in elderly patients acts as 
a risk factor for subclinical cardiac and renal damage and predisposes these patients to devel-
oping CRS type 1 and 3 when they are exposed to contrast media  [10] .

  The aging male spontaneously hypertensive rat (SHR) has been used as a model for eval-
uating contrast-induced cardiac and renal toxicity  [11–16] . We, therefore, hypothesize that in 
the aging male SHR, preexisting chronic heart failure and hypertension can mimic preclinical 
CRS in the clinical setting. An interaction between acute cardiorenal and renocardiac syndromes 
may also exist in the SHR. In this review, we discuss how the aging male SHR can be a suitable 
animal model for the evaluation of the interaction between CI-AKI and CRS type 1 and 3.

  Similar Risk Factors for CI-AKI Shared by the SHR and Humans with Preclinical 
CRS 

  Table 1  and  figure 1  show similar risk factors for CI-AKI, including hypertension, obesity, 
and age, shared by the SHR  [17–23]  and humans with preclinical CRS  [10, 18, 23–29] . In 
humans with preclinical CRS, essential hypertension acts as a risk factor for subclinical cardiac 
and renal damage. Hypertension precedes overt cardiac and renal dysfunction  [10]  and 
accounts for 25% of all causes of chronic kidney disease (CKD)  [18] . The SHR is a reliable 
model of a naturally developing pressure load akin to essential hypertension in humans; 
therefore, it is generally accepted that the SHR represents an analogue of human essential 
hypertension  [17, 30] . Severe hypertension occurs in 100% of SHRs with a systolic blood 
pressure of 180 mm Hg or higher. In the SHR, systolic blood pressure starts to rise at the age 
of 9 weeks (>150 mm Hg), continues to increase up to week 13, and remains elevated (on 
average 199.0 ± 8.1 mm Hg) until 65 weeks  [31] .

  Obese patients with hypertension are at greater risk for developing CKD. A direct link 
between obesity, hypertension, and the development of CKD has been identified, as evidenced 
by the development of insulin resistance, endothelial dysfunction (ED), increased levels of 
circulating proinflammatory cytokines, and renal damage  [18] . Elevated levels of circulating 
free fatty acids and adipokines may contribute to the development of insulin resistance, type 
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 Table 1.  Risk factors, preexisting cardiac and kidney damage, organ interaction between heart and kidney, 
and predisposing conditions for worsening acute cardiac and renal injury and CI-AKI in SHRs which serve as 
a model of humans with preclinical CRS

SHRs1 Humans2

Risk factors Hypertension
Obesity
Old age and male gender

Hypertension
Obesity
Advanced age and male gender

Preexisting 
damage

Preexisting cardiac damage
Preexisting renal damage

Subclinical cardiac damage
Subclinical renal damage

Organ 
interaction

Cardiac hypertrophy and coronary 
circulation dysfunction leading to renal 
damage
Renal glomerulosclerosis is associated with 
acute cardiac injury (myocyte necrosis and 
apoptosis) 

LVH and coronary circulation dysfunction 
leading to renal damage
Renal damage increases cardiovascular risk

Predisposing 
conditions

ED ↑
ROS ↑
ADMA ↑
NO ↓
Bioavailabilit y of NO ↓
L-arginine-NO pathway √
Insulin resistance ↑

ED ↑
ROS ↑
ADMA ↑
NO ↓
Bioavailability of NO ↓
L-arginine-NO pathway √
Insulin resistance ↑

 1 References: 14 – 20, 31. 2 References: 10, 24 – 30.
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  Fig. 1.  Comparison of risk factors and predisposing conditions for worsening acute cardiac and renal injury 
and CI-AKI in SHRs and humans with preclinical CRS. 
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2 diabetes, and renal injury  [18] . Interestingly, when obese SHRs are fed a high-fat diet, they 
exhibit features similar to those of obese patients with hypertension, such as an increased 
level of insulin resistance, increased expression of proinflammatory cytokines (IL-1β, TNFα, 
IL-6, and MCP-1), and ED. Therefore, inflammation appears to play a major role in the patho-
genesis of CKD in obese patients with hypertension  [18] .

  Aging is one of the main risk factors for the development of CI-AKI in humans. In a 
prospective study, CI-AKI occurred in 5 of 13 (38.46%) elderly critically ill patients ( ≥ 65 
years old, 77% men), while none of 13 younger patients (<65 years old, 100% men) developed 
CI-AKI. The mean serum Cr concentration increased 0.025 mg/dl/day in older patients for 5 
days after contrast exposure, while serum Cr did not increase in younger patients  [32] . In the 
aging male SHR model for CI-AKI, old male rats (10, 12, or 14 months old) were more suscep-
tible to developing CI-AKI than younger males (5 and 8 months old)  [12] . In 14-month-old 
SHRs, urinary albumin excretion was markedly increased as a result of dysfunction of the 
glomerular capillary filter, increased glomerular albumin permeability, and presumably an 
increased number of more unselective pores in the glomerular barrier  [33] .

