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Acute kidney injury (AKI) is a frequent and serious clinical
condition which is associated with poor outcomes, including
high mortality rate. Classically, it was considered as an
acute condition, potentially reversible with full restitution
if patient survives the acute phase of the disease. However,
recent epidemiologic and observational studies underscore
the association of an episode of AKI with long-term adverse
outcomes such as chronic kidney disease, end-stage renal
disease, cardiovascular events, and premature death.

The increasing incidence of AKI, the association with
severe in-hospital complications and long-term outcomes
and death, the rise in costs, and the potentially preventable
nature of AKI make it as a major public health issue,
raising the interest of investigators in the field. Focusing on
avoidance of the syndrome or its complications, the burden
of the disease that is estimated in more than 13 million
people/year all around the world could be effectively reduced.

In this special issue devoted to AKI, the potential pro-
tective effects of diverse interventions were explored in five
basic research studies. Y.-Y. Chen et al. explored the effect
of 2-methoxyestradiol against ischemia/reperfusion injury.
The protective effect of the angiotensin-receptor blocker
olmesartan in rats exposed to tacrolimus is addressed by N.
O. Al-Harbi et al. The influence of acute superoxide radical
scavenging on systemic hemodynamic and kidney function
was investigated by Z. Miloradović et al. in a model of
induced postischemic AKI. Z. O. Ibraheem et al. evaluated
the impact of high fructose feeding in ratmodel of gentamicin
induced nephrotoxicity. Finally,W. Zhang et al. addressed the

feasibility and efficacy of hypoxia preconditioning to enhance
MSC-based therapy of AKI.

Contrast induced nephropathy (CIN) was addressed in
three clinical studies. The beneficial effect of atorvastatin and
rosuvastatin administered at high doses and before iodinated
contrast administration was addressed by M. Peruzzi et
al. concluding that they have a consistent and beneficial
preventive effect on CIN andmay actually halve its incidence.
The incidence of CI-AKI and ERD in patients who received
iodixanol (isoosmolar) versus iohexol (low-osmolar) during
angiography for cardiac indication was examined by H.-
R. Chua et al. who found advanced age, emergent cardiac
conditions, and critical illness as stronger predictors of CI-
AKI. J. Malyszko et al. sought cytokine midkine as a potential
early marker of renal injury after contrast administration.

In a series of critically ill patients with AKI, C.-M. Zheng
et al. found that anion gap value predicts short-termmortality
in patients with metabolic acidosis and AKI, whereas the
strong ion gap value predicts both short-term and long-term
mortality among such patients. Dr. H. E. Liu et al. explored
genetic polymorphisms of ERCC1 and TP53 as risk factors
for cisplatin- and carboplatin-induced nephrotoxicity. Dr. B.
B. Albino et al. wondered whether the duration of extended
dialysis was associated with complications in AKI patients.

The frequency of TGF-𝛽 and IFN-𝛾 genotype as risk
factors for AKI and death in ICU patients is explored by
C. C. Grabulosa et al. who found no association with these
outcomes. S. N. Fernández et al. compared the efficacy of
heparin and citrate for anticoagulation in critically ill children
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on CRRT and found that citrate is a safe and effective
anticoagulation method. In a large cohort of AKI patients V.-
C. Wu et al. found a decreasing risk of long-term ESRD and
mortality in patients surviving an episode of AKI-requiring
dialysis, AKI nonrequiring dialysis, and no AKI, respectively.

Finally, pathophysiology of cisplatin-induced AKI and
nephrotoxicity of contrast media were reviewed by A. Ozkok
and C. L. Edelstein and M. Andreucci et al., respectively.

We hope this special issue on AKI collaborates in raising
the awareness on this clinical condition that challenges not
only nephrologists and intensivists who mostly deal with
patientswithAKI but also primary care physicians, clinicians,
surgeons, radiologists, and those who are “in the right place
at the right time” to prevent the onset of AKI or, even more,
the disease leading to AKI.

Raúl Lombardi
Emmanuel A. Burdmann

Alejandro Ferreiro
Fernando Liaño
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We tested the hypothesis whether midkine could represent an early biomarker of contrast-induced acute kidney injury (CIAKI)
in 89 patients with normal serum creatinine undergoing PCI. Midkine, serum and urinary NGAL, and cystatin C were evaluated
before and 2, 4, 8, 24, and 48 hours after PCI using commercially available kits. Serum creatinine was assessed before and 24 and
48 hours after PCI. We found a significant rise in serum midkine as early as after 2 hours (𝑃 < 0.001) when compared to the
baseline values. It was also significantly higher 4 hours after PCI and then returned to the baseline values after 24 hours and started
to decrease after 48 hours. When contrast nephropathy was defined as an increase in serum creatinine by >25% of the baseline
level 48 hours after PCI, the prevalence of CIN was 10%. Patients with CIN received significantly more contrast agent (𝑃 < 0.05),
but durations of PCI were similar. Midkine was significantly higher 2, 4, and 8 hours after PCI in patients with CIN. Since the
“window of opportunity” is narrow in CIAKI and time is limited to introduce proper treatment after initiating insult, particularly
when patients are discharged within 24 hours after the procedure, midkine needs to be investigated as a potential early marker for
renal ischemia and/or nephrotoxicity.

1. Introduction

Midkine (MK; gene name, Mdk), a heparin-binding growth
factor, regulates cell growth, cell survival, migration and
antiapoptotic activity in nephrogenesis, and development [1].
In addition, MK is involved in inflammation, as revealed by
in vivo studies on arterial restenosis [2], rheumatoid arthritis,
ischemic renal injury [3], and cisplatin-induced tubuloin-
terstitial [1], and diabetic nephropathy [4]. In the kidney,
MK is expressed in both proximal tubular cells and distal
tubular epithelial cells [3] and to a lesser extent in endothelial
cells [4] and is induced by oxidative stress through the
activation of hypoxia-inducible factor-1a [3].The pathophysi-
ological roles ofMK are diverse, ranging from the occurrence

of acute kidney injury (AKI) to progression of chronic kidney
disease, often accompanied by renal ischemia and diabetic
nephropathy [5, 6]. AKI develops as an important and poten-
tially devastating complication with severe hypertension,
and its incidence has been reported to vary from 5% in
hospitalized patients to 30–50% in intensive care units in the
past two decades [7, 8]. Renal ischemia, one of the major
causes of AKI, has been intensely linked with damage in
various organs through the interorgan interactions involving
the kidney by several chemokines [9].

Since interventional cardiologists are being asked more
frequently to perform percutaneous coronary intervention
(PCI) on increasing numbers of patients, contrast nephropa-
thy (CIN), a form of acute kidney injury, is a potentially
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serious complication [10, 11]. Peak creatinine typically occurs
3 to 5 days after contrast administration and returned to
baseline (or a new baseline) in 1 to 3 weeks [10], when patients
are discharged from the hospital. Unfortunately, creatinine
is an unreliable indicator during acute changes in kidney
function [12]. In current research, several candidates have
been proposed as early detection markers of acute renal
failure. Some estimate glomerular filtration rate (cystatin C);
some reflect renal injury (actin, kidney injury molecule-1,
etc.), and others show inflammation associated with acute
renal failure (interleukins 6, 8, and 18) [13–15]. In our previous
study we reported a rise in serum NGAL after 2 and 4 hours,
and a rise in urinaryNGAL after 4 and 12 hours after PCI [16].

Taking all these data into consideration, we designed
a prospective trial to test the hypothesis whether midkine
could represent an early biomarker of contrast nephropathy
in patients with normal serum creatinine.We also investigate
the eventual relation with the type of coronary intervention
and prevalence of contrast nephropathy in this population.

2. Methods

The study was performed on 89 consecutive patients under-
going elective PCI due to stable angina (II/III CCS class).
We excluded patients with preexisting chronic kidney disease
(more than 1.5mg/dL in males and less than 1.2mg/dL in
females) and chose populationwith normal serum creatinine,
since in patients with impaired renal function we are aware of
CIN. None of the patients investigated had received nephro-
toxic drugs at least 1 week before and during the study period.
All the patients were informed about the aim of the study
and gave their consent; the protocol was approved by the
local Ethics Committee. All the clinical and biochemical data
are given in Table 1. In all the patients 24 h before PCI all
the nephrotoxic drugs (NSAIDs, diuretics, and biguanide
derivatives in diabetic patients) were withdrawn and ACE
inhibitors were either withdrawn (when blood pressure
permitted) or halved 24 hours before the procedure. All the
patients admitted to the department of invasive cardiology
were recommended to drink about 2 liters of still water within
24 hours periprocedurally, ideally 1 liter before PCI and 1 liter
within 2 hours after as reported previously [17].

Low-osmolal contrast agent was used in all patients
(iodixanol). All the patients were on statins and ACEi. Serum
midkine, serum and urinary NGAL, and serum cystatin C
were evaluated before and after 2, 4, 8, 24, and 48 hours
after PCI. Serum creatinine and urea were assessed before
PCI and 24 and 48 hours after the procedure. Hemoglobin,
hematocrit, uric acid, cholesterol, HDL, triglycerides, fast-
ing glucose, ejection fraction, and LVIDd (left ventricular
internal end-diastolic dimension) were studied at admission.
Serum creatinine was measured by the standard laboratory
method (Jaffe) in the one central laboratory at the University
Hospital. We assessed kidney function according to the sim-
plified MDRD [18], Cockcroft-Gault [19], and CKD-EPI [20]
formulae. NGAL was evaluated using commercially available
ELISA from ANTIBODYSHOP (Gentofte, Denmark). All
tests were performed according tomanufactures’ instructions

Table 1: Basal clinical characteristics in patients undergoing elective
PCI.

Parameters Number and percentage
Age (years) 63.05 ± 12.06
BMI (kg/m2) 24.87 ± 6.89
SBP (mmHg) 136.13 ± 32.02
DBP (mmHg) 91.09 ± 17.87
Hemoglobin (g⋅dL) 15.03 ± 2.67
Hematocrit (%) 41.23 ± 7.65
HbA1c (%) 5.02 ± 2.07
Albumin (g/L) 3.87 ± 0.67
Urea (mg/dL) 44.23 ± 22.05
Creatinine (mg/dL) 1.05 ± 0.36
Cockcroft-Gault formula (mL/min) 64.76 ± 24.87
MDRD equation (mL/min/1.72m2) 81.89 ± 27.65
CKD-EPI (mL/min/1.72m2) 83.76 ± 29.76
Cholesterol (mg/dL) 172.89 ± 54.07
HDL (mg/dL) 44.07 ± 14.34
Triglycerides (mg/dL) 212.65 ± 67.82
Uric acid (mg/dL) 5.32 ± 1.73
Fasting glucose (mg/dL) 109.76 ± 59.52
Ejection fraction (%) 44.54 ± 18.24
LVIDd (left ventricular internal
end-diastolic dimension) (mm) 4.29 ± 1.94

Duration of PCI (mins) 56.29 ± 24.54
Contrast volume (mL) 168.92 ± 85.45
Hypertension 80/89
Diabetes 37/89

by the same person. Serum midkine was measured using
commercially available kits from Biovendor, Austria. Data
givenwere analyzed using Statistica 10.0. ANOVAorKruskal-
Wallis ANOVA and Kruskal-Wallis ANOVA for repeated
measurements were used in statistical analysis with 𝑃 < 0.05
considered statistically significant, when appropriate.

3. Results

Clinical and biochemical characteristics of the population
studies are presented in Table 1. In the whole group studied
we found a significant rise in serummidkine as early as after 2
hours (𝑃 < 0.01) when compared to the baseline values. It was
also significantly higher 4 hours after PCI (𝑃 < 0.05) then
returned to the baseline values after 24 hours and started
to decrease after 48 hours (Table 2). Serum NGAL increased
after 2, 4, and 8 hours and in urinary NGAL after 4, 8, and 24
hours after PCI. We found a significant rise in serum NGAL
after 2, 4, and 8 hours and in urinary NGAL after 4, 8, and 24
hours after PCI. Serum cystatin C increased significantly after
8 hours, reaching peak 24 hours after PCI, and then decreased
after 48 hours. When contrast nephropathy was defined
as an increase in serum creatinine by >25% of the baseline
level 48 hours after PCI, the prevalence of CIN was 10%.
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Table 2: Kidney function assessed by serum and urinary NGAL, serum and urinary creatinine, and cystatin C in 89 patients undergoing PCI.

Before coronary
angiography Two hours Four hours Eight hours 24 hours 48 hours

Serum NGAL
(ng/mL) 103.26 ± 63.37 125.82 ± 67.34∗ 139.70 ± 87.65∗ 119.76 ± 71.5 117.34 ± 66.65 98.56 ± 46.89

Urinary
NGAL
(ng/mL)

0
(0.0; 9.1)

1.2
(1.5; 14.0)

3.8
(4.8; 20.6)∗

4.1
(5.8; 32.3)∗

1.7
(2.7; 18.3)

0
(0; 8; 4)

Cystatin C
(mg/L) 1.55 ± 1.06 1.69 ± 1.07 2.09 ± 1.17 1.99 ± 1.26 2.59 ± 1.05∗∗ 1.80 ± 1.07

Creatinine
(mg/dL) 1.05 ± 0.36 ND ND ND 1.25 ± 0.49 1.18 ± 0.38

Midkine
(ng/mL)

0.50
(3.81; 1.10)

2.46
(0.39; 10.45)∗∗

0.98
(0.35; 1.12)∗

0.51
(0.31; 1.10)

0.48
(0.30; 0.95)

0.45
(0.31; 0.72)

Data given are means ± SD or medians and interquartile ranges.
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01 versus baseline.
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Figure 1: Midkine in patients with CIN (after 2 hours 𝑃 < 0.001,
after 4 hours 𝑃 < 0.01, and after 8 hours 𝑃 < 0.05 versus baseline).

Patients with CIN received significantly more contrast agent
(206.76 ± 108.76mL versus 168.43 ± 69.43mL, 𝑃 < 0.05), but
duration of PCI was similar.

Midkine was significantly higher 2, 4, and 8 hours after
PCI in patients with CIN (Figure 1), while NGAL levels were
significantly higher in patients with CIN starting 2 hours after
PCI (serum NGAL) or 4 hours (urinary NGAL). Cystatin C
was higher only 8 and 24 hours after PCI in patients with CIN
(data not shown).

Midkine correlated in univariate correlation with time of
PCI (𝑟 = 0.43, 𝑃 < 0.01), amount of contrast agent (𝑟 = 0.26,
𝑃 < 0.05), systolic blood pressure (𝑟 = 0.30, 𝑃 < 0.05), pres-
ence of diabetes (𝑟 = 0.25, 𝑃 < 0.05), serum creatinine (𝑟 =
0.29, 𝑃 < 0.05), and urea (𝑟 = 0.25, 𝑃 < 0.05). In addition,
midkine 2 hours after PCI correlatedwith serumNGAL at the
same time point (𝑟 = 0.27, 𝑃 < 0.05), 24 hours after PCI with

NGAL at the same time point (𝑟 = 0.28, 𝑃 < 0.05), and 48
hours after PCI with NGAL at the same time point (𝑟 = 0.70,
𝑃 < 0.001).

4. Discussion

We have found that midkine is a sensitive marker of renal
injury after contrast administration in low-risk patients
undergoing percutaneous coronary interventions. We found
a significant rise in serum midkine as early as after 2 hours
(𝑃 < 0.001) when compared to the baseline values. It was also
significantly higher 4 hours after PCI then returned to the
baseline values after 24 hours and started to decrease after 48
hours. Midkine is multifunctional heparin-binding growth
factor with various biological roles including inflamma-
tion [20]. Role of midkine in inflammatory process such
as ischemic kidney injury was studied by Sato et al. [3].
Contrast nephropathy is a generally reversible form of acute
kidney injury (AKI) that occurs soon after the administration
of radiocontrast media [10] Pathophysiological processes
thought to contribute to the development of CIAKI include
renal vasoconstriction leading to medullary ischemia, direct
tubular cytotoxicity of contrast, and the generation of reactive
oxygen species which contribute to cell damage [11].

During renal ischemia, depletion of energy in renal
epithelial cells occurs and affects various beneficial and
deleterious life systems. It is responsible for disruption of the
cytoskeleton and cell polarity and cell death, or it may indi-
rectly induce chemotaxis through the activation of various
kinds of cells such as endothelial cells and leukocytes. In addi-
tion, necrosis and autophagy occur after ischemic reperfusion
injury. Midkine promotes the migration of neutrophils and
macrophages but is expressed at very low levels in proximal
tubules. However, after ischemic reperfusion midkine is
immediately induced in the proximal tubules. This leads to
the upregulation of macrophage inflammatory protein-2 for
neutrophils andmonocyte chemotactic protein- (MCP-) 1 for
macrophages [3, 21]. Eventually, infiltrated inflammatory cells
cause severe tubulointerstitial injury. Midkine inhibition can
prevent the migration of inflammatory cells to the injured
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epithelial layer, reducing the severity of renal damage. It was
showed by Sato et al. [3] in midkine-deficient mice. In these
animalsmigration of inflammatory cells to the epithelial layer
was diminished and thus renal injury was less severe. Their
results indicate that midkine enhances migration of inflam-
matory cells on ischemic injury of the kidney directly and
also through induction of chemokines and contributes to the
augmentation of ischemic tissue damage.

Current kidney injury biomarkers, especially creatinine
and protein in urine, are inadequate and other conventional
biomarkers as urinary casts and fractional sodium excretion
have been found insensitive and nonspecific for the early
detection of AKI. Similarly other traditional biomarkers
detected in urine such as filtered low-molecular weight
proteins, tubular proteins, or enzymes have also suffered from
lack of specificity and standardized assays.Thus, different uri-
nary and serumproteins have been intensively investigated as
possible biomarkers for the early diagnosis of AKI. As tubular
injury, due to direct cytotoxic effects or in association with
the generation of oxygen free radicals, contributes to contrast
nephropathy, we hypothesized that midkine may serve as a
potential marker of acute kidney injury.