  Preexisting Cardiac and Renal Damage in the SHR Closely Resembles That in 
Humans with Preclinical CRS 

 In humans, subclinical cardiac damage is manifested in left ventricular hypertrophy 
(LVH), as determined by the left ventricular mass index (125 g/m 2  for men and 110 g/m 2  for 
women)  [10] , while subclinical renal damage is manifested in decreased levels of estimated 
glomerular filtration rate (eGFR), increased levels of albuminuria, and increased levels of 
serum Cr  [10] . LVH is considered a predictor of adverse renal outcome in patients with high 
cardiovascular risk  [24] . Augmented LV mass index and higher LVH rates are correlated with 
an increase in urinary albumin excretion  [25] . Further, LVH is accompanied by a reduction of 
renal function in hypertensive patients  [26] .

  In the SHR, LVH increases with age, especially at 30 weeks  [31] . Interestingly, older SHRs 
have higher rates of myocardial infarction, cardiac scar formation and arteriolar nephro-
sclerosis, renal injury, and proteinuria  [17] . In the SHR, the activity of the renin-angiotensin 
system is increased, as determined by the activity of the juxtaglomerular cell granules and as 
demonstrated by a histological finding of degranulation and atrophy in the juxtaglomerular 
apparatus  [21] . Increases in urinary protein and albumin excretion are accompanied by 
glomerulosclerosis and arteriolar sclerotic changes in the juxtamedullary and deep cortical 
nephrons. These areas of the kidney are likely to be less protected in the SHR  [31] . The inter-
action between preexisting cardiac and renal damage is also observed in SHRs. This inter-
action is evident in SHRs exposed to contrast. These SHRs show an acute worsening of cardiac 
damage (apoptosis and necrosis of cardiomyocytes) contributing to CI-AKI, as demonstrated 
by glomerular necrosis and sclerosis, tubular cell apoptosis and necrosis, interstitial lympho-
cytic infiltration, and apoptosis of endothelial cells and smooth muscle cells in small vessels 
of the heart and kidney  [12, 15] .

  Similar Pathogenesis of ED and Asymmetric Dimethylarginine in the SHR and 
Humans with Preclinical CRS 

 In the SHR, aging is a significant factor affecting vascular ED  [19] . ED exists in aged 
SHRs (older than 25 weeks) but not in young SHRs  [19] . ED precedes renal injury and exac-
erbates renal injury under certain conditions (e.g. high-fat diet) in which reactive oxygen 
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species (ROS) are upregulated  [18] . Furthermore, ED seems to be the consequence rather 
than a primary cause of high blood pressure  [19, 22] . ED is also associated with reduced 
endothelial nitric oxide synthase (eNOS) expression and NO production in the SHR  [22] . 
Vasoconstrictor factors, such as endothelins, angiotensin II, prostaglandin H 2 , and throm-
boxane A 2 , are likely to play a role in the ‘vicious cycle’ leading to cardiac and renal damage 
 [22] . In essential hypertension patients, vascular ED occurs during the aging process and is 
accompanied by a progressive reduction of NO bioavailability  [34, 35] . ROS-mediated 
cellular injury and renal parenchymal hypoxic-toxic injury are closely related to ED in 
patients with CI-AKI  [36] . In hypertensive patients, endothelium-dependent vasodilation in 
the kidney is impaired by aging, and the  L -arginine-NO pathway involving impaired arginine 
transport participates in the regulation of renal hemodynamics and renal excretory function 
 [23] . In addition, ED has been reported to result in a subsequent decline of the eGFR in 
hypertensive patients  [37] .

  Asymmetric dimethylarginine (ADMA) inhibits NOS production of NO by competing with 
its substrate,  L -arginine. Plasma levels of ADMA are significantly higher in SHRs at 4 weeks 
(prehypertensive stage), 12 weeks (hypertensive stage), and 24 weeks (hypertensive end-
organ damage stage)  [34] . A significantly higher concentration of plasma ADMA also exists in 
aging (16-month-old) male SHRs  [38] . These findings indicate that a reduced NO bioavail-
ability is associated with hypertension and end-organ damage  [36]  and that ADMA is a risk 
factor for ED  [38] . The information obtained from SHRs suggests a low bioavailability of NO 
and impairment of the  L -arginine-NO pathway in humans  [23] .

  If SHRs are fed a high-fat diet for 10 weeks, they develop insulin resistance  [18] . High 
insulin levels can induce renal hemodynamic changes, glomerular hypertrophy, and mesangial 
cell proliferation  [18] . Information obtained from the SHR model supports the idea that 
insulin resistance is increased in hypertensive patients  [18] . In hypertensive patients, ADMA 
plasma levels and insulin resistance are significantly higher, and acetylcholine-stimulated 
forearm blood flow is significantly reduced, demonstrating the role of ADMA and insulin 
resistance in inducing ED  [27] . Furthermore, plasma levels of ADMA are likely to be dynami-
cally regulated and correlated with some measure of NO bioavailability  [27] .

  Neutrophil Gelatinase-Associated Lipocalin for CI-AKI in the SHR Is Consistent 
with That in Patients with CI-AKI 

  Table 2  compares neutrophil gelatinase-associated lipocalin (NGAL) detected in SHRs 
and humans with CI-AKI. In SHRs with CI-AKI, the area under the receiver operating charac-
teristic curve (AUROC) value of NGAL is 0.73, which is accepted as a value of failure  [6] . In 
contrast, in humans with CI-AKI, 4 of 8 studies showed an excellent value (0.93–1.0)  [39–42] , 
2 of 8 studies showed a good value of NGAL (0.83–0.84)  [43, 44],  and 2 of 8 studies showed a 
poor value of NGAL (0.63–0.68)  [29, 45] . In CKD patients undergoing elective coronary angi-
ography with contrast, postprocedural NGAL increases from baseline in each stage of CKD 
 [46] . In patients undergoing open heart surgery with AKI, urine catalytic iron levels are highly 
correlated with urine NGAL levels  [47] . The difference in AUROC values of NGAL between 
SHRs and humans may be due to the young age of SHRs (5 months old) in an animal model 
used by Rouse et al.  [6];  therefore, the level of NGAL may not yet reflect severely worsening 
AKI. In contrast, older SHRs, at 14–16 months of age, may have higher levels of NGAL due to 
the loss of a renal functional reserve and contrast-induced acute deterioration of renal 
function. Therefore, we propose that older SHRs may be a better model for the evaluation of 
the interaction between CRS and CI-AKI. In addition, the appearance of NGAL occurs earlier 
in humans (2, 4, 6, 8, and 24 h after contrast administration) than in SHRs (72 h).
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  Interestingly, NGAL induces cardiomyocyte apoptosis via a pathway of elevated intracel-
lular iron levels and  Bax  translocation  [48] . This is consistent with findings in the SHR model 
with CI-AKI, which showed that cardiomyocyte apoptosis is associated with increased NGAL 
as well as increased  Bax  immunoreactivity  [3, 12] . Thus, NGAL is likely to act as a link between 
CI-AKI and acute heart failure in type 3 CRS. In addition, NGAL is actively upregulated and 
secreted in response to free catalytic iron that is both intracellular and extracellular as a 
result of cell damage and release from binding proteins in the electron transport chain, mito-
chondria, and structure proteins. Constitutive upregulation of NGAL production can mitigate 
chronic oxidative stress catalyzed by intra- and extracellular catalytic iron  [49] . Interestingly, 
iron chelators like deferiprone were shown to protect kidneys against iron-induced oxidative 
damage in a clinical trial of CI-AKI  [5] .

  The Concept of a Renal Functional Reserve: Insights from the Aging Male SHR 
Model 

  Figure 2  presents our proposed concept of a renal functional reserve in the SHR model 
based on current information  [11–16, 31, 34, 36, 46, 50–52] . In the proposed concept, we 
made 3 scenarios based on the gradual progress of preexisting renal damage: (1) decline 

 Table 2. Comparison of the NGAL biomarker in SHRs and humans

Study [ref.], year SHRs or humans AUROC1 Note

Rouse et al. [6],
2014

SHRs 0.73 5 SHRs; urinary NGAL, 72 h after exposure to contrast 
medium iohexol

Liebetrau et al.
[39], 2014

Humans 0.94 14 of 128 patients undergoing PCI; urinary NGAL, 1 day 
after PCI

Tasanarong et al.
[43], 2013

Humans 0.84 16 of 130 CKD patients undergoing elective coronary 
procedures; urinary NGAL, at 6 h

Filiopoulos et al.
[40], 2013

Humans 1.00 4 of 47 patients undergoing elective contrast-enhanced 
CT; plasma NGAL, 6 h after contrast administration

Lacquantiti et al.
[41], 2013

Humans 0.99 23 of 60 patients receiving iomeprol; urinary NGAL 
(0.992), serum NGAL (0.995), 8 h after iomeprol 
administration