In addition we took into account the fact that midkine is
also expressed at a very low level [22] in veins and arteries
under healthy conditions. We studied patients with coronary
artery disease. Atherosclerosis is a chronic inflammatory
disease of large- and medium-sized arteries characterized
by endothelial dysfunction and subsequent plaque formation
of the vascular wall. During PCI an injury to the endothe-
lium may lead to increased midkine expression, as it was
shown in different animal models [2, 23]. It was reported
that macrophages infiltrating the injured vascular wall after
stenting have been found to be a major source of midkine,
whereas freshly isolated monocytes did not express MK [22].
From the clinical perspective, during PCI vessel injury is
followed by an inflammatory response causing neointima
formation which may lead to restenosis after intervention. In
experimental animals, neointima formationwas almost com-
pletely absent in midkine-deficient mice relative to control
mice [2]. However, intra-arterial administration of recombi-
nant MK restored neointima formation [2].

Vascular restenosis occurred at a high rate in patients
who receive vascular reconstruction using procedures such
as ballooning, stenting, and grafting, performed in the
invasive cardiology or cardiac surgery units. This was the
rationale to introduce dual antiplatelet therapy to prevent
such complications. Early restenosis was more prevalent with
bare metal stents, while late restenosis (after 12 months) was
more prevalent with drug-eluting stents. Target lesion revas-
cularization ranged from 5% to 35%, stent thrombosis from
0% to 9%, and mortality rate from 0% to 8% [24]. The
formation of neointima is the basic lesion, and midkine
expression is induced in this lesion and midkine promotes
migration of inflammatory cells and smoothmuscle cells, and
this activity is thought to cause neointima formation. Thus
the rise in serummidkine could be attributed to both tubular
injury and endothelium injury in coronary arteries. However,
the proportions are unknown. Similar situations were
reported for NGAL; it was considered as renal troponin, but

it was also present in the atherosclerotic plaques [25]. We
might speculate as in the case of NGAL that the substantial
amount of midkine comes from kidney not from coronary
artery endothelium. However, further studies are needed to
prove or disprove this hypothesis.

As we stressed in the recent review, kidney-specific
biomarkers have seen very limited clinical application [26],
despite availability for clinical use in several regions world-
wide; however, they appeared earlier than serum creatinine.
In contrast nephropathy the “window of opportunity” is nar-
row and time is limited to introduce proper treatment after
initiating insult, particularly when patients are discharged
within 24 hours after PCI. In addition, lack of biomarkers
delays our ability to institute effective therapy. However,
we are far advanced in the search for “the troponin of the
kidney”; however, we should be aware that acceptance of
troponin as a cardiac marker was also a long process and now
with these new cardiac biomarkers we change the paradigms
shift. Time for kidney troponin(s) is to come, the sooner, the
better for our patients. Whether midkine might help us to
diagnose contrast nephropathy, time will bring us an answer.
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Contrast-induced nephropathy is a common complication of iodinated contrast administration. Statins may reduce the risk of
contrast-induced nephropathy, but data remain inconclusive. We summarized the evidence based on statins for the prevention of
contrast-induced nephropathy with a network meta-analysis. Randomized trials focusing on statins were searched and pooled
with random-effect odds ratios. A total of 14 trials (6,160 patients) were included, focusing on atorvastatin (high/low dose),
rosuvastatin (high dose), simvastatin (high/low dose), and placebo or no statin therapy before contrast administration. The risk
of contrast-induced nephropathy was reduced by atorvastatin high dose and rosuvastatin high dose, with no difference between
these two agents. Results for atorvastatin low dose and simvastatin (high/low dose) in comparison to placebo were inconclusive.
Atorvastatin and rosuvastatin administered at high doses and before iodinated contrast administration have a consistent and
beneficial preventive effect on contrast-induced nephropathy and may actually halve its incidence.

1. Introduction

Iodinated contrast-induced nephropathy (CIN) is an impor-
tant cause of hospital-acquired acute renal injury [1].
Patients with acute coronary syndrome (ACS) and/or base-
line renal dysfunction, as well as those undergoing per-
cutaneous coronary intervention (PCI), are at particu-
larly high risk of CIN, which, when occurring, may be
followed by persistent worsening of renal function [2,
3]. To date, there have been many studies focusing on
the pathophysiology, epidemiology, risk prognostication,

and prevention of CIN. Yet, the pathophysiology of CIN
remains unclear but may be related to direct renal tubu-
lar toxicity, vasoconstriction, and high oxidative stress
[4, 5].

Statins are primarily used in cardiovascular medicine
for their lipid-lowering effects. However, they have recently
been shown to possess remarkable pleiotropic effects such
as improving endothelial function as well as decreasing
oxidative stress and inflammation [6]. In the context of
cardiovascular disease, nitric oxide-derived oxidant species
that promote atherogenesis are suppressed by statins [7].
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Therefore, statins are considered as promising candidate
agents for the prevention of CIN.

A number of studies have shown that statins may have
a protective effect on CIN, but there remains uncertainty
regarding time and way of administration of statins and it is
not clear whether a specific statin is better than the others.
Pairwise meta-analyses combine the results of homogeneous
studies conducted on the same topic, whereas network meta-
analyses evaluate simultaneously both direct and indirect
comparisons across trials sharing one or more common
comparators [21–23]. The purpose of our work was thus to
perform a systematic review including both pairwise and
network meta-analysis in order to evaluate more accurately
the effect of statins compared to placebo or standard therapies
for the prevention of CIN.

2. Methods

2.1. Design. The present review was conducted in keeping
with the current guidelines from the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
group and from the Cochrane Collaboration. All reviewing
activities were conducted by two independent reviewers (MP,
GBZ), with divergences solved after consensus.

2.2. Search. MEDLINE/PubMed was searched for suitable
studies according to Biondi-Zoccai et al., with the following
substring: [24] (statin∗ OR atorvastatin OR rosuvastatin OR
simvastatin OR lovastatin OR fluvastatin) AND (contrast
AND (nephropathy OR ((renal OR kidney) AND (injury
OR damage)))). In addition, the Cochrane Library, Google
Scholar, and Scopus were searched for additional studies. No
language restriction was enforced in order to minimize the
risk of publication bias, actually leading to the inclusion of
a study published only in Chinese [8]. Searches were last
updated on November 14, 2013, with the exception of the
MEDLINE/PubMed query, which was last performed on July
15, 2014.

2.3. Selection. Citations were initially screened at the
title/abstract level. If potentially pertinent, they were then
retrieved as full texts. Studies were included if randomized,
allocating one ormore groups to statin therapy and reporting
dichotomous outcomes relevant to the assessment of CIN.
Accordingly, studies were excluded if not randomized,
duplicated, focusing on nonstatin strategies, or lacking
suitable outcome details.

2.4. Abstraction and Validity. Study, patient, and procedural
features were systematically extracted, with a particular focus
on treatment strategy, type and volume of contrast, and CIN-
related outcomes. The primary endpoint was the occurrence,
at the longest in-hospital follow-up, of CIN, defined as a rela-
tive increase in serumcreatinine≥25%or an absolute increase
in serum creatinine ≥0.5mg/dL (44 𝜇mol/L), typically 48–72
hours after the index procedure. In addition, the following
endpoints were also collected at the longest in-hospital
follow-up: absolute increase in serum creatinine ≥0.5mg/dL

(44 𝜇mol/L); relative increase in serum creatinine ≥25%.
Conversely, the longest available clinical follow-up (thus
well beyond hospitalization, when available) was exploited
to abstract data on all-cause death and need for dialysis
or renal replacement therapy. Study validity was appraised
in keeping with ongoing recommendations distinguishing
several sources of bias typical of randomized trials [23].

2.5. Analysis. Categorical variables are described as n (%) and
continuous variables as median. Pairwise meta-analysis was
performed within a frequentist framework, computing odds
ratios (OR, 95% confidence intervals) by means of a Mantel-
Haenszel random-effect method [21]. Network meta-analysis
was performedwithin a Bayesian framework computing odds
ratios (95% credible intervals) and probability of being best
of any given treatment (Pbest) with a fixed-effect hierarchical
model, sampling posterior probabilities by means of Markov
chain Monte Carlo (MCMC) methods with Gibbs sampling
from 150,000 iterations obtained after a 50,000-iteration
training phase [22, 23]. Convergence was appraised graph-
ically according to Gelman and Rubin, and noninformative
priors were used throughout. A fixed-effect model was used
for network meta-analysis based on the star-shaped evidence
network, which is typically analyzed with such an approach,
and after having confirmed that model fit was not different
from a random-effect and a fixed-effect model computing
values for deviance information criterion (DIC). Pairwise
heterogeneity was appraised with chi-squared tests, whereas
network inconsistency was evaluated comparing the results
stemming from consistent and inconsistent models [21, 23].
Small study effects (e.g., publication bias) were explored
by visual inspection of funnel plots. Computations were
performed with RevMan and WinBUGS [23].

3. Results

From an initial set of 33,030 citations retrieved frommultiple
databases, a total of 30 articles were analyzed as full reports
according to our explicit selection criteria, finally yielding 14
studies eligible for inclusion in our review (Figure 1). These
trials included a total of 6,160 patients, according to the
following evidence network (Figures 2 and 3; Tables 1, 2, 3,
and 4): 4 studies (706 subjects) compared atorvastatin high
dose with atorvastatin low dose [8, 10, 14, 20], 5 studies (1246
subjects) compared atorvastatin high dose with placebo or
standard therapy without statins [13, 15–18], 1 study (192 sub-
jects) compared atorvastatin high dosewith rosuvastatin high
dose [11], 2 studies (3541 subjects) compared rosuvastatin
high dose with placebo or standard therapy without statins
[4, 12], 1 study (247 subjects) compared simvastatin high dose
with placebo or standard therapy without statins [9], and 1
study (228 subjects) compared simvastatin high dose with
simvastatin low dose [19].

Studies were clinically diverse, being conducted in Asia
and Europe, and included patients with diabetes mellitus
(median prevalence 23%) or mild to moderate chronic
kidney disease (median baseline serum creatinine 1.0mg/dL 1
(88 𝜇mol/L)). Several types of iodinated contrast media were
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33,030 initial citations: 
12 in CENTRAL

151 in MEDLINE/PubMed
1,867 in Scopus 

33,000 excluded because not 
pertinent 

31,000 in Google Scholar 

30 retrieved as full reports

16 excluded because not
fulfilling the selection criteria:
6 commentaries
2 lacking outcome data
4 observational studies
1 post hoc analysis
3 reviews

14 RCTs included in review

Figure 1: Review profile.
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Figure 2: Evidence network. Continuous lines represent head-to-head randomized comparisons (the thickness of the line corresponding to
the number of trials) with both direct and indirect effect estimates, whereas dashed lines represent only indirect effect estimates.The thickness
of the rectangles corresponds to the patients receiving a specific treatment.

used, including iobitridol, iodixanol, iohexol, iopamidol, and
iopromide (median volume 161mL). Study quality was ade-
quate inmost cases, but satisfactory details on randomization
procedures and thorough double blinding were present only
for 5 trials [9, 13, 16–18].

Pairwise meta-analysis for CIN was first conducted
to explore for overall clinical effects (online Figures
1–13 in Supplementary Material available online at

http://dx.doi.org/10.1155/2014/213239). These computations
showed that statins at high dose were associated with a
reduced risk of CIN (OR = 0.47 (95% confidence interval
0.37–0.60), P for effect <0.001, P for heterogeneity = 0.59, and
I-squared = 0%), of an absolute increase in serum creatinine
≥0.5mg/dL (OR = 0.57 (0.32–1.02), P for effect = 0.06, P for
heterogeneity = 0.26, and I-squared = 25%), and of a relative
increase in serum creatinine ≥25% (OR = 0.35 (0.17–0.69), P
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Figure 3: Forest plot summarizing risk estimates stemming from network meta-analysis comparing different statin regimens for the risk of
contrast-induced nephropathy. OR = odds ratio; CI = confidence interval; SE = standard error.

Table 1: Included studies.

First author Year Journal Patients Multicenter
setting Location Follow-up

(days) Selection criteria

Cao [8] 2012 Nan Fang Yi Ke Da
Xue Xue Bao 180 No China 3

ACS undergoing coronary
angiography or PCI without renal
failure

Han [4] 2013
Journal of the

American College of
Cardiology

2998 Yes China 30 Type 2 DM and stage 2-3 CKD

Jo [9] 2008 American Heart
Journal 247 Yes Korea 180 CKD, statin naive, undergoing

coronary angiography

Jo [10] 2014
Journal of

Cardiovascular
Medicine

218 Yes Korea 180 STEMI undergoing emergency PCI
irrespective of renal dysfunction

Kaya [11] 2013 Acta Cardiologica 192 No Turkey 2 STEMI undergoing emergency PCI
without renal dysfunction

Leoncini [12] 2014
Journal of the

American College of
Cardiology

543 No Italy 180
NSTE-ACS, statin naive, selected for
early invasive strategy, without acute
or end-stage renal failure

Li [13] 2012 Cardiology 161 No China 30 STEMI undergoing emergency PCI
without renal dysfunction

Li [14] 2014 Scientific World
Journal 208 No China 1 Patients undergoing coronary

angiography or angioplasty

Özhan [15] 2010 Angiology 130 No Turkey 2

Patients undergoing coronary
angiography without renal
insufficiency (serum creatinine
<1.5mg/dL)

Patti [16] 2011 American Journal of
Cardiology 241 Yes Italy 2 NSTE-ACS, statin naive, receiving

early PCI

Quintavalle [17] 2012 Circulation 410 Yes Italy 365 CKD, statin naive, scheduled for
elective coronary angiography or PCI

Toso [18] 2010 American Journal of
Cardiology 304 No Italy 30 CKD, statin naive, without end-stage

renal failure requiring dialysis

Xinwei [19] 2009 American Journal of
Cardiology 228 No China 7 ACS undergoing PCI

Zhou [20] 2009 Zhonghua Xin Xue
Guan Bing Za Zhi 100 No China 3 Coronary angiography or PCI

ACS = acute coronary syndrome; CKD = chronic kidney disease; DM = diabetes mellitus; NSTE-ACS = non-ST-elevation ACS; PCI = percutaneous coronary
intervention; STEMI = ST-elevation myocardial infarction.
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Table 2: Patient and procedural features.

First author Year Experimental therapy Control
therapy

Contrast
type

Median
contrast
volume

Age
(years)

Diabetes
mellitus

Baseline
serum

creatinine
(mg/dL)

Cao [8] 2012
Atorvastatin 40mg/day started 3
days before angioplasty followed
by atorvastatin 20mg/day

Atorvastatin
20mg/day NA 161 63 20% NA

Han [4] 2013
Rosuvastatin 10mg/day from 2
days before to 3 days after
contrast

No statin Iodixanol 115 61 100% 1.1

Jo [9] 2008

Simvastatin 40 + 40mg before
angiography followed by
simvastatin 40 + 40mg
afterwards

Placebo Iodixanol 182 65 26% 1.2

Jo [10] 2014

Atorvastatin 80mg before
angiography followed by
atorvastatin 80mg/day for 5 days
and then 10mg/day

Atorvastatin
10mg/day NA NA 60 26% 1.1

Kaya [11] 2013 Atorvastatin 80mg before
angiography

Rosuvastatin
40mg before
angiography

Iopromide 153 63 20% 0.9

Leoncini [12] 2014 Rosuvastatin 40mg at admission
followed by 20mg/day No statin Iodixanol 261 66 21% 1.0

Li [13] 2012
Atorvastatin 80mg at admission
followed by atorvastatin 40mg
after angiography

Placebo Iopromide 102 66 28% 0.9

Li [14] 2014
Atorvastatin 40mg before
angiography, followed by
atorvastatin 40mg/day

Atorvastatin
20mg/day Iopamidol 186 61 24% 0.9

Özhan [15] 2010

Atorvastatin 80mg before
angiography, followed by
atorvastatin 80mg 48 hours after
contrast administration

No statin Iopamidol 95 55 16% 0.8

Patti [16] 2011

Atorvastatin 80mg 12 hrs before
angiography; further 40mg
preprocedure (2 hrs before),
followed by atorvastatin
40mg/day

Placebo Iobitridol 211 66 27% 1.0

Quintavalle [17] 2012

Atorvastatin 80mg (within
24 hrs before contrast exposure),
followed by atorvastatin
20mg/day

No statin Iodixanol 180 70 41% 1.3

Toso [18] 2010
Atorvastatin 80mg 48 hours
before and 48 hours after
contrast administration

Placebo Iodixanol 157 75 21% 1.2

Xinwei [19] 2009

Simvastatin 80mg from
admission to day before PCI,
followed by simvastatin
20mg/day

Simvastatin
20mg/day

Iodixanol
or iohexol 233 65 21% 0.8

Zhou [20] 2009
Atorvastatin 80mg/day before
the procedure, 10mg/day for 6
days after procedure

Atorvastatin
10mg/day for

7 days
Iopamidol 116 61 20% 1.1

NA = not available or applicable.
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Table 3: Internal validity of included studies.

First author Year Inadequate allocation
sequence generation?

Inadequate allocation
concealment?

Inadequate
blinding?

Incomplete
outcome
data?

Selective outcome
reporting?

Risk of
other bias?

Cao [8] 2012 Unclear Unclear Unclear No Yes (lack of some
individual CIN data) No

Han [4] 2013 No No Yes (open label) No Yes (lack of some
individual CIN data) No

Jo [9] 2008 No No No No Yes (lack of some
individual CIN data) No

Jo [10] 2014 No Unclear Yes (open label) No Yes (lack of some
individual CIN data) No

Kaya [11] 2013 Unclear Unclear Yes (open label) No Yes (lack of some
individual CIN data) No

Leoncini [12] 2014 No Yes (open-label list) Yes (open label) No Yes (lack of some
individual CIN data) No

Li [13] 2012 No No No No Yes (lack of some
individual CIN data) No

Li [14] 2014 Unclear Unclear Yes (open label) No Yes (lack of some
individual CIN data) No

Özhan [15] 2010 Unclear Unclear Unclear No Yes (lack of some
individual CIN data) No

Patti [16] 2011 No No No No Yes (lack of some
individual CIN data) No

Quintavalle [17] 2012 No No No No Yes (lack of some
individual CIN data) No

Toso [18] 2010 No No No No Yes (lack of some
individual CIN data) No

Xinwei [19] 2009 No Yes (open-label study) Yes (open label) No Yes (lack of some
individual CIN data) No

Zhou [20] 2009 Unclear Unclear Unclear No Yes (lack of some
individual CIN data) No

CIN = contrast-induced nephropathy.

for effect = 0.003, P for heterogeneity = 0.57, and I-squared
= 0%). In addition, statins at high dose were associated with
trends toward reduced risks of in-hospital dialysis (OR =
0.27 (0.07–1.09), P for effect = 0.07, P for heterogeneity =
1.0, and I-squared = 0%) and death at a median follow-up of
3 months (OR = 0.80 (0.31–2.10), P for effect = 0.65, P for
heterogeneity = 0.61, and I-squared = 0%).

Subsequently, network meta-analysis was performed for
the risk of CIN, distinguishing atorvastatin high dose, ator-
vastatin low dose, rosuvastatin high dose, simvastatin high
dose, and simvastatin low dose. These computations showed
that atorvastatin high dose was the regimen which was most
likely to be beneficial (OR versus placebo= 0.49 (95% credible
interval 0.32–0.74), Pbest = 34%), followed by rosuvastatin
high dose (OR versus placebo = 0.49 (0.34–0.69), Pbest =
34%). Head-to-head comparison of atorvastatin high dose
versus rosuvastatin high dose suggested a very similar effect
(OR = 1.00 (0.61–1.64)). Data for simvastatin high dose were
apparently favorable, but inconclusive (OR versus placebo =
0.66 (0.14–3.04), Pbest = 32%), whereas data for atorvastatin
low dose and simvastatin low dose were clearly not in favor
of clinical use to prevent CIN (resp. OR versus placebo =
1.49 (0.69–3.45), Pbest < 0.1%, and OR versus placebo = 2.25

(0.37–14.61), Pbest = 0.2%). Additional network analyses for
the other CIN endpoints, dialysis, or death were not possible
for the paucity of reported events.

Consistency of pairwise and network analyses was sat-
isfactory, in light of the low I-squared estimates and the
similar results yielded by consistent, inconsistent, fixed-effect,
and random-effect Bayesianmodels. Even sensitivity analysis
excluding the largest study (Han et al.) [4] confirmed in direc-
tion and magnitude of effects the overall analysis (Table 5).
Finally, no clear evidence of small study effects was found at
funnel plot inspection (online Figures 3, 6, 9, 11, and 13).

4. Discussion

This review, the first in the literature exploiting the totality of
the evidence base with the novel mixed treatment compari-
son approach for comparative effectiveness analysis, confirms
that statins at high dose reduce the risk of CIN in patients
undergoing coronary angiography or revascularization with
current iodinated contrast media, with potentially beneficial
effects also on the risk of in-hospital dialysis. Moreover,
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Table 4: Effect estimates for the risk of contrast-induced nephropathy. Results are reported as probability of being treatment (Pbest) and
odds ratios (OR) with 95% credible intervals of a given row item versus a corresponding column item. Thus, OR < 1 indicates lower risk in
the corresponding row item and OR > 1 indicates lower risk in the corresponding column item.

Treatment Atorvastatin
high dose

Atorvastatin low
dose

Rosuvastatin
high dose

Simvastatin
high dose

Simvastatin low
dose

Placebo or no
statin

Atorvastatin
high dose Pbest = 34% OR = 0.33

(0.16–0.63)
OR = 1.00
(0.61–1.64)

OR = 0.69
(0.12–4.35)

OR = 0.22
(0.03–1.35)

OR = 0.49
(0.32–0.74)

Atorvastatin low
dose

OR = 3.05
(1.59–6.21) Pbest < 0.1% OR = 3.85

(1.27–14.29)
OR = 2.86
(0.41–24.39)

OR = 0.67
(0.09–5.01)

OR = 1.49
(0.69–3.45)

Rosuvastatin
high dose

OR = 1.00
(0.61–1.63)

OR = 0.26
(0.07–0.79) Pbest = 34% OR = 0.76

(0.14–4.55)
OR = 0.73
(0.16–3.70)

OR = 0.49
(0.34–0.69)

Simvastatin
high dose

OR = 1.44
(0.23–8.11)

OR = 0.35
(0.04–2.42)

OR = 1.32
(0.22–7.13) Pbest = 32% OR = 0.29

(0.10–0.72)
OR = 0.66
(0.14–3.04)

Simvastatin low
dose

OR = 4.61
(0.74–30.37)

OR = 1.50
(0.20–10.86)

OR = 1.37
(0.27–6.42)

OR = 3.40
(1.38–9.88) Pbest = 0.2% OR = 2.25

(0.37–14.61)
Placebo or
no statin

OR = 2.05
(1.35–3.09)

OR = 0.67
(0.29–1.44)

OR = 2.04
(1.44–2.94)

OR = 1.51
(0.33–7.14)

OR = 0.44
(0.07–2.70) Pbest = 0

Table 5: Effect estimates for the risk of contrast-induced nephropathy excluding the study byHan et al. [4]. Results are reported as probability
of being best treatment (Pbest) and odds ratios (OR) with 95% credible intervals of a given row item versus a corresponding column item.
Thus, OR < 1 indicates lower risk in the corresponding row item and OR > 1 indicates lower risk in the corresponding column item.

Treatment Atorvastatin
high dose

Atorvastatin low
dose

Rosuvastatin
high dose

Simvastatin
high dose

Simvastatin low
dose

Placebo or no
statin

Atorvastatin
high dose Pbest = 20% OR = 0.32

(0.15–0.65)
OR = 1.22
(0.66–2.33)

OR = 0.65
(0.15–3.85)

OR = 0.19
(0.03–1.37)

OR = 0.47
(0.31–0.70)

Atorvastatin low
dose

OR = 3.12
(1.53–6.73) Pbest < 0.1% OR = 3.85

(1.47–11.09)
OR = 2.08
(0.36–14.08)

OR = 0.60
(0.08–4.98)

OR = 1.45
(0.62–3.45)

Rosuvastatin
high dose

OR = 0.82
(0.43–1.51)

OR = 0.26
(0.10–0.68) Pbest = 34% OR = 0.53

(0.12–3.23)
OR = 0.16
(0.02–1.22)

OR = 0.38
(0.22–0.65)

Simvastatin
high dose

OR = 1.54
(0.26–6.87)

OR = 0.48
(0.07–2.77)

OR = 1.90
(0.31–8.56) Pbest = 20% OR = 0.29

(0.10–0.78)
OR = 0.72
(0.13–3.06)

Simvastatin low
dose

OR = 5.24
(0.73–32.12)

OR = 1.67
(0.20–12.66)

OR = 6.46
(0.82–41.28)

OR = 3.42
(1.28–10.03) Pbest = 0.2% OR = 2.46

(0.35–14.17)
Placebo or
no statin

OR = 2.15
(1.42–3.28)

OR = 0.69
(0.29–1.61)

OR = 2.63
(1.54–4.55)

OR = 1.39
(0.33–7.69)

OR = 0.41
(0.07–2.86) Pbest = 0

network meta-analysis suggests that atorvastatin and rosu-
vastatin at high dose represent the first choice regimens in
order to achieve a consistent and beneficial preventive effect
on CIN and may actually halve its incidence.

Invasive angiography exploiting iodinated contrastmedia
may be complicated in several cases by CIN, with a negative
impact on prognosis, hospital stay, and costs [25]. Accord-
ingly, means to prevent it may yield important and clinically
relevant benefits. Yet, its pathophysiology remains unclear.
It may be due to direct toxicity on the renal tubular epithe-
lium, oxidative stress, ischemic injury, and renal tubular
obstruction, as any change in nitric oxide, prostaglandins,
endothelin, and adenosine in the vasoregulation pathway
could contribute to worsen medullary ischemia [26]. Many
preventive strategies and treatments have been proposed for
CIN, although only few are with a demonstrated clinical
efficacy [25, 27, 28].

In addition to their impact on cholesterol, statins are
known to have multiple nonlipid lowering (i.e., pleiotropic)

effects, which include several mechanisms involving inflam-
mation responses, endothelial function, oxidative stress, and
apoptotic pathways [17]. Preventing contrast-induced renal
cell apoptosis seems to play an important role in statins effects
on CIN. Because inflammation is unquestionably involved in
the pathogenesis of kidney injury, its modulation could be
part of the mechanism expounding the reduced incidence
of CIN after treatment with statins. The antioxidant effect of
statins in addition to other antioxidant compounds (sodium
bicarbonate solution and N-acetylcysteine) seems to reduce
the occurrence of CIN just through scavenging reactive
oxygen species (ROS) [14]. Khanal et al. firstly reported, in
a retrospective study that evaluated a large cohort of patients
who underwent PCI, that patients on chronic statin therapy
before the procedure had a significantly lower incidence of
CIN [29]. Thereafter, several prospective nonrandomized or
randomized placebo controlled trials suggested that a short-
term regimen of high-dose statins before and after contrast
exposure, in addition to standard measures for preventing



8 BioMed Research International

kidney deterioration, might decrease the incidence of CIN.
Nevertheless, the type and the dose threshold of statins to
reduce the risk of CIN remained uncertain.

Our meta-analysis represents the first work to exploit
network meta-analytic methods to compare different statins
in their CIN preventive effects. It shows that atorvastatin and
rosuvastatin, when administered at high dose, represent the
most effective preventive strategy. Accordingly, the present
work provides important findings in support of the favorable
risk-benefit balance of statins to prevent CIN, as offering
patients a short-term yet high-dose statin regimen before
administration of iodinated contrast appears as a remarkably
safe, simple, and effective intervention.

Focusing on current pharmacopeia, all statins are admin-
istered in active form except lovastatin and simvastatin which
are given as a prodrug and converted in vivo into the liver.
More of 90% of statins are bound to plasma proteins, but
rosuvastatin has a lower rate of link (88%). This is due to
the hydrophilicity features of this molecule limiting the need
for its transport in the blood through albumin. Hydrophilic
statins encompass acute pleiotropic effects. Moreover, they
do not undergo cytochrome P-450 3A4 metabolism in the
liver. These features may explain, at least in part, potential
differences between statins in CIN prevention. In addition,
as CIN is a paradigm of mutual hypoxic and toxic renal
parenchymal injurymediated, to large extent, by an increased
production of mediators of inflammation and ROS and
clinical as well as experimental findings clearly illustrate that
hypoxia and enhanced ROS formation within the kidney
following contrast media administration play a critical role in
the development of CIN [30], we speculate that atorvastatin
and rosuvastatin may be more effective than other statins
probably due to their higher anti-inflammation and antiox-
idant features.

This work has several limitations, including those typical
of systematic reviews, pairwise meta-analyses and mixed
treatment comparisons [21, 23]. More poignantly to the
current findings, we exploited an evidence network with
a prevalent star shape. In addition, we relied on surrogate
outcomes for renal function, which have been called into
question for being overly sensitive and subject to substantial
between- and within-individual variability. In particular,
relative increases in serum creatinine ≥25% may occur in
many patients irrespectively of the amount of administered
contrast. In addition, no study focused on noncoronary
contrast media administration, and thus the implications of
our results for other imaging procedures (e.g., computed
tomography) are open to individual interpretation. Finally,
due to the lack of patient-level data, key moderators on
the risk of CIN, such as means of contrast administration
(intravenous versus intra-arterial), volume of contrast, type
of contrast [25], and baseline use of statins, could not be
appraised quantitatively.

5. Conclusion

Atorvastatin and rosuvastatin, when administered at high
doses and before iodinated contrast administration, have a

consistent and beneficial preventive effect on CIN and may
actually halve its incidence.
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Background. Cisplatin and carboplatin cause nephrotoxicity by forming platinum-DNA adducts and lead to cell death. Methods.
One-hundred and sixteen Taiwanese lung cancer patients who received cisplatin or carboplatin more than twice were recruited,
and their genotypes were determined. The risk of renal dysfunction, injury to the kidney, failure of kidney function, loss of kidney
function, and end-stage kidney disease (RIFLE) criteriawere used to evaluate the occurrence of nephrotoxicity. A logistic regression,
multiple regression with a classification and regression tree (CART), and the Framingham study risk score were used to analyze
interactions between genetic and nongenetic factors in producing platinum-induced nephrotoxicity. Results. ERCC1 118C and
TP53 72Arg polymorphisms were associated with increased risks of platinum-induced nephrotoxicity. Other risk factors found
included the platinum type, baseline serum creatinine (Scr), coadministration of vinorelbine, and the number of chemotherapy
cycles. The overall prediction rate of the CART was 82.7%, with a sensitivity of 0.630 and specificity of 0.896. The Framingham
study risk prediction model contained 7 factors. Its prediction rate was 84.5%, with a sensitivity of 0.643 and specificity of 0.909.
Conclusions. Genetic polymorphisms of ERCC1 and TP53 are risk factors for nephrotoxicity. The CART analysis may provide a
clinically applicable model to predict the risk of cisplatin- and carboplatin-induced nephrotoxicity.

1. Introduction

Cisplatin and carboplatin are standard treatments for
lung cancer. Unfortunately, these platinum-containing
chemotherapies can induce severe nephrotoxicity, which
limits their usage. Nephrotoxicity occurs in approximately
one-third of cisplatin-treated patients, even after aggressive
hydration [1]. Carboplatin is less nephrotoxic but still
leads to elevated serum creatinine (Scr) in 10% of the
patients [2]. Both cisplatin- and carboplatin-induced
nephrotoxicity are dose-related. Patients who received more

than 40mg cisplatin/m2 per day or more than 1750mg
carboplatin are at higher risk of nephrotoxicity [3, 4].
Other identified risk factors include coadministration with
nephrotoxic agents (e.g., ifosfamide), an older age, smoking,
a female gender, and hypoalbuminemia [5–7].

Platinum binds to DNA to form platinum-DNA adducts,
which induce cell death. Both tumor and renal cells are able
to uptake large amounts of platinum. The concentration of
cisplatin in proximal tubular cells was reported to be 5 times
higher than that in serum [8].The toxic effects of the adducts
can be ameliorated by the nucleotide excision repair (NER)

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 937429, 9 pages
http://dx.doi.org/10.1155/2014/937429

http://dx.doi.org/10.1155/2014/937429


2 BioMed Research International

pathway [9]. Excision repair cross-complementing 1 (ERCC1)
is a key enzyme which acts as a 5 endonuclease to cleave
platinum fromDNA in theNERpathway. A polymorphismof
ERCC1 C118T was associated with a higher risk of developing
cancer and negative clinical outcomes in lung cancer [10,
11]. However, the relationship between the ERCC1 C118T
polymorphism and platinum-induced nephrotoxicity is still
inconclusive [2, 11–13].

As the gatekeeper of cell cycle or death, platinum-induced
apoptosis is strongly regulated by tumor suppressor protein
53 (TP53) [9]. The importance of TP53 in platinum-induced
nephrotoxicity was suggested by previous in vivo and in vitro
studies. Cisplatin-induced cell apoptosis, the main cause of
nephrotoxicity, was abrogated by pharmacological inhibitors,
a dominant-negative mutation, and TP53 knockout [14–
18]. The majority of cisplatin-activated TP53 accumulates
in proximal tubules [14, 17]. A TP53 variant with a proline
(Pro) at codon 72 had only one-fifth of the activity of
inducing apoptosis compared to its wild-type (WT), which
has arginine (Arg) at codon 72 [19]. However, the association
between the TP53 Arg→Pro polymorphism and platinum-
induced nephrotoxicity has not been studied.

The goals of this studywere to examine the roles of ERCC1
and TP53 polymorphisms in platinum-induced nephrotox-
icity and develop a prediction model which can identify
patients susceptible to platinum-induced nephrotoxicity.The
relationships of genetic and nongenetic factors with cisplatin-
and carboplatin-induced nephrotoxicity were first assessed
by a multivariable regression. Given that platinum-induced
nephrotoxicity involves multiple factors and results from
multivariable regressions are not easily explainable clini-
cally, two other classification methods were also evaluated.
The classification and regression tree (CART) analysis is a
nonparametric statistical method, which manages multiple
categorical and continuous variables at the same time to
generate a tree-shaped classification model [20]. The CART
analysis was applied in recent studies to predict cancer risk
and explore interactions of multiple factors in carcinogenesis
[21–25]. The Framingham study risk score is another classi-
fication method, which considers multiple factors in a point
scheme [26].The Framingham study risk score has frequently
been used in cardiovascular research to predict the risk of
cardiovascular events or death in patients [27–30]. In this
study, the CART and Framingham study risk score methods
were applied to identify subgroups of patients susceptible to
cisplatin- or carboplatin-induced nephrotoxicity.