Alvelos et al. [42],
2011

Humans 0.93 14 of 119 acute HF patients with developing type 1 CRS 
within 48 – 72 h; plasma NGAL

Valette et al. [44],
2013

Humans 0.83 98 patients with sepsis or previous AKI, 30 developed 
CI-AKI; plasma NGAL 0.83 or 0.86, 6 or 24 h after 
contrast administration, respectively; however, the 
discriminative value of plasma NGAL to predict CI-AKI 
and mortality was poor

Okumura et al.
[29], 2014

Humans 0.63 58 of 100 CKD patients undergoing angiographic 
procedures and with deterioration of eGFR; urinary 
NGAL, 2 h after the procedure

Liu et al. [47],
2012

Humans 0.66 39 of 311 patients undergoing diagnostic cardiac 
angiography or PCI; plasma NGAL, 4 h after the 
procedures

CT = Computed tomography; HF = heart failure; PCI = percutaneous coronary interventions. 1 All values 
are indicated by the AUROC; a rough guide for classifying the accuracy of a diagnostic test is the traditional 
academic point system: AUROC 0.90 – 1.0 = excellent; 0.80 – 0.90 = good; 0.70 – 0.80 = fair; 0.60 – 0.70 = poor, 
and 0.50 – 0.60 = fail. 
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of a renal functional reserve at the age of 10–12 months; (2) loss of a renal functional 
reserve at the age of 14–16 months, and (3) acute deterioration of renal function (acute 
renal failure) after iodinated contrast exposure. The first and second scenarios represent 
background kidney injury before contrast exposure. Mild contrast exposure in SHRs results 
in kidney injury but not total loss of renal function. Therefore, SHRs with mild contrast 
exposure can serve as a model for subclinical CI-AKI  [46] . On the other hand, moderate or 
heavy contrast exposure in SHRs results in complete loss of renal function. Therefore, 
SHRs with moderate-to-heavy exposure can serve as an animal model for clinically overt 
CI-AKI.

  Can Characteristics of the SHR Translate to Patients with CRS Type 1 and 3? 

 Some may argue that characteristics of the SHR may not translate to patients with CRS 
type 1 and 3 in terms of sympathetic nervous system (SNS) activation and renin status. The 
incidence of hypertension is believed to increase with age and to be related to age-associated 
SNS changes  [53] . In older hypertensive subjects, the plasma norepinephrine metabolic 
clearance rate is increased, and systemic SNS activity tends to be increased  [54] . An increase 
in SNS activity has been reported in the initiation of hypertension in human essential hyper-
tension  [54, 55] . Likewise, in male SHRs, increased SNS activity is related to the development 
of hypertension  [56–59] . In the SHR, the activity of the renin-angiotensin system is also 
increased  [21] . SHRs (13 and 35 weeks old) with established hypertension develop a persistent 
high-renin state which may be similar to that observed in 9–16% of essential hypertensive 
patients  [60] .

Old SHR (10–12 months)

The potential of preclinical AKI, CRS The potential of clinical CI-AKI,
type 1 CRS

Preexisting renal damage: ED ,
ROS , NO , susceptibility , renin-
angiotensin system , renal
vasoconstriction in preglomerular
arterioles

Deterioration of baseline renal
function parameters (sCr , eGFR ,
renal blood flow , filtration
fraction , dysfunction of micro-
circulation

Decline of renal
functional reserve

Older SHR (14–16 months)

Preexisting renal damage: ED ,
ROS , NO . Bioavailability of
NO , renal vascular resistance ,
advanced organic, overactive
adrenergic and sympathetic 
nerve activity

Renal dysfunction parameters
(sCr, eGFR) , chronic hemo-
dynamic abnormality, kidney 
injury biomarker Kim-1

Loss of renal
functional reserve

Iodinated contrast exposure

Renal parenchymal hypoxia- 
induced toxic injury. ROS-
mediated cellular injury and 
vascular endothelial injury.
ED reduces eGFR.

The kidney is unable to adapt to
hemodynamic and chemotoxic
stressors, loss of regenerative
capabilities of the tubules, acute
kidney biomarker NGAL

Acute
deterioration of 

renal function

  Fig. 2.  Renal functional reserve and clinical relevance: insights from an aging male SHR model. 
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  Conclusions 

 The aging male SHR develops spontaneous cardiac and renal damage that progresses 
with age, increasing the susceptibility to the cardiorenal damaging effects of contrast media. 
Thus, the aging male SHR provides a laboratory tool for the evaluation of the interaction 
between CI-AKI and CRS type 1 and 3 and the discovery of the novel biomarker NGAL for 
CI-AKI.
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