2. Patients and Methods

2.1. Patients andClinical Specimens. This study recruited lung
cancer patients who were admitted to Wan Fang Hospital,
Taipei Medical University, between January 2005 and March
2011. Patients who had received more than two cycles of
cisplatin- or carboplatin-containing chemotherapy for lung
cancer and were aged 12∼100 years at the time of diagnosis
were eligible. Patients who were pregnant or infected by
the human immunodeficiency virus (HIV) were excluded.
Because of the known risk of nephrotoxicity, patients who

were coadministrated ifosfamide with cisplatin or carbo-
platin were also excluded [6]. Peripheral blood and the
clinical information of patients were collected after obtaining
informed consent. The study protocol was approved by the
Institutional Review Board (IRB) of Wan Fang Hospital.

2.2. Nephrotoxicity Assessment. Patients who met any level
of risk of renal dysfunction, injury to the kidney, failure of
kidney function, loss of kidney function, or end-stage kidney
disease (RIFLE) criteria were defined as having cisplatin- or
carboplatin-induced nephrotoxicity in this study [31]. An Scr
increase to 1.5-fold of the baseline was defined as a risk of
renal dysfunction; a 2.0-fold injury to the kidney, 3.0-fold
failure of kidney function, and need for renal replacement
therapy for more than 4 weeks as loss of kidney function; and
need for dialysis for more than 3 months as end-stage kidney
disease.

2.3. Determination of Genotypes. DNA from peripheral
blood mononuclear cells was extracted by proteinase K
digestion followed by the conventional phenol-chloroform
method as previously described [32].

Genotypes of TP53 codon 72 (rs1042522) were deter-
mined by polymerase chain reaction-restriction fragment-
length polymorphism (PCR-RFLP). The PCR was per-
formed in a total volume of 25 𝜇L, containing 0.2mM
dNTPs (Protech, Taiwan), 1mM MgCl

2
(Protech), 1x Taq

buffer (Mg+-free) (Protech), 0.04U Taq polymerase (Pro-
tech), 2 𝜇L primers (Protech), and 1 𝜇L DNA. Primers were
5-GAAGACCCAGGTCCAGATGA-3 (forward) and 5-
ACTGACCGTGCAAGTCACAG-3 (reverse). Amplification
was carried out under the following conditions: 1 cycle of
94∘C for 3min, followed by 35 cycles of 94∘C for 30 s, 55∘C
for 30 s, and 72∘C for 30 s, and 1 cycle of 72∘C for 10min,
followed by cooling down to 4∘C. The PCR product of TP53
codon 72 was digested with BstUI (New England Biolabs),
separated on a 2% agarose gel, and visualized by ethidium
bromide staining.

Genotypes of ERCC1 codon 118 (rs11615) were deter-
mined by a 5 nuclease assay (TaqMan). Each PCR mixture
with a volume of 20𝜇L contained 2x TaqMan Master Mix
(Applied Biosystem), 40x TaqMan SNP Genotyping Assay
Mix (Applied Biosystem), and 0.5 𝜇L DNA. Amplification
conditions were 1 cycle of 95∘C for 10min, followed by 40
cycles of 92∘C for 15 s and 60∘C for 1min. The fluorescence
detection and PCR were carried out in an ABI Prism 7300
(Applied Biosystem).

For each SNP, 20 randomly selected samples (17%) were
selected to be genotyped by direct sequencing in the ABI
Prism 3100 (Applied Biosystem) again to validate the accu-
racies of the PCR-RFLP and 5 nuclease assay.The accuracies
of both methods were 100%.

2.4. Statistical Analysis. A two-tailed 𝑃 < 0.05 was con-
sidered statistically significant in this study. The Hardy-
Weinberg equilibrium of alleles at individual loci was evalu-
ated. SPSS version 16.0 (SPSS,Chicago, IL,USA) forWindows
was used to analyze data. Chi-squared and Fisher’s exact
tests were used to analyze ordinal and categorical data, and
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Student’s t-test was used for continuous data. Amultivariable
logistic regression was applied to calculate the adjusted
odd ratios (ORs) and 95% confidence intervals (CIs) of
specific genotypes or variables of interest after adjusting for
age, gender, body weight, alcohol consumption, smoking,
baseline Scr, treatment regimen, number of chemotherapy
cycles, and cancer histology.

The classification and regression tree (CART) and
nephrotoxicity risk score system were performed to estab-
lish the most useful model to predict nephrotoxicity. Then
the sensitivity, specificity, and total prediction rate of the
CART and risk score models were compared. The Hosmer
and Lemeshow method was also applied by using variables
included in the CART and Framingham models to examine
the goodness-of-fit with the Akaike information criterion
(AIC) as an adjuvant parameter. Smaller values of the AIC
indicate better models.

The CART based on binary recursive partitioning was
used to explore gene-gene and gene-environment interac-
tions [33]. Data were randomly divided into a training set
(90% of the data) and a test set (10% of the data).The training
set was used to build the tree, and the test set was used to
estimate the accuracy of the built tree. The Gini index was
used as a splitting criterion to stratify the data into various
risk subgroups with maximum homogeneity to build the
model. Tree-building continued until the terminal nodes had
no statistically significant splits or reached aminimum size of
10 subjects for each terminal node. The ORs and 95% CIs of
the terminal nodes were calculated using a logistic regression.

A nephrotoxicity risk score was established according
to the statistical analysis method in the Framingham study,
which used a point system to predict a patient’s risk [26].
Variables included in the initial model were based on sta-
tistical considerations (𝑃 < 0.1) and biological relevance,
such as smoking [7]. The initial score of each possible risk
factor was estimated according to the regression coefficient
in the logistic regression. The discriminatory power of the
scale was determined by the area under the receiver operating
characteristic curve (ROC), and Youden’s index was used to
identify the cut-off point to distinguish high or low risks of
developing cisplatin-induced nephrotoxicity. Youden’s index
is defined as the maximum (sensitivity + specificity - 1) [34].

3. Results

3.1. Patients. Demographic characteristics of the 28 (24.1%)
cases and 88 (75.9%) controls are listed in Table 1. There
were no statistical differences in baseline patient character-
istics, including gender, age, weight, alcohol consumption,
and smoking, between cases and controls. The baseline Scr
was also similar between cases and controls. The majority
of patients (83, 71.6%) had received gemcitabine plus cis-
platin/carboplatin. Patients with nephrotoxicity had received
more cycles of chemotherapy than controls (4.96 ± 1.953
versus 4.16 ± 1.653, 𝑃 = 0.034).

3.2. Genetic Variants. Alleles at individual loci fulfilled a
Hardy-Weinberg distribution in both cases and controls
(Table 1). In the multivariable regression, the variables with

meaningful adjusted ORs (𝑃 > 0.1) were coadministration of
vinorelbine, the number of chemotherapy cycles, and poly-
morphisms of ERCC1 C118T and TP53 Arg72Pro between
cases and controls.

3.3. The CART. In an effort to transform gene-gene and
gene-environment relationships to prediction systems that
are convenient to use clinically, variables of characteristics
and genetic polymorphisms were analyzed by two different
statistical models.

The first evaluated model used a CART analysis. The
decision tree of the CART is shown in Figure 1. The type
of platinum therapy, baseline Scr, TP53 Arg72Pro genotype,
and ERCC1 C118T were important factors for platinum-
treated patientswho experienced nephrotoxicity in theCART
decision tree.

Subjects in node 8 who had received cisplatin with base-
line Scr values of ≤1mg/dL, the TP53 Pro allele, and ERCC1
C/C and subjects in node 5 with the TP53 Arg/Arg genotype
were the subgroups most susceptible to nephrotoxicity. The
case ratios were 71.4% and 63.6%, respectively. In contrast,
subjects who received carboplatin (node 2) and those who
received cisplatin with baseline Scr values of >1mg/dL (node
4) had a lower nephrotoxicity risk, with respective case ratios
of 9.8% and 8.3%.No interactionwas found in patients treated
with carboplatin due to a limited number of subjects with
nephrotoxicity.

The overall prediction rate of the CARTmodel was 82.7%
(𝑛 = 86/104). Youden’s index, the sensitivity, and specificity
were 0.499, 0.630 (𝑛 = 17/27), and 0.869 (𝑛 = 69/77),
respectively. Using the four variables identified by the CART,
including the platinum type, baseline Scr, TP53, and ERCC1,
the AIC value was 109.714.

3.4. Nephrotoxicity Risk Score. The second prediction model
evaluated in this study was the risk score. The best model
of the nephrotoxicity risk score is shown in Table 2. Three
initial base models were compared: model 1 contained only
environmental factors, including the type of platinum, base-
line Scr, smoking status, coadministration of vinorelbine, and
the number of chemotherapy cycles; model 2 contained only
genetic factors, including TP53 Arg72Pro and ERCC1 C118T;
and model 3 contained both genetic and environmental
factors. The ROC curves from the 3 models are shown in
Figure 2. The areas under the curves (AUCs) were 0.810,
0.616, and 0.829 for models 1, 2, and 3, respectively. Model
3 was the best model to predict cisplatin- or carboplatin-
induced nephrotoxicity. Its overall prediction rate was 84.5%
(𝑛 = 98/116). The sensitivity and specificity for each score
are shown in Figure 3. The optimum cut-off point was 12
with the highest values for Youden’s index (0.552), sensitivity
(0.643), and specificity (0.909).TheAIC for themultivariable
regression was 108.869 using the 7 variables included in
model 3.

4. Discussion

In the present study, we investigated the association of ERCC1
and TP53 gene polymorphisms with the risk of cisplatin-
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Table 1: Comparisons between the cases and controls.

Cases Controls ORa 95% CI 𝑃 value
Number (%) Number (%)

Total 28 88
Gender 0.96

Male 17 (60.7) 53 (60.2)
Female 11 (39.3) 35 (39.8)

Age (years)
Mean ± SD 63.43 ± 9.47 66.66 ± 11.64 0.19
≥60 17 (60.7) 64 (72.7) 0.23
<60 11 (39.3) 24 (27.3)

Weight (kg)
Mean ± SD 59.6 ± 10.9 58.0 ± 9.78 0.48

Alcohol consumption 3 (10.7) 11 (12.5) 0.80
Smoking 13 (46.4) 36 (40.9) 0.61
Baseline Scr (mg/dL)

Mean ± SD 0.83 ± 0.36 0.91 ± 0.32 0.22
Treatment regimen

G + C/Cb 20 (71.4) 63 (71.6) 0.99
P/D + C/Cb 8 (28.6) 20 (22.7) 0.52
E + C/Cb 3 (10.7) 8 (9.1) 0.73
V + C/Cb 10 (35.7) 16 (18.2) 0.05
CCRT 2 (7.1) 5 (5.7) 0.68
Other 3 (10.7) 8 (9.1) 0.73

Number of cycles
Mean ± SD 4.96 ± 1.95 4.16 ± 1.65 0.034∗

ERCC1 C118T
CC 14 (27.5) 37 (72.5) Ref
CT 10 (18.2) 45 (81.8) 0.29 0.09∼1.00 0.05
TT 4 (40.0) 6 (60.0) 0.77 0.15∼3.93 0.76
CT + TT 14 (21.5) 51 (78.5) 0.37 0.12∼1.14 0.08

TP53 Arg72Pro
Arg/Arg 12 (38.7) 19 (61.3) Ref
Arg/Pro 12 (19.4) 50 (80.6) 0.38 0.12∼1.26 0.11
Pro/Pro 4 (17.4) 19 (82.6) 0.34 0.07∼7.44 0.18
Arg/Pro + Pro/Pro 16 (18.8) 69 (81.2) 0.37 0.12∼1.17 0.09

SD: standard deviation; Scr: serum creatinine; C: cisplatin; Cb: carboplatin; G: gemcitabine; P: paclitaxel; D: docetaxel; E: etoposide; V: vinorelbine; CCRT:
combined chemoradiotherapy.
aThe odds ratio (OR) and 95% confidence interval (CI) were adjusted for age, gender, body weight, alcohol consumption, smoking, baseline Scr, treatment
regimen, number of chemotherapy cycles, histology, and cancer type.
∗

𝑃 < 0.05.

Table 2: Nephrotoxicity risk score.

Parameter 𝛽 coefficient OR 95% CI Score
Nongenetic factors

Baseline Scr ≤1mg/dL 2.303 10.0 1.57∼62.9 5
Cisplatin 1.790 5.99 1.53∼23.5 4
Coadministration of vinorelbine 1.369 3.93 0.86∼18.1 3
Smoking 0.528 1.69 0.41∼7.05 2
Number of cycles >4 0.098 1.10 0.47∼4.93 1

Genetic factors
TP53 wild-type 0.989 2.70 0.91∼9.14 2
ERCC1 C118T wild-type 0.990 2.70 0.90∼8.35 2

OR: odds ratio; CI: confidence interval; Src: serum creatine.
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Figure 1: Classification and regression tree analysis of patients with and without platinum-induced nephrotoxicity.

or carboplatin-induced nephrotoxicity by logistic regression
and multifactor analytical approaches. No significant associ-
ation of TP53 or ERCC1 with nephrotoxicity was detected
by the multivariable regression. However, two multifactor
analytical approaches generated different results.

Cisplatin, with 30% prevalence of nephrotoxicity, is
known to be more nephrotoxic than carboplatin [35]. There-
fore, it was not surprising that the type of platinum treatment

was listed as one of the most important risk factors in our
models. Interestingly, in the CART model, cisplatin-treated
patients with a baseline Scr of ≤1mg/dL were at higher risk
of cisplatin-induced nephrotoxicity risk than those with a
baseline Scr of >1mg/dL, despite no difference in cumulative
cisplatin doses between the groups (17.9 ± 6.39 versus 16.6 ±
5.49mg/m2/wk). There are several possible explanations. It
is possible that the renal function of patients with a baseline
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Figure 2: Receiver operating characteristic (ROC) curves from three models of a nephrotoxicity risk score.
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Figure 3: Sensitivity and specificity of the nephrotoxicity risk score of model 3 (genetic + nongenetic factors).

Scr of ≤1mg/dL was usually overestimated.The cisplatin dose
used in these patients may have been too high. Another
possible reason may be inherent, such as TP53 and ERCC1,
and can be explained by sequent nodes in the CART model.
The relationship between baseline Scr and cisplatin-induced
nephrotoxicity needs to be explored in future studies.

TP53 is an important protein that regulates cell cycle
arrest and cell death, and variants with attenuated activ-
ity may therefore be less susceptible to drug-induced cell

apoptosis [19]. Many in vivo and in vitro studies have
explored the role of TP53 in cisplatin-induced nephrotox-
icity [14–18]. The first study by Megyesi et al. showed an
increased level of nuclear TP53 in rat kidneys after cisplatin
treatment [36]. However, the role of TP53 in cisplatin-
induced nephrotoxicity was not confirmed until a study by
Cummings and Schnellmann [17]. Cummings and Schnell-
mann found that TP53 activation may be an early signal
of cisplatin-induced renal apoptosis which was protected by
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pifithrin-𝛼 (a pharmacological inhibitor of TP53) [17]. More-
over, cisplatin-induced nephrotoxicity was also inhibited by
a dominant-negative mutant of TP53 [18]. In mice, activation
and accumulation of TP53 were determined by staining of
both proximal and distal tubular cells which are recognized
as primary sites of cisplatin-induced nephrotoxicity [14]. In
addition,Wei et al. showed that TP53-WTmice demonstrated
elevated Scr, which is a biomarker for kidney damage, com-
pared to TP53-deficient mice after cisplatin treatment [14].
However, one clinical study of female patients indicated no
association between TP53 Arg72Pro and cisplatin-induced
nephrotoxicity [13].

Notably, an interesting finding of theTP53 polymorphism
in our current CART model was that subjects with the TP53
mutation could be divided into two groups by the ERCC1
polymorphism. One group carrying the ERCC1 mutation
had mildly increased Scr, but patients carrying the ERCC1
wild-type had obviously increased Scr. This phenomenon
was also observed in an animal study reported by Wei
et al. [14]. After cisplatin treatment, TP53-deficient mice
could also roughly be divided into two groups. One group
was resistant to cisplatin-induced renal injury and only
showed mild to moderate increases in Scr. In contrast,
the other group acted as TP53-WT mice with moderately
to severely increased Scr which was seen in both TP53
and ERCC1 WT groups in our study [14]. Thus, ERCC1
may be an important split for cisplatin-treated patients
who carry the TP53 mutation. ERCC1 is an important
protein for repairing DNA damage. The present study is
in agreement with previous reports on the role of the
ERCC1 C118T polymorphism in cisplatin- and carboplatin-
induced nephrotoxicity. The ERCC1 T allele has a protective
effect against nephrotoxicity, with a significantly decreased
risk of nephrotoxicity with the ERCC1 T allele [2, 13].
Developing different doses for patients with or without the
ERCC1 T allele might prevent nephrotoxicity in lung cancer
patients.

According to the nephrotoxicity risk score, simultane-
ously considering both genetic (TP53 and ERCC1) and non-
genetic factors (baseline Scr ≤ 1mg/dL, cisplatin, coadminis-
tration of vinorelbine, smoking, and treatment cycles > 4) can
better predict the occurrence of platinum-induced nephro-
toxicity than either type of factors alone. It was reported by
de Jongh et al. that smokingmay be a risk factor for cisplatin-
induced nephrotoxicity [7]. However, no association was
found between smoking and nephrotoxicity in the present
study, which may have resulted from the small sample size of
the present study that was about one-third of that of the study
by de Jongh et al. Another nongenetic risk factor found in the
present study was the number of chemotherapy cycles that
patients received. Patients who received more chemotherapy
cycles exhibited greater harm to the kidneys than those who
received relatively fewer cycles. It was indicated that patients
who had previously received cisplatin were at higher risk.
However, we found that cisplatin-induced renal injury was
shown with the same regimens rather than with different
regimens. Other nongenetic risk factors, such as the coad-
ministration of vinorelbine, need to be confirmed in future
studies.

Both CART and risk score models demonstrated sim-
ilar excellent predictive abilities (81.9% and 84.5%, resp.).
Although the prediction rate of the risk score model was
slightly higher than the CARTmodel, more factors were used
in the risk score than in the CARTmodel (7 versus 4). Taking
clinical usefulness into consideration, the CART model,
containing fewer factors and a clinically similar prediction
rate, might possess better clinical convenience than the risk
score model.

Our CART model included only 4 factors (the type of
platinum therapy, baseline Scr, TP53 Arg72Pro genotype, and
ERCC1C118T genotype) but still had a high overall prediction
rate, sensitivity, and specificity (82.7%, 0.630, and 0.869,
resp.). The CART analysis was applied to explore multifactor
risks for various cancers, such as bladder cancer and oral
premalignant lesion [21–23, 25]. The overall prediction rates
of the CARTmodels in those studies were medium (59.65%∼
66.13%), and the sensitivities and specificities of studies
ranged 0.2∼0.6. Numbers of nodes in these CART models of
cancer studies were usually 5 or 6, with only 1 study including
up to 13 factors.

Our study has several limitations. First of all, the sample
size of our study was small. Some risk factors might not have
been picked up by the statistical analysis due to the limited
number of cases. For example, there were only 28 cases in
116 subjects and only 11 females with nephrotoxicity among
the cases.Thus, sexual differences in the genetic effects might
not have been indicated if they existed. Additionally, the
range of the distribution of patient age was very wide, with
17 patients with more than 60 years. The small sample size
also resulted in a large 95%CI in terminal nodes of the CART
model that was split by 4 factors. In addition, no interaction
was found in patients who received carboplatin because of
a limited number of subjects who developed nephrotoxicity.
Second, most of the patients (more than 70%) were subjected
to combined treatment, such as cisplatin with gemcitabine,
which can interfere in the nephrotoxicity. However, there
was no statistically significant difference in the percentages
of patients who were coadministered with gemcitabine in the
case and control groups (Table 1). Third, patient data were
retrospectively collected in charts of our hospital. Finally,
we only investigated limited number of genes in our study.
Other genes, such as OCT2, a channel protein that regulates
platinum uptake into cells, may also play an important role in
platinum-induced nephrotoxicity [37].

To sum up, the present study indicated that TP53
Arg72Pro and ERCC1 C118T play roles in cisplatin-induced
nephrotoxicity. The study also demonstrated that classifica-
tion statistical methods, such as the CART and risk score
models, may be useful for evaluating risks of platinum-
induced nephrotoxicity and develop dosing regimens for lung
cancer patients. The results of this study need to be validated
by future studies.
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It is well known that iodinated radiographic contrast media may cause kidney dysfunction, particularly in patients with preexisting
renal impairment associated with diabetes. This dysfunction, when severe, will cause acute renal failure (ARF). We may define
contrast-induced Acute Kidney Injury (AKI) as ARF occurring within 24–72 hrs after the intravascular injection of iodinated
radiographic contrast media that cannot be attributed to other causes. The mechanisms underlying contrast media nephrotoxicity
have not been fully elucidated and may be due to several factors, including renal ischaemia, particularly in the renal medulla,
the formation of reactive oxygen species (ROS), reduction of nitric oxide (NO) production, and tubular epithelial and vascular
endothelial injury. However, contrast-induced AKI can be prevented, but in order to do so, we need to know the risk factors. We
have reviewed the risk factors for contrast-induced AKI andmeasures for its prevention, providing a long list of references enabling
readers to deeply evaluate them both.

1. Introduction

It is well known that using iodinated radiographic contrast
media may cause kidney dysfunction, especially in patients
with preexisting renal impairment and in those with diabetes.
This dysfunction may range between a slight increase in
serum creatinine and severe acute renal failure with anuria
[1].

We may define Contrast-Induced Nephropathy (CIN)
or contrast-induced Acute Kidney Injury (AKI) as an acute
renal failure (ARF) occurring within 24–72 hrs after the
intravascular injection of iodinated radiographic contrast
media (used to improve the visibility of internal organs
and structures in X-ray based imaging techniques such as
radiography and computed tomography—CT) that cannot
be attributed to other causes. It is therefore an iatrogenic
disease which represents the third most common cause of
hospital-acquired ARF after surgery and severe hypotension.
It is usually a nonoliguric and asymptomatic transient decline

in renal function, which is mirrored by an increase of serum
creatinine (SCr) by 0.5mg/dL (or more) or by a 25% (or
more) increase in SCr from baseline [2, 3], peaking on the
third to fifth day, and returning to baseline within 10–14
days. Since fluctuations in SCr level may occur naturally
or in response to acute medical instability [4], it is better
to consider, instead of the increase of SCr, the decrease
of creatinine clearance (CrCl) calculated from SCr, age,
body weight, and gender using either the MDRD (Modi-
fication of Diet in Renal Disease) calculation [5] or CKD-
EPI (Chronic Kidney Disease Epidemiology Collaboration)
equation [6], or the simple Cockcroft-Gault formula: (140 −
number years of age) × kg body weight/72/mg/dL of SCr,
in females the result × 0.85 [7]. This is called the estimated
glomerular filtration rate (eGFR) that allows us to avoid the
measurement of CrCl, as derived from 24-hour urine col-
lection, which is a cumbersome, impractical, and inaccurate
test.
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In some cases, AKI may cause a severe ARF with oliguria
(<400mL/24 hrs), requiring dialysis. In these patients the
mortality is high.

The clinical feature and the management of contrast-
induced AKI are the same as those for ARF due to other
causes [1, 8, 9].

2. Incidence

AKI accounts for 12% of all cases of hospital-acquired ARF
[10]. It occurs in up to 5% of hospitalized patients who exhibit
normal renal function prior to introduction of contrast
medium [11].

For outpatients, the risk for AKIwhen eGFR >45mL/min
per 1.73m2 seems to be very low (about 2%) [12]. In a
prospective, observational study of outpatients with mild
baseline kidney disease who underwent contrast-enhanced
CT, Weisbord and Palevsky [13] observed the occurrence of
AKI in less than 1% of outpatients with GFR >45mL/min
per 1.73m2. Thus, AKI is uncommon in patients with normal
preexisting renal function; it occurs more frequently in
patients with renal impairment particularly if associated with
diabetic nephropathy [4].

Bruce et al. [14] carried out a retrospective study analyz-
ing 11,588 patients who underwent CT either without contrast
or with a low osmolar contrast medium (iohexol) or an
iso-osmolar contrast medium (iodixanol); they observed no
significant difference in the incidence of AKI between the
iso-osmolar contrast medium and the control groups for all
baseline SCr values; the incidence of AKI in the low osmolar
contrast medium group was similar to that of the control
group up to an SCr level of 1.8mg/dL; but values of SCr above
1.8mg/dL were associated with a higher incidence of AKI in
the low osmolar contrast medium group [14].

Mitchell et al. [15] sought to define prospectively the
incidence of AKI in an unselected, consecutive, heteroge-
neous population of outpatients who received low osmolar,
nonionic contrast (Iopamidol-370, Isovue-370) for a contrast-
enhanced CT study of any body region in the emergency
department of a large, academic, tertiary care center. The
incidence of AKI was 11% (70 out of 633) among the 633
patients enrolled; six of the 70 cases of AKI subsequently
developed severe renal failure, five of whom required dialysis
or died.

Davenport et al. [16] determined the effect of intravenous
(i.v.) low osmolality iodinated contrast material (LOCM) on
the development of AKI following CT in patients with stable
renal function, stratified by pre-tomography eGFR. It was a
retrospective study performed over a 10-year period in 20,242
adult inpatients (10,121 untreated and 10,121 treated with i.v.
iodinated contrast media) with sufficient SCr data. They
concluded that i.v. LOCM is a risk factor for nephrotoxicity in
patients with a stable eGFR <30mL/min/1.73m2; there was a
trend toward significance at eGFR of 30–44mL/min/1.73m2.
No nephrotoxicity was observed in patients with a pre-
tomography eGFR ≥45mL/min/1.73m2. Thus, according to
these authors, i.v. LOCM is a nephrotoxic risk factor, but

not in patients with a stable SCr level <1.5mg/dL or eGFR
≥45mL/min/1.73m2 [17].

In a recent retrospective study on 53,439 patients in
whom SCr was regularly checked, McDonald et al. [18]
determined the effect of i.v. iodinated contrast material
exposure to the incidence of AKI: the incidence of AKI was
not significantly different in contrast media group compared
to control group. In a systematic review and meta-analysis
of controlled studies by the same group examining the
incidence of AKI in patients exposed to i.v. contrast medium
compared with patients undergoing an imaging examination
without contrast medium (control group), the incidence of
AKI, dialysis, and death was similar between the contrast
medium group and control group.This pattern was observed
regardless of i.v. contrast medium type, diagnostic criteria
for AKI, or whether patients had diabetes mellitus or renal
insufficiency [19].

Rudnick and Feldman [20] have evaluated whether AKI
is causally related to mortality and to what extent could
mortality in patients undergoing contrast procedures be
reduced by preventingAKI. A review of observational studies
and clinical trials allowed the conclusion that the deaths
of some patients with AKI are complicated by factors that
cannot be directly related to the use of contrast media,
such as liver disease, sepsis, respiratory failure, and bleeding.
However, it is plausible thatAKI contributes to cardiovascular
causes of death in patients with AKI.

In a 3-year retrospective study in an intensive care unit
(ICU), in which 299 patients undergoing a contrast media-
enhanced CT scan in whom changes in SCr between baseline
and itsmaximumvalue over the 96 hours after contrastmedia
injection were recorded, the incidence of AKI was 14%. The
need for renal replacement therapy and ICU mortality were
significantly higher in cases of AKI [21].

According to Solomon [12] among all procedures utilizing
contrast media for diagnostic or therapeutic purposes, coro-
nary angiography and percutaneous coronary interventions
(PCI) are associated with the highest rates of AKI [3] mainly
related to the intra-arterial injection and to the high dosage
of the contrast necessary, and also to the type of patients who
have advanced age, one or more comorbid conditions, and
more advanced vascular disease, hypertension, and diabetes
[22].

Solomon et al. [23] have studied in 294 patients, with
follow-up of at least 1 year after contrast exposure, the
relationship of AKI to long-term adverse events, such
as death, stroke, myocardial infarction, end-stage kidney
disease, percutaneous coronary revascularization, coronary
artery bypass graft surgery, cardiac arrest, development of
congestive heart failure or pulmonary edema, and the need
for permanent pacing. The rate of long-term adverse events
was higher in individuals with AKI. A reduction in the inci-
dence of AKI and long-term adverse events was observed in
regression analyses to adjust for possible known confounders.
This supports the view that AKI is causally related to long-
term adverse events rates.

Permanent severe renal failure requiring dialysis occurs
in 10% of patients with preexisting renal failure who develop
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further reduction in renal function after coronary angiog-
raphy [24], or in <1% of all patients undergoing PCI using
contrast agents [25].

3. Pathogenesis

The mechanisms underlying contrast media nephrotoxicity
have not been fully elucidated and may be due to several
factors (Figure 1). When iodinated radiographic contrast
media are injected intravenously or intra-arterially, they pass
from the vascular compartment through capillaries into the
extracellular space. They are eliminated almost entirely by
glomerular filtration, concentrated in the renal tubular lumen
bywater tubular reabsorption, thereby visualizing the urinary
tract [1].

The i.v. injection of radiographic contrast medium causes
an initial increase in renal blood flow that is then followed by
a more prolonged decrease in blood flow and accompanied
by a decrease in glomerular filtration rate (GFR), while the
extrarenal vessels show transient vasoconstriction followed
by a decrease in vascular peripheral resistances. The result
will be a renal ischaemia, particularly in the medulla [26,
27]. Oxygen delivery to the outer renal medulla is poor
even under normal physiologic conditions because of the
distance of the outer renal medulla from the descending
vasa recta. Thus, the ischemia will be more severe in the
outer renalmedulla.Medullary ischemia ismademore severe
by an increase in oxygen consumption (due to increase in
tubular reabsorption), an increase of intratubular pressure
secondary to contrast-induced diuresis, increased urinary
viscosity, and tubular obstruction, all frequently associated
with dehydration and decrease in the effective intravascular
volume [10].

In vitro experiments on the effect of contrast media
on arteries obtained from different animal species showed
different responses with respect to contraction/dilatation
depending on the type of vessels and animal species; in these
studies the contrast medium was not applied intraluminally
[28].

However, in one study by Sendeski et al. [29], specimens
of outer medullary descending vasa recta were isolated
from rats and microperfused intraluminally with a buffered
solution containing iodixanol, with an iodine concentration
of 23mg per milliliter to simulate the usual dosage utilized in
examinations in humans. The purpose was to study whether
this contrast medium modifies outer medullary descending
vasa recta vasoreactivity and nitric oxide (NO) production.
The authors demonstrated that iodixanol directly constricts
the descending vasa recta (52% reduction of their luminal
diameter) by reducing NO and significantly increases the
vasoconstrictor response to angiotensin II, thereby causing
severe local hypoxia. The authors conclude that iodixanol
in doses typically used for coronary interventions constricts
medullary descending vasa recta, intensifies angiotensin II-
induced constriction, and reduces bioavailability of NO.

Hypoxia may lead to the formation of reactive oxygen
species (ROS) [30, 31]. Generated during contrast-induced
renal parenchymal hypoxia, ROSmay exert direct tubular and

vascular endothelial injury and might further intensify renal
parenchymal hypoxia by virtue of endothelial dysfunction
and dysregulation of tubular transport [32, 33]. The decrease
in NO is believed to be due to its reaction with ROS in
particular superoxide [28, 34]. This reaction may lead to
the formation of the more powerful oxidant peroxynitrite
[35] that may be more detrimental. Myers et al. [36] have
demonstrated, by in vivo experiments in rats, that the
decrease in cortical and medullary microvascular blood flow
induced by a contrast medium is partly accounted for by the
downregulation of endogenous renal cortical and medullary
NO synthesis. Sendeski et al. [29] have demonstrated that the
superoxide dismutase mimetic Tempol reduced iodixanol-
induced vasoconstriction, thereby supporting the role of ROS
generated during contrastmedia administration inmedullary
descending vasa recta vasoconstriction. More recently Pisani
et al. [37] have demonstrated that a recombinant manganese
superoxide dismutase administered in vivo to rats undergoing
diatrizoate treatmentwas able to reduce renal oxidative stress,
thereby preventing the reduction of GFR and the renal histo-
logic damage that follows contrast media administration.

The toxicity caused by specific properties of contrast
media, such as osmolality, viscosity, and ionic strength, can
be differentiated from the cytotoxicity common to all contrast
media in studies using cell culture, isolated blood vessels, and
isolated tubules; contrastmedia, in fact, possess a cytotoxicity
that is probably caused by iodine and leads to apoptosis and
cell death of both endothelial and tubular cells [28].

Thus, the decrease in NO in the vasa recta may not be
totally accounted for by increased ROS production, as dam-
age to endothelial cells (including apoptosis) may be another
important factor; the decreased NO production in descend-
ing vasa recta, in fact, is partly due to a loss of endothelial cell
viability caused by contrast media [28]. Endothelial damage,
including nuclear protrusion, cell shrinkage, fenestration of
the endothelial layer, and formation ofmicrovilli (“blebbing”)
on the cell membrane, and cellular apoptosis have been
observed by scanning electron microscopy [38]. Endothelial
damage may also release endothelin and hence lead to vaso-
constriction. Heyman et al. [39] have in fact demonstrated
that i.v. administration of contrast media in rats induced
an increase in plasma concentration of endothelin and that
contrast media stimulated endothelin release from cultured
bovine endothelial cells, suggesting a direct effect of ionic and
nonionic agents on vascular endothelium. Reduced levels of
prostaglandins have also been suggested to predispose to AKI
[40].

In addition to endothelial damage (the endothelial cells
are the first to come in contact with intravenously injected
contrast agents), contrastmedia cause damage also on epithe-
lial tubular cells [41]. In fact, the contrast media are filtered
by glomeruli and are concentrated inside the renal tubules,
exposing the renal tubular cells to even worse direct damage.
Direct tubular epithelial cell toxicity by contrast media has
been observed in studies of isolated tubule segments and
cultured cells substantiated by disruption of cell integrity
and apoptosis. The cell damage may be aggravated by factors
such as tissue hypoperfusion and hypoxia, by properties
of contrast media, such as ionic strength, high osmolarity,
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Figure 1: The complex mechanisms that lead to radiocontrast-associated decline of GFR. The dotted arrows indicate the reaction of the
reactive oxygen species (ROS) (superoxide anions: O
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∙−) with nitric oxide (NO) that not only causes a reduction in NO levels but also leads
to the formation of peroxynitrite anion (ONOO−), a potent oxidant that causes cell injury.

and/or viscosity, and by clinically unfavourable conditions,
such as preexisting renal impairment particularly secondary
to diabetic nephropathy, salt depletion and dehydration,
congestive heart failure, and concurrent use of nephrotoxic
drugs [1, 28, 42, 43]. The biochemical changes underlying
the epithelial damage have been extended to study changes
in major intracellular signalling pathways involved in cell
survival, death, and inflammation [31, 44–51] in vitro in
cultured renal tubular cells [52]. Studies in animals and
in vitro studies suggest that iodinated contrast media can
directly induce caspase-mediated apoptosis of renal tubular
cells. It seems that contrast-induced apoptosis is due to the
activation of shock proteins and the concurrent inhibition of
cytoprotective enzymes and prostaglandins [53, 54].

4. Risk for Development of AKI

The identification of conditions that represent the risks for the
development of AKI is of major importance in the prevention
of AKI.

According to the European Society of Urogenital Radi-
ology the real risks for AKI are represented by preexisting
renal impairment, particularly when secondary to diabetic
nephropathy, by salt depletion anddehydration, by congestive
heart failure, by advanced age (>70 years), and by the
concurrent use of nephrotoxic drugs [2].

Hereafter we discuss the different risk factors.

4.1. Preexisting Impairment of Renal Function. The presence
of renal insufficiency, irrespective of its cause, represents
the main risk condition. The lower the eGFR is, the greater
the risk of AKI following the administration of contrast
media will be. According to Mehran and Nikolsky [3] an
eGFR of 60mL/min/1.73m2 is a reliable cutoff point for
identifying patients at high risk for the development of

AKI, the incidence of which, in patients with underlying
chronic renal failure (CRF), ranges from 14.8 to 55%. In a
recent retrospective observational in-hospital study in 1160
patients with or without chronic kidney disease (eGFR ≥
60mL/min/1.73m2), however, Neyra et al. [55] have observed
that AKI occurredwith similar frequency, following coronary
angiography, in both patients with and without chronic
kidney disease (eGFR ≥ 60mL/min/1.73m2).

4.2. Diabetes Mellitus. An important risk factor is diabetes
mellitus, particularlywhen associatedwith renal insufficiency
[56].

In a study by Manske et al. [57] 59 insulin-dependent
diabetics with a mean SCr level of 5.9mg/dL underwent
coronary angiography as part of a pretransplant evaluation;
24 azotemic diabetics undergoing inpatient evaluation not
including angiography for transplantation formed the control
group. Contrast-induced AKI (defined as an SCr increase of
greater than 25%whenmeasured 48 hours after radiocontrast
exposure) occurred in 50% of patients and none in controls.
The authors conclude that azotemic patients with diabetes are
at high risk of developing AKI (usually reversible but requir-
ing short-term dialysis in some patients) even when less than
100mLof radiocontrast agent are used; they suggest using less
than 30mL of radiocontrast agent to minimize renal damage.
According to Mehran and Nikolsky [3] at any given degree
of baseline GFR, diabetes doubles the risk of developing
AKI compared with nondiabetic patients [58]. The incidence
of AKI in diabetic patients varies from 5.7 to 29.4%. The
administration of iodinated radiocontrast media to diabetics
acutely reduces renal parenchymal oxygenation, a reduction
that is most prominent in the renal medulla, since it already
functions at low oxygen tension [58]. The biologically active
endothelins are produced by proteolysis of the precursor
preproendothelins under the action of endothelin-converting
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enzyme that plays a key role in increasing circulating and
renal endothelin levels found both in diabetes and after
exposure to contrast agents. This may explain the particular
susceptibility of diabetic patients to contrast media [58].

The increased incidence of AKI in diabetic patients has
also been attributed to hypersensitivity of renal vessels of
diabetics to adenosine, a vasoconstrictive agent, since exper-
imental studies have shown increased adenosine-induced
vasoconstriction in the kidneys of diabetic animals and the
administration of adenosine receptor antagonists reduces the
risk of development of contrast-induced AKI in both diabetic
and nondiabetic patients [59].

It has been demonstrated that, in patients with diabetes,
hypercholesterolemia is the strongest predictor of AKI [60].

Despite the evidence mentioned, most authors do not
regard the presence of diabetes mellitus in the absence of
renal failure as a risk factor for AKI [61]. In a prospective
observational study Morabito et al. [62] have evaluated the
incidence of contrast-induced AKI in all unselected patients
who underwent elective or emergency coronary angiography
or PCI in their department throughout a period of 11
months. They observed a 5.1% incidence of AKI. In diabetic
patients with preserved renal function and without other risk
factors, the rate of AKI was comparable to that of a nondi-
abetic population, while clinically important AKI occurred
in diabetic patients with underlying chronic renal disease
[1].

4.3. Concomitant Use of Other Drugs. Radiocontrast media
are medical drugs used for diagnostic purpose. The con-
comitant use of other drugs may represent a risk factor for
contrast-induced AKI. This is undoubtedly the case when
using nephrotoxic drugs, such as aminoglycosides (which
have a direct nephrotoxic effect), amphotericin (causes dis-
tal tubule dysfunction, impaired urine concentration and
potassium and magnesium wasting), cyclosporin A (a direct
cellular toxin which impairs lysosome function in both
proximal and distal tubules and evokes tubulo-interstitial
changes), cisplatin (attaches to sulphhydryl groups which are
essential for proper enzyme function) [63].

Also the concomitant use of nonsteroidal anti-
inflammatory drugs represents an important risk factor
because of their inhibition of the vasodilatory prostaglandins
biosynthesis. According toMorcos [64], in fact, the damaging
effect of contrast media on the kidney partly involves the
osmolality-dependent activation of the tubuloglomerular
feedback mechanism and the modulation of the intrarenal
production of vasoactive mediators such as prostaglandins,
NO, endothelin, and adenosine. Thus, reduction in the
synthesis of the endogenous vasodilator prostaglandins
(as occurring following the use of nonsteroidal anti-
inflammatory drugs) will increase the nephrotoxicity of
contrast media.

The concomitant use of angiotensin-converting enzyme
inhibitors (ACEIs) or angiotensin receptor blockers (ARBs)
may also represent a risk factor, at least according to some
authors. There are, however, conflicting opinions on this
point.

Some authors have described protective effects. Thus,
considering the possible role of medullary ischaemia medi-
ated by renin angiotensin system in genesis of contrast-
induced AKI, Gupta et al. [65] investigated the role of
the ACEI captopril in preventing AKI. The rationale was
that angiotensin II is a main effector peptide in the renin-
angiotensin system and plays a very important role in
controlling renal homeostasis as a vasoconstrictor. Thus,
captopril might prevent AKI by reducing the increase in
angiotensin II. Seventy-one patients with diabetes mellitus
undergoing coronary angiographywere included in the study.
Patients received captopril in a dose of 25mg thrice a day
for three days, starting one hour prior to angiography, while
the patients in the control group underwent angiography
without receiving captopril. AKI developed in 29% of the
control group; the administration of captopril reduced the
risk of development of contrast-induced AKI by 79%. The
authors concluded that captopril offers protection against
development of contrast-induced AKI.

Similarly, in an experimental study in Sprague-Dawley
rats, Duan et al. [66] administered telmisartan to confirm
its protective role against nephrotoxicity induced by contrast
media. Glycerin was given to all rats to induce renal injury.
Diatrizoate, a high-osmolar contrast medium (HOCM), or
iohexol, a low-osmolar contrast medium (LOCM) (10mL/kg
b.w., 300mg I/mL), was given through a caudal vein. In
diatrizoate-injected rats, SCr level was increased (𝑃 < 0.001).
Both HOCM (diatrizoate) and LOCM (iohexol) caused renal
tubular cell apoptosis in the kidneys damaged by glycerin.The
renal caspase-3 activity and angiotensin II levels in HOCM
and LOCM groups were higher than those in glycerol control
group (𝑃 < 0.001). The renal injury was also assessed
by histology. Telmisartan protected the renal tissue from
nephrotoxicity induced by contrast media.

In contrast, many have suggested that patients with
chronic renal disease under treatment with ACEIs or ARBs
are at higher risk for developing AKI particularly in the
elderly. Thus, Cirit et al. [67] have evaluated the influ-
ence of chronic ACEIs administration on the development
of contrast-induced AKI in patients undergoing coronary
angiography. The 230 patients with renal insufficiency and
age ≥65 years were divided into two groups: 109 users of
ACEI, ACE inhibitor group, 121 nonusers, control group:
AKI occurred in 17 patients (15.6%) of the ACEI group
and 7 patients (5.8%) of the control group (𝑃 = 0.015).
They conclude that chronic ACEI administration is a risk for
developing AKI in elderly patients with renal insufficiency.

Kiski et al. [68] have performed a prospective, single-
centre study to compare different treatments for AKI pre-
vention; 412 patients were included in the study, 269 (65.3%)
of whom were taking ACEI (𝑛 = 236) or ARBs (𝑛 = 33).
The occurrence of AKI within 72 h was significantly higher
in patients treated with ACEI or ARBs (11.9 versus 4.2%, 𝑃 =
0.006).

In a retrospective study of Rim et al. [69] among 11,447
patients receiving coronary angiography or PCI, 1,322 were
receiving either ACEI or ARBs. ACEI/ARBs users showed
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an increased incidence of contrast-induced AKI compared to
nonusers: 11.4% versus 6.3% (𝑃 < 0.001).

A single-center retrospective case-control study was con-
ducted by Umruddin et al. [70] on a total of 201 patients who
were exposed to nonionic radiocontrast agents for coronary
angiography, to evaluate the influence of ACEI and ARBs use
in the etiology of AKI. They identified patients who met the
criteria for AKI (a rise in SCr of more than 25% from the
baseline within 48 hours of radiocontrast agent exposure and
the absence of another cause) (AKI group); from the same list
they also identified an age-, sex-, and baseline SCr-matched
control group who did not meet the criteria for AKI (control
group). They found that 56 patients (58.3%) out of 96 of the
AKI group were on chronic ACEI or ARBs therapy, while
the control group had only 36 (34.3%) out of 105 patients
(𝑃 < 0.001). They concluded that the use of ACEI and ARBs
is an independent risk factor for developing AKI.

Some authors suggest discontinuing the use of ACEIs and
ARBs 48 hours prior to exposure to radiocontrast agents,
especially in patients with multiple risk factors [70, 71].

Others, however, believe that withholding ACEIs and
ARBs 24 h before coronary angiography does not influence
the incidence of AKI in stable patients with CRF. Thus,
Rosenstock et al. [72] undertook a randomized trial to
evaluate the effect of withdrawing ACEIs or ARBs 24 h prior
to coronary angiography on the incidence of AKI associated
with coronary angiography.The 220 patients with CRF, stages
3-4 (eGFR 15–60mL/min/1.73m2), on ACEI or ARB therapy
were randomized before angiography to either ACEI/ARB
continuation group or discontinuation group. There was no
statistically significant difference in the incidence of AKI.The
authors concluded that withholding ACEIs and ARBs 24 h
before coronary angiography does not appear to influence
the incidence of AKI in stable patients with CRF stages
3-4.

4.4. Reduction of Effective Circulating Blood Volume. Dehy-
dration and salt depletion secondary to abnormal fluid losses
(gastrointestinal, renal, or dermal losses) associated with
insufficient salt intake represent a predisposing condition to
AKI by radiographic contrast media, as it is predisposing
to any form of ARF [73]. But the reduction of “effective”
circulating blood volume is also a risk factor to any form of
ARF [8] and in particular to AKI by contrast media.

The “effective” circulating blood volume may be defined
as the relative fullness of the arterial tree as determined
by cardiac output, peripheral vascular resistance, and total
blood volume; it is usually reduced in congestive heart failure
(because of reduced cardiac output), in cirrhosis with ascites
(because of reduced peripheral resistance), and in nephrotic
syndrome (because of reduced blood volume secondary to
protein losses) [8].

A reduction of “effective” circulating blood volume may
be due to congestive heart failure, compromised left ven-
tricle systolic performance, prolonged hypotension, or liver
cirrhosis or nephritic syndrome. Under such circumstances
renal vasoconstriction induced by adenosine is accentuated
thereby making renal ischemia more severe.

4.5. Multiple Myeloma. Multiple myeloma is a malignancy
with clinical severity and variable survival time. AKI by con-
trastmedia was described for the first time in 1954 in a patient
with multiple myeloma receiving intravenous pyelography
[74]. Many radiologists have withheld contrast agents from
all patients with myeloma, afraid to induce AKI following
iodinated radiographic contrast medium use. Early articles,
in fact, linked the intravenous administration of contrast
agents with the development of renal failure in patients with
multiple myeloma, leading to the conclusion that iodinated
radiographic contrast media are contraindicated in patients
with myeloma [75–79].

In a recent retrospective clinical study Pahade et al. [80]
examined the risk of AKI in patients with multiple myeloma
following nonionic iodinated contrastmedia injection during
CT. Their retrospective review of medical records identified
patients with a diagnosis of myeloma who underwent a
contrast-enhanced CT examination of the chest, abdomen,
or pelvis. Their search yielded a total of 56 eligible myeloma
patients (24 women and 32 men) who underwent a total
of 103 CT examinations; the average age was 65 years
(range 37–93 years). AKI was defined by an increase in SCr,
after the examination, of 25% or more, or of 0.5mg/dL or
more, compared with its level before the examination, both
within 48 hours and within 7 days of contrast-enhanced CT.
The results showed a 5% incidence of AKI using the 48-
hour definition. On the basis of their results, the authors
concluded that the incidence of AKI following contrastmedia
administration in patients with multiple myeloma with a
normal SCr is low and correlates with 𝛽

2
-microglobulin

levels; thus, the administration of contrast agents in these
patients is relatively safe.The serum level of𝛽

2
-microglobulin

increases with higher tumor burden and with diminished
renal function. In their study the mean 𝛽

2
-microglobulin

level has shown a statistically significant association with
the development of AKI. According to the authors, a review
of 𝛽
2
-microglobulin serum levels may be beneficial before

administering the contrast agent to patients with myeloma,
because it likely serves as a marker of patients who are at a
higher risk of developing AKI. They suggested a threshold
value of less than 2.8mg/L of 𝛽

2
-microglobulin serum level

for essentially eliminating the risk of AKI [80].
The assessment of Bence Jones proteinuria is unnecessary

for evaluating the risk of kidney failure in patients with
multiple myeloma, since this test cannot be considered a
surrogate biomarker of kidney function [81].

Wemay conclude that multiple myeloma per se cannot be
considered a main risk factor for developing AKI following
intravascular administration of iodinated contrast media.
The risk, however, becomes important when associated with
comorbidities such as CRF, diabetes, hypercalcemia, dehy-
dration, and use of nephrotoxic drugs [81].

4.6. Osmolality and Viscosity of Contrast Media. Osmolality
of contrast media compared with the osmolality of plasma
seems to play an important role in nephrotoxicity. Contrast
media usually have high viscosity and greater osmolality
(moremolecules per kilogram of water) than plasma. Ionicity
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is the characteristic of a molecule to break up into a cation
and an anion, resulting in more molecules per kilogram of
water and thus increasing osmolality. Nonionic agents not
having this property are less osmolar. The osmotoxic effect
of contrast agents is described in terms of the ratio of iodine
atoms to dissolved particles: the higher the ratio, the better
the attenuation of X rays [10, 82].

Ionic high-osmolar contrast media (HOCM, e.g., diatri-
zoate, 1500 to 1800mOsm/kg, i.e., 5–8 times the osmolality of
plasma) have a ratio of 1.5 : 1, nonionic low-osmolar contrast
media (LOCM, e.g., iohexol, 600 to 850mOsm/kg, i.e., 2-
3 times the osmolality of plasma) have a ratio of 3 : 1, and
nonionic iso-osmolar contrast media (IOCM, e.g., iodixanol,
approximately 290mOsm/kg, i.e., same osmolality as plasma)
have a ratio of 6 : 1 [83].

Adverse reactions to contrast media range from 5% to
12% for HOCM and from 1% to 3% for LOCM. It has
been shown that LOCM rather than HOCM are beneficial
in the prevention of contrast-induced AKI to patients with
preexisting renal failure [82, 84–86]. Iodixanol (IOCM)
seems less nephrotoxic than iohexol (LOCM) [82, 87], at
least in patients with intra-arterial administration of the drug
and renal insufficiency [88, 89]. But recent studies and meta-
analyses have found no significant difference in the rates of
AKI between IOCM and LOCM [88–93].

In addition to the osmolality of iodinated contrast media,
their viscosity is very important, indeed; while the osmolality
of a given contrast medium solution, in fact, increases only
linearly with the molar concentration, the viscosity increases
exponentially [94]. Thus, the low osmolality achieved with
the IOCM came at the price of considerably increased vis-
cosity; at comparable iodine concentration and X-ray attenu-
ation nonionic dimer IOCM have about twice the viscosity
of nonionic monomer LOCM [95]. The higher viscosity of
nonionic dimer IOCM probably relies on a number of the
compounds’ features including the molecules’ shape and the
flexibility of the bridge between the two benzene nuclei [96].

Most of the water filtered by the glomerulus is reabsorbed
along the length of the renal tubule, thereby causing con-
siderable concentration of the contrast medium within the
tubule itself. This results in a progressive increase in tubular
fluid osmolality and, due to the exponential concentration-
viscosity relationship, an overproportional increase in tubular
fluid viscosity as well as in the urine viscosity [94].

Since the fluid flow rate through a tube increases with the
pressure gradient and decreases with the flow resistance and
since the resistance increases proportionally to fluid viscosity,
the increased viscosity caused by a contrastmedium increases
the intratubular pressure [97]. This causes a decrease in
glomerular filtration and contributes to renal medullary
hypoperfusion and hypoxia since circular distension of the
tubules results in compression of medullary vessels such as
the vasa recta [94]. On the other hand, the increased flow
resistancemarkedly slows down the tubular flow rate, thereby
increasing the contact time of cytotoxic contrast medium
with tubular epithelial cells and consequently increasing their
damaging effect.

In case of dehydration angiotensin II and vasopressin
augment tubular fluid reabsorption, which further increases

the tubular concentration of the contrast medium, and,
due to the concentration-viscosity relationship, overpro-
portionally increases tubular fluid and urine viscosity.
Accordingly, dehydration and/or volume contraction are
major individual risk factors for contrast-induced AKI [94].
Hence, the strong recommendation for hydration of the
patients before the exposure to contrast media, particularly
in the elderly due to an impaired sensation of thirst
[98].

In vivo studies that directly compared urine viscosities
following LOCM versus IOCM administration in dogs and
rats demonstrated a larger increase in urine viscosity follow-
ing IOCM [94, 99–102]. The LOCM causes an increase of
tubular fluid viscosity; but the viscosity increase by IOCM is
several times larger; the higher the viscosity and the lower the
osmolality, the longer the cells exposed to contrast media and
the more they are injured [94].

Micropuncture studies in rats found that the IOCM,
iotrolan, increased tubular pressure and decreased single
nephron GFR much more than HOCM and LOCM did [97,
103].

4.7. Use of Large Doses or Multiple Injections of Iodinated
Contrast Media. The risk of contrast-induced AKI is dose-
dependent; it increases with the volume of contrast medium
administered during the procedure and with their multiple
injections within 72 hours [104–106]. Larger volumes of
contrast agents are used in coronary angiography than in
other imaging studies. Therefore, patients who undergo
coronary angiography (these patients usually have one or
more comorbid conditions) have AKI more frequently than
other patients [107, 108].

4.8. Route of Administration of Iodinated Contrast Media.
Many studies have demonstrated that i.v. contrast media
are less risky than intra-arterial contrast media [109–111].
Iodinated radiographic contrast media are more nephrotoxic
when given intra-arterially because of the higher acute
intrarenal concentration [10, 88], particularly if the arterial
injection is suprarenal [112]. It has been demonstrated that,
while performing aortography, the closer to the renal arteries
the injection of contrast medium occurs, the higher the risk
of AKI will be [104].

Dong et al. [88] have performed a study to examine
the association between administration route and relative
renal safety of iodinated radiographic contrast agents. They
searched all published articles indexed in Embase, Medline,
and the Cochrane Central Register of Controlled Trials, in
the period 1980–2010 and found 11 randomized controlled
trials including 2,210 patients with intra-arterial route and
7 including 919 patients with intravenous route of admin-
istration. The meta-analysis suggested that administration
route may affect the renal safety of different contrast agents.
Their results showed that compared with a pool of LOCM,
iodixanol (IOCM) was associated with less risk of contrast-
induced AKI when administered intra-arterially rather than
intravenously.
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4.9. Advance Age. Advance age, that is, >65 years, represents
a predisposing factor to contrast-induced AKI. The reasons
for higher AKI risk in the elderly aremultifactorial, including
age-related changes in renal function (which favours renal
sodium and water wasting) [98], the presence of old vessels,
of one or more comorbid conditions, such as dehydration,
due to impaired sensation of thirst in old subjects, or chronic
renal disease particularly if under treatment with ACEIs or
ARBs, and the presence of more advanced vascular disease,
of coronary artery disease, of longstanding hypertension, and
of diabetes.

4.10. The Presence of Anemia. Anemia is a risk factor for
AKI by contributing to renal ischemia. Nikolsky et al. [113]
have studied the relationship between hematocrit and the
occurrence of AKI. Of 6,773 consecutive patients treated
with PCI, contrast-induced AKI (an increase of ≥25% or
≥0.5mg/dL in preprocedure SCr, at 48 hours after procedure)
occurred in 942 (13.9%) patients. The rates of AKI were the
highest (28.8%) in patients who had the lowest level for both
baseline eGFR and hematocrit; patients with the lowest eGFR
but relatively high baseline hematocrit values had remarkably
lower rates of AKI. The authors conclude that correcting the
hematocrit before PCI might decrease the rates of contrast-
induced AKI.

4.11. Sepsis. Sepsis is a risk factor, probably because of
direct tubular damage by bacterial toxins and impairment of
circulation [63].

4.12. The Presence of Transplanted Kidney. Patients with
renal transplantation are at a higher risk of contrast-induced
AKI due to concomitant use of nephrotoxic drugs, such as
cyclosporine, and higher prevalence of diabetes and renal
insufficiency. Ahuja et al. [114] have evaluated the safety of
iodinated radiographic contrast injections in renal allograft
recipients. In a retrospective study they identified 44 patients
with functioning renal allograft who underwent different i.v.
or intra-arterial contrast studies. Renal function tests were
done before and after the contrast study in 35 of these patients,
who underwent coronary angiogram in 6 patients, CT scan
with intravenous contrast in 11, angiogram for evaluation of
peripheral vascular disease in 11, allograft angiogram with
angioplasty in 5, pulmonary angiogram in 1, and intravenous
pyelogram in 1 patient. The incidence of AKI (≥25% increase
in baseline SCr) in the renal allograft recipients was 21.2%
(7 of 33 patients). The incidence of AKI was lower 15.3% (4
of 26) in patients who received i.v. hydration compared to
42.8% (3 of 7) in patients who received no prophylaxis prior
to radiographic contrast agents.

5. Prevention of AKI

It is absolutely necessary to try to prevent contrast-induced
AKI. This is even more necessary in high risk patients. The
following are useful suggestions for its prevention.

5.1. Monitoring Renal Function. Renal function should be
monitored in any patient before any radiographic procedure
that requires the use of radiographic iodinated contrast
agents. SCr should be checked before and after the use
of contrast medium. In patients at high risk of AKI, SCr
should be checked before and once daily for 5 days after
the radiographic procedure [1]. The increase in SCr after the
contrast agent administration will indicate nephrotoxicity.

5.2. Removal of Nephrotoxic Drugs. Potentially nephrotoxic
drugs should be discontinued, whenever possible, before the
contrast procedure. This is the case with aminoglycosides,
whose direct nephrotoxic effect would potentiate the contrast
nephrotoxicity, vancomycin, amphotericin B, cisplatin, and
nonsteroidal anti-inflammatory drugs.

In those cases in which aminoglycosides cannot be
removed, its dosage should be reduced. Thus, the European
Renal Best Practice (ERBP) [115] suggests, for the treatment
of infections in patients with normal kidney function in
steady state, to administer aminoglycosides as a single dose
daily rather than multiple doses, but with monitoring of
aminoglycoside blood levels. For amphotericin B, the ERBP
recommends that saline loading be implemented in all
patients receiving any formulation of amphotericin B [115].

Metformin is a biguanide (dimethylbiguanide) that is
used in patients with non-insulin-dependent diabetes mel-
litus (type II diabetes) as an oral antihyperglycemic med-
ication. Since it stimulates intestinal production of lactic
acid, potential harm may happen when renal failure occurs.
Approximately 90% of metformin is eliminated via the kid-
neys in 24 hrs. Thus, renal insufficiency (GFR < 70mL/min)
will lead to its retention in the tissues and to lactic acidosis
that can be fatal, since the onset of renal injury after the
administration of contrast medium is quite rapid. Thus, the
drug has to be discontinued at least 12 hours before the
contrast and not be resumed for a minimum of 36 hours
after the procedure, or longer if the SCr has not returned to
baseline [116].

We have already discussed the controversial opinions
on the role of ACEIs and ARBs as potential risk factors
for contrast-induced AKI. According to KDIGO guidelines
for Acute Kidney Injury Work Group, there is insufficient
evidence to recommenddiscontinuation of thesemedications
prior to contrast administration [117].

5.3. The Choice of the Radiographic Contrast Agent. It is
very important to choose the least nephrotoxic radiocontrast
agent. The LOCM (e.g., iohexol) are less nephrotoxic than
HOCM (e.g., diatrizoate). Furthermore, the IOCM (e.g.,
iodixanol) seem to be less nephrotoxic than the LOCM [1, 10].

A multicenter, randomized, double-blind comparison
of iopamidol (LOCM) and iodixanol (IOCM) has been
performed by Solomon et al. [91] in patients with chronic
kidney disease. The incidence of contrast-induced AKI was
not statistically different after the intra-arterial administra-
tion of iopamidol or iodixanol to high-risk patients, with
or without diabetes mellitus. The authors conclude that
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iodixanol (IOCM) and iopamidol (LOCM) are iodinated
contrast agents of choice to reduce risk of AKI.

5.4. The Dosage of the Radiographic Contrast Agent. The
lowest dosage possible of the radiographic contrast agent
should be used.

High doses of contrast agents are required in PCI. For this
procedure, some formulas have been suggested to calculate
the dosage that is least dangerous for renal function [1].

(1) Cigarroa’s formula: 5mL of contrast per kg b.w./SCr
(mg/dL) with maximum acceptable dose of 300mL
for diagnostic coronary arteriography [118].

(2) Laskey’s formula: volume of contrast to calculated
creatinine clearance ratio with a cut-off point of the
ratio at 3.7 for PCI; a ratio >3.7 would be associated,
following contrast use, with a decrease in CrCl [119].
Recently Gurm et al. [120] have suggested a cut-
off point at 2.0: below a ratio of 2.0 AKI would be
a rare complication of PCI, but it would increase
dramatically at a ratio of 3.0.

(3) A new formula seems to be superior and consists of a
ratio of grams of iodine to the eGFR; a ratio of 1.42,
or even better a ratio of 1.0, would prevent contrast-
induced AKI [121].

5.5. Adequate Hydration. The crucial preventive measure of
contrast-induced AKI is an adequate hydration of the patient
[122, 123]. We must abolish the old suggestion to avoid any
oral intake starting the day before contrast administration,
a measure decided to prevent vomiting and nausea, that
was common with high-osmolality contrast agents, and to
allow for tracheal intubation in case of any emergency.
Undoubtedly the strategy to keep the patient in a fasting
state was correct; but many patients and physicians erro-
neously considered a restriction in fluids in parallel with the
restriction in food [122]. This misconception caused patient
dehydration before using iodinated contrast media.

Volume supplementation is the cornerstone for the pre-
vention of contrast-induced AKI. According to Mueller [122]
an oral or intravenous volume supplementation effectively
prevents AKI in low- and moderate-risk patients: 500mL of
water or soft drinks (e.g., tea) orally before and 2,500mL
for 24 hours after contrast administration in order to secure
urine output of at least 1mL/min in a non-dehydrated patient;
or i.v. injection of 100mL/hr of 0.9% saline solution starting
4 hrs before contrast administration and continuing for 24 hrs
afterward [124].

High infusion rate or high total fluid volume may result
in volume overload and trigger pulmonary edema in patients
with predisposing cardiac conditions. In these patients a
rather low infusion rate of 1mL/kg per hour has in general
been recommended and used in clinical practice [125]. In
high-risk patients adequate hydration may be obtained by i.v.
infusion of 0.9% saline at a rate of approximately 1mL/kg
b.w.per hour, beginning 6–12 hours before the procedure
and continuing for up to 12–24 hours after the radiographic

examination; this may be done only if urine output is
appropriate and cardiovascular condition allows it [122].

The rationale for volume supplementation is that hydra-
tion causes expansion of intravascular volume, suppression
of renin-angiotensin cascade, and consequent reduction of
renal vasoconstriction and hypoperfusion. The resulting
increase of diuresiswill decrease the concentration of contrast
material within the tubule lumen and its contact time, thereby
diminishing its direct toxicity on tubular epithelium; a higher
urine output is associated with a lower incidence of contrast-
induced AKI [125].

Some clinical studies and meta-analyses have shown that
sodium bicarbonate hydration is superior to sodium chloride
[126–132] at least when using LOCM [133].

Thus, Merten et al. [126] treated 119 patients with pre-
existing renal insufficiency, scheduled mainly for cardiac
catheterization, to receive either 154mEq/l sodium bicar-
bonate or equimolar sodium chloride, both given as an i.v.
bolus (3mL/kg per hour for 1 hour) immediately before the
administration of iopamidol, followed by an infusion at a
rate of 1mL/kg per hour for 6 hours after the procedure. The
incidence of AKI (defined as an increase of ≥25% of baseline
SCr within 2 days) was lower in the bicarbonate group: 1.7%
versus 13.6% (𝑃 = 0.02). Similarly Masuda et al. [127],
using the same protocol of bicarbonate infusion (number:
30) versus saline (number: 29) in 59 patients undergoing an
emergency coronary angiography or intervention, found an
incidence of AKI of 7% versus 35% (𝑃 = 0.01).

In a systematic review and meta-analysis using the
MEDLINE database, Navaneethan et al. [129] compared the
hydration with i.v. sodium bicarbonate with or without N-
acetylcysteine versus hydration with normal saline with or
without N-acetylcysteine. Sodium bicarbonate significantly
decreased the incidence of contrast-induced AKI.

The rationale for using bicarbonate infusion is explained
by the fact that any condition (such as acetazolamide admin-
istration or sodium bicarbonate infusion) that increases
bicarbonate excretion decreases the acidification of urine
and medulla. Consequently, this will reduce the production
(namely, inhibition of the generation of hydroxyl radicals
from H

2
O
2
) and increase the neutralization of oxygen free

radicals, thereby protecting the kidney from injury by con-
trast agents [128, 129, 134].

Other investigators did not find a benefit with sodium
bicarbonate hydration versus sodium chloride. Thus, in a
study of Brar et al. [135]Medline, EMBASE, Cochrane library,
and the Internet were searched for randomized controlled
trials comparing hydration between sodium bicarbonate
and chloride for the prevention of contrast-induced AKI
between 1966 and November 2008. A significant clinical
and statistical heterogeneity was observed that was largely
explained by trial size. Among the large randomized trials
there was no evidence of benefit for hydration with sodium
bicarbonate versus sodium chloride (10.7 and 12.5%, resp.) for
the prevention of AKI. The authors believe that the benefit
of sodium bicarbonate was limited to small trials of lower
methodological quality.

Shavit et al. [136] conducted a prospective, single-center
trial in 93 patients with CRF, stages III-IV, undergoing
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cardiac catheterization who received either an infusion of
0.9% sodium chloride and oral N-acetylcysteine (number:
42) or 154mEq/L sodium bicarbonate (number: 51). They
concluded that hydration with sodium bicarbonate is not
more effective than hydration with sodium chloride and oral
N-acetylcysteine for the prevention of contrast-induced AKI.

Vasheghani-Farahani et al. [137] prospectively enrolled,
in a single-center, double-blind, randomized, controlled trial
from August 2007 to July 2008, 72 patients undergoing
elective coronary angiography with an SCr level ≥1.5mg/dL,
uncontrolled hypertension, compensated severe heart failure,
or a history of pulmonary edema; the patients were assigned
to either an infusion of sodium bicarbonate plus half saline
(𝑛 = 36) or half saline alone (𝑛 = 36). The combination
therapy of sodium bicarbonate plus half saline did not offer
additional benefits over hydration with half saline alone in
the prevention of AKI.

Also an increased incidence of AKI with the use of i.v.
sodium bicarbonate has been reported. Thus, From et al.
[138] performed a retrospective study at the Mayo Clinic
in Rochester, Minnesota (USA), to assess the incidence of
contrast-induced AKI with the use of sodium bicarbonate
and N-acetylcysteine. A total of 11,516 contrast exposures
in 7977 patients had SCr values available for review before
and after iodinated contrast exposure. The use of i.v. sodium
bicarbonate was associated with increased incidence of
contrast-induced AKI compared with no treatment.

The ERBP [115] “recommends volume expansion with
either isotonic sodium chloride or sodium bicarbonate
solutions, rather than no volume expansion, in patients at
increased risk for AKI.”

5.6. Antioxidants. As mentioned, ROS have been proven
to play an important role in the renal damage caused by
iodinated radiocontrast agents. Hence, it is reasonable to
use antioxidants for preventing AKI. Lee et al. [139] treated
human embryonic kidney cells with three different contrast
media: ionic HOCM ioxitalamate, nonionic LOCM iopro-
mide, and IOCM iodixanol. All three contrast media caused
a significant reduction of cell viability at 24 hours (𝑃 <
0.001). Short-duration pretreatment with N-acetylcysteine
significantly improved cell viability compared with no N-
acetylcysteine pretreatment (𝑃 < 0.001).

Clinical studies have suggested a protective effect of ROS
scavenging with the administration of N-acetylcysteine [32,
140].

Tepel et al. [141] prospectively studied 83 patients with
CRF (mean SCr of 2.4mg/dL) planned to undergo CT with
a nonionic, low-osmolality contrast agent; the 83 patients
randomly received either N-acetylcysteine (600mg orally
twice daily) plus i.v. Infusion of 0.45% saline, both before and
after the contrast agent (n. 41), or placebo and 0.45% saline
(n. 42). An increase of at least 0.5mg/dL of SCr 48 hours
after administration of the contrast agent occurred in 1 out
of 41 patients in the N-acetylcysteine group (2%) and 9 out
of 42 patients in the control group (21%; 𝑃 = 0.01). The
authors concluded that N-acetylcysteine, given orally along

with hydration, prevents AKI by contrast agents in patients
with CRF.

Baker et al. [142] prospectively randomized 80 patients
with stable renal dysfunction, planned for cardiac catheter-
ization or intervention, to i.v. infusion of N-acetylcysteine
(150mg/kg in 500mL normal saline, 𝑛 = 41) or i.v. hydration
alone (𝑛 = 39). AKI occurred in 2 out of 41 patients in the
N-acetylcysteine group (5%) and in 8 out of 39 patients in the
hydration group (21%;𝑃 = 0.045)The authors concluded that
i.v. N-acetylcysteine has a protective effect against AKI.

Briguori et al. [143] tested whether a double dose of N-
acetylcysteine given orally could be more effective to pre-
vent contrast-induced AKI. They performed a prospective,
randomized study on 224 consecutive patients with SCr
≥1.5mg/dL and/or CrCl <60mL/min, referred to their insti-
tution for coronary and/or peripheral procedures. Patients
were randomly assigned to receive either 0.45% saline intra-
venously plusN-acetylcysteine at the standard dose of 600mg
orally twice daily (𝑛 = 110) or a double dose (1200mg orally
twice daily; 𝑛 = 114) before and after nonionic, LOCM
iobitridol (Xenetin-350) administration. An increase of at
least 0.5mg/dL of SCr 48 h after the procedure occurred in
12 out of 109 patients (11%) in the standard dose group and
in 4 out of 114 patients (3.5%) in the double dose group
(𝑃 = 0.038). In the subgroup with high contrast dose
(≥140mL), the AKI was significantly more frequent in the
standard dose group.The authors concluded that double dose
of oral N-acetylcysteine is more effective than standard dose
in preventing contrast-induced AKI, particularly when high
volumes of nonionic, low-osmolality contrast agent are used.

Some authors [144] demonstrated that high dose of oral
N-acetylcysteine (1,200mg twice a day before and on the
day of the procedure) is more beneficial than ascorbic acid
in preventing contrast-induced AKI in patients, especially
in diabetic patients, with renal insufficiency undergoing
coronary angiography.

Other authors did not find any significant protection
by N-acetylcysteine against radiographic contrast media
nephrotoxicity. Thus, Durham et al. [145] evaluated the
efficacy of N-acetylcysteine for the prevention of contrast-
induced AKI (defined as an increase of SCr by ≥0.5mg/dL)
in the setting of cardiac angiography: 79 patients with SCr
>1.7mg/dL were randomized to one of two groups: Group
1, i.v. hydration and N-acetylcysteine, 1200mg 1 hour before
and a second dose 3 hours after angiography; Group 2, i.v.
hydration and placebo. AKI developed in 24.0% of subjects,
26.3% in the N-acetylcysteine, and 22.0% in the placebo (P
= NS). The authors concluded that N-acetylcysteine is not
effective for the prevention of AKI after cardiac angiography.

Similarly in the retrospective study of From et al. [138] at
the Mayo Clinic, N-acetylcysteine alone and in combination
with sodium bicarbonate was not associated with any signif-
icant difference in the incidence of contrast-induced AKI.

Allaqaband et al. [146] prospectively compared the effi-
cacy of N-acetylcysteine, fenoldopam, and saline in prevent-
ing contrast-induced AKI in 123 high-risk patients with SCr
≥1.6mg/dL or CrCl of <60mL/min undergoing cardiovas-
cular procedures. The patients received either saline (0.45%
normal saline at 1mL/kg) for 12 hours before and 12 hours
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after the procedure, or fenoldopam (0.1 microg/kg/min) plus
saline for 4 hours prior and 4 hours after the procedure, or
N-acetylcysteine orally (600mg) plus saline every 12 hrs for
24 hours prior and 24 hours after the procedure. The authors
concluded that, in patients with CRF, N-acetylcysteine or
fenoldopamoffered no additional benefit over hydrationwith
saline in preventing AKI.

Goldenberg et al. [147] prospectively studied 80 patients
with SCr of 2.0mg/dL undergoing coronary angiogra-
phy: patients were randomly assigned to receive either N-
acetylcysteine (600mg orally t.i.d.) or placebo, in addition
to i.v. 0.45% saline (1mL/kg/hr), 12 hrs prior to and after
coronary angiography. There was no significant difference
in the increase of SCr ≥0.5mg/dL 48 hrs after coronary
angiography between the N-acetylcysteine group and the
placebo group (5% versus 8%, 𝑃 = 0.52).

Similarly Coyle et al. [148] did not find any benefit
by including N-acetylcysteine to the hydration regimen in
patients with diabetes mellitus in preventing AKI.

Similar results have been obtained by Ferrario et al.
[149] in their study in 200 elective, consecutive patients with
basal CrCl≤55mL/min receiving either oral N-acetylcysteine
(600mg bid the day before and the day of the exposure to
nonionic isosmolar contrast medium, Iodixanol, Visipaque,
plus saline i.v. 0.9% 1mL/kg/h 12–24 h before and 24 h after
the procedure, 𝑛 = 99) or placebo and saline at the same time
intervals (𝑛 = 101). Contrast-induced AKI was 8/99 (8.1%) in
the N-acetylcysteine group versus 6/101 (5.9%) in the placebo
group (𝑃 = 0.6).

Pannu et al. [150] performed a systematic review and
meta-analysis (15 studieswith a total of 1776 patients) to assess
the efficacy of N-acetylcysteine for preventing AKI after
administration of i.v. contrast media. The authors concluded
that N-acetylcysteine may reduce the incidence of acute
increase of SCr after i.v. contrast administration, but this
findingwas of borderline statistical significance; furthermore,
there was heterogeneity between trials.

Finally Gurm et al. [151] assessed the protective effect of
N-acetylcysteine against AKI in consecutive patients under-
going nonemergent PCI from 2006 to 2009 in the Blue
Cross Blue Shield of Michigan Cardiovascular Consortium.
Of the 90,578 PCIN-acetylcysteine was used in 10,574 (11.6%)
procedures. No differences in outcomes between patients
treated with N-acetylcysteine and those not receiving N-
acetylcysteine were observed for AKI (5.5% versus 5.5%, 𝑃 =
0.99) or death (0.6% versus 0.8%, 𝑃 = 0.15).

Despite these controversial results, it has been suggested
to use N-acetylcysteine in high-risk patients either with an
oral dose of 600mg twice daily the day before and the day
of procedure or, in patients unable to take the drug orally,
with an i.v. dose of 150mg/kg over half an hour before the
procedure or 50mg/kg administered over 4 hours [142].

Other antioxidants have been suggested to use against
contrast-induced AKI: vitamin C (ascorbic acid), vitamin E
(𝛼- or 𝛾-tocopherol), and Mesna.

Conflicting results have been obtained with the use of
ascorbic acid.

Thus, some authors have demonstrated that prophylactic
oral administration of ascorbic acid may protect against
contrast-induced AKI [152–154].

Spargias et al. [152] conducted a randomized, double-
blind, placebo-controlled trial of ascorbic acid in 231 patients
with an SCr ≥1.2mg/dL undergoing coronary angiography
and/or intervention. Contrast-induced AKI occurred in 11
out of 118 patients (9%) in the ascorbic acid group and in 23
out of 113 patients (20%) in the placebo group (𝑃 = 0.02)
thereby demonstrating a protective effect of ascorbic acid.

Alexopoulos et al. [153] examined the preventive effect of
ascorbic acid on the incidence of contrast-inducedAKI in 222
patients undergoing a coronary procedure. For patients who
used iodixanol, the incidence of AKIwas 7.4% for the ascorbic
acid patients and 21.6% for placebo patients (𝑃 = 0.02).

Finally Sadat et al. [154] performed a systematic review
with meta-analysis of randomized controlled trials (9 trials
in 1,536 patients) comparing the use of ascorbic acid with
placebo for the treatment of contrast-inducedAKI in patients
undergoing coronary angiography: patients receiving ascor-
bic acid had 33% less risk of AKI compared with patients
receiving placebo (𝑃 = 0.034).

Other authors demonstrated a nonprotective effect of
ascorbic acid against iodinated radiographic contrast media
nephrotoxicity [155].

Thus, Boscheri et al. [155] have carried out a randomized,
double-blind, prospective, and single center-study, evaluating
143 consecutive patients who received 1 g ascorbic acid or
placebo plus saline hydration prior to and after angiography:
no significant difference was detected in the incidence of AKI
between Vitamin C patients (5/74, i.e., 6.8%) and placebo
patients (3/69, i.e., 4.3%).

Tasanarong et al. [156] carried out a prospective, double-
blind, randomized, and placebo-controlled trial in 305
patients with CRF undergoing coronary procedures with
iopromide (LOCM). The oral administration of either
350mg/day of 𝛼-tocopherol or 300mg/day of 𝛾-tocopherol (5
days prior to the procedure and continued for a further 2 days
after procedure) in combination with 0.9% saline (1mL/kg/h
for 12 hours before and 12 hours after) was shown to be
effective in protecting against AKI. AKI occurred in 14.9%
of cases in the placebo group, but only in 4.9% and 5.9%
in the 𝛼- and 𝛾-tocopherol groups, respectively, suggesting
a protective effect of vitamin E against the nephrotoxicity of
iodinate contrast media.

Mesna (mercapto-ethane-sulfonate Na) is an agent with
antioxidant properties that has been shown to reduce
free radicals and restore reduced glutathione levels after
ischemic renal failure, thereby protecting the kidneys against
ischemia/reperfusion-induced oxidative damage [157]. Lud-
wig et al. [158] examined, in a randomized controlled trial,
the efficacy of sodium 2-mercaptoethanesulfonate (MESNA),
a reactive oxygen scavenger, in at-risk patients given radio-
graphic contrast agents. The i.v. administration of 1600mg
Mesna versus placebo, together with i.v. hydration with 0.9%
saline, resulted in the occurrence of AKI in 7 patients in the
placebo group and none in the Mesna group (𝑃 = 0.005).
Further studies would be necessary to confirm such a positive
outcome [1].
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5.7. Nebivolol. Nebivolol is a third-generation 𝛽
1
-adrenergic

receptor antagonist.
Toprak et al. [159] have hypothesized that Nebivolol

protects the kidney against contrast-induced AKI through
its antioxidant and NO-mediated vasodilating action. In
experimentalWistar-albino rats they observed that Nebivolol
induced a significant increase of CrCl reduced by diatrizoate,
a decrease of medullary congestion, protein casts and tubular
necrosis, systemic and renal oxidative stress, microprotein-
uria caused by the contrast medium, and an increase of the
kidney nitrite level decreased by diatrizoate.

Günebakmaz et al. [160] enrolled 120 patients undergo-
ing coronary angiography and ventriculography, who were
hydrated with i.v. isotonic saline: group I received 600mg N-
acetylcysteine every 12 hours for 4 days, group II received
5mg nebivolol every 24 hours for 4 days, and group III
patients were only hydrated: 9 patients in group I (22.5%)
developed AKI, as did 8 patients (20.0%) in group II and
11 patients (27.5%) in group III (𝑃 = 0.72). However,
a statistically significant increase in SCr was observed at
day 5 compared with baseline levels only in group I (N-
acetylcysteine, from 1.42 to 1.52, 𝑃 = 0.02) and group III
(hydration only, from 1.43 to 1.55, 𝑃 = 0.01); the increase of
SCr (from 1.40 to 1.48, 𝑃 = 0.06) in group II (Nebivolol) did
not reach statistical significance.

5.8. Statins. Recent studies have shown a beneficial effect of
statins to prevent AKI in patients undergoing PCI [161–165].

Khanal et al. [162] studied 29409 patients who had both
baseline preprocedure andpeak postprocedure SCrmeasured
at the time of their PCI to compare patients who received
preprocedure statins with those who did not. Patients on
preprocedure statins had a lower incidence of AKI (4.37
versus 5.93, 𝑃 < 0.0001) and nephropathy requiring dialysis
(0.32 versus 0.49, 𝑃 < 0.03). They suggest initiating statin
therapy before percutaneous coronary interventions.

Patti et al. [163] prospectively studied 434 patients under-
going PCI, with a follow-up for 4 years. Statin-treated patients
(n. 260) had a significantly lower incidence of AKI (3% versus
27%, 𝑃 < 0.0001) versus untreated patients (number: 174)
and had better postprocedural CrCl (80 versus 65mL/min,
𝑃 < 0.0001); 4-year survival free of major adverse cardiac
events was highest in statin-treated patients without AKI.
Thus, the early protective effect of statins translates into better
long-term event-free survival.

Zhang et al. [164] performed ameta-analysis of published
randomized clinical trials (8 published clinical trials with
1423 patients) to evaluate whether short-term administration
of high-dose statin is superior to conventional-dose statin
or placebo in preventing contrast-induced AKI in patients
undergoing catheterization and interventional procedures.
They observed an effectiveness of short-term high-dose
statin pretreatment for both decreasing the level of SCr and
reducing the rate of AKI.

Current guidelines for coronary revascularization recom-
mend the use of high dose of statins before PCI to reduce
the risk of periprocedural myocardial infarction; but the
beneficial clinical effect of statin pretreatment in patients

undergoing coronary angioplasty arises not only from a car-
diac protection against periprocedural myocardial injury but
also from a renal protection against AKI caused by iodinated
contrast media [165]. Actually, statins exert multiple non-
lipid-lowering (pleiotropic) effects, such as improvement of
endothelial function and reduction of inflammatory and
immunomodulatory processes, of oxidative stress andplatelet
adhesion; they may contribute to both cardio- and nephro-
protection even in the short-term [165].

This is not surprising, considering that hypercholes-
terolemia has been suggested to be a predisposing factor to
ARF on the basis of a study in experimental ARF, character-
ized by compromised NO synthesis and enhanced ROS gen-
eration [166, 167]. But the nephroprotective effect of statins
has been attributed to its antioxidant, anti-inflammatory, and
antithrombotic properties and to its vasodilator property
mediated by NO, which improves renal microcirculation
[166, 168, 169].

Rosuvastatin (10mg/day for five days, two days before,
three days after the procedure) reduced the risk of AKI in
patients with diabetes mellitus and chronic kidney disease
undergoing coronary/peripheral arterial angiography [170].
Leoncini et al. [171] treated 252 patients with acute coro-
nary syndrome, who were scheduled for an early invasive
procedure and were at high risk for contrast-induced AKI,
with high doses of rosuvastatin, that is, 40mg on admission,
followed by 20mg/day.The incidence ofAKIwas significantly
lower in the statin group than in controls (6.7% versus
15.1%, 𝑃 = 0.003). Also simvastatin had a dose-dependent
nephroprotective effect in experimental rats treated with
radiocontrast agents [168]. Patients on pravastatin had an
even lower incidence of AKI than patients on simvastatin
[172, 173].

Acikel et al. [174] have demonstrated that short-term
atorvastatin (40mg/day 3 days before the procedure) and
chronic atorvastatin therapy had a protective effect on renal
function after coronary angiography.

Patti et al. [175] investigated whether short-term high-
dose atorvastatin load decreases the incidence of AKI after
PCI. Patients with acute coronary syndrome undergoing PCI
(𝑛 = 241) randomly received either atorvastatin (80mg 12
hours before intervention with another 40mg preprocedure
dose, 𝑛 = 120) or placebo (𝑛 = 121): 5% of patients in the
atorvastatin group developed AKI versus 13.2% of those in
the placebo group (𝑃 = 0.046). They conclude suggesting
early use of high-dose statins before percutaneous coronary
revascularization to protect patients against contrast media
nephrotoxicity.

5.9. Steroids. Ribichini et al. [176] have suggested a short
course of high-dose steroids as an effective preventive
measure against contrast-induced AKI: 38 patients under-
going cardiovascular procedures were given either pred-
nisone (1mg/kg of oral prednisone, 12–24 hours before
and 24 hours after the angiographic procedure) plus i.v.
saline plus hydration (1mL/kg/hour of 0.9% saline, 12 hours
before the procedure) or hydration alone. SCr was tested
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before and 24–48 hours after the procedure, while neu-
trophil gelatinase-associated lipocalin (NGAL), kidney injury
molecule-1 (KIM-1), protein, and albumin were assayed in
spot urine before and 6 hours after the procedure. NGAL
and KIM-1 tended to rise after the procedure to a lesser
degree in the prednisone group; proteinuria and albuminuria
decreased significantly in the prednisone group. The authors
concluded that short course of prednisone reduces the
procedure-induced changes in biomarkers of renal tubular
damage.

5.10. Diuretics. Since enhanced transport activity with oxy-
gen consumption plays an important causal role of renal
hypoxia and both furosemide and mannitol reduce transport
activity, it has been suggested to use furosemide or mannitol
to protect against contrast-induced AKI. Furthermore, an
increase in urine output, as it occurs with furosemide and
mannitol, will decrease the contact time of contrast mate-
rial with tubular epithelium, thereby reducing the epithe-
lial damage. Obviously, inducing a high urine output with
diuretics in the absence of adequate fluid replacement is
deleterious. Thus, the use of furosemide or mannitol should
be associated with saline infusion to prevent salt depletion.
Marenzi et al. [177] performed a prospective, randomized
trial involving patientswithCRF, defined as an eGFR less than
60mL/min/1.73m2, scheduled for coronary angiography
requiring the use of the nonionic, low-osmolality contrast
agent iomeprol. In their study they utilized, for prevention
of AKI, the combination of hydration plus furosemide, to
prevent both fluid overload in response to intravenous hydra-
tion and hypovolemia as a result of high-volume diuresis
induced by furosemide administration. This was obtained by
delivering intravenous fluid in an amount exactly matched
to the volume of urine produced by the patient under the
effect of furosemide and precisely weighed. The result was a
significantly lower incidence of AKI when compared to the
patients treated with only hydration.

Several studies, however, have demonstrated either no
effect in protecting against contrastmedia or even deleterious
effect of furosemide and mannitol on renal function.

Thus, Solomon et al. [178] prospectively studied 78
patients with SCr of 2.1mg/dL undergoing cardiac angiog-
raphy. Patients received either 0.45 percent saline alone for
12 hours before and 12 hours after angiography, or saline
plusmannitol, or saline plus furosemide.They concluded that
hydration with 0.45 percent saline provides better protection
against acute decreases in renal function induced by radio-
contrast agents than does hydrationwith saline plusmannitol
or furosemide.

Similar results were obtained by Weinstein et al. [179]
who concluded that furosemide may be deleterious in the
prevention of radiocontrast nephropathy.

Thus, diuretics should be avoided before contrast expo-
sure in high-risk patients who are susceptible to volume
depletion.

Kurnik et al. [180] performed a multicenter, prospective,
randomized, double-blind, and placebo-controlled trial to
evaluate the efficacy of i.v. atrial natriuretic peptide (anaritide,

ANP 4–28) to prevent contrast-induced AKI in patients with
SCr >1.8mg/dL or eGFR of ≤65mL/min. Their conclusion
was that the administration of i.v. ANP before and during
a radiocontrast study did not reduce the incidence of AKI
in patients with preexisting CRF, with or without diabetes
mellitus.

5.11. Calcium Channel Blockers. Calcium Channel Blockers
have been hypothesized to have protective effects against
contrast-induced AKI. The rationale is the following: Ca2+
overload is considered to be a key factor in AKI; the
increase in intracellular calcium provokes a vasoconstrictive
response in intrarenal circulation and would be an impor-
tant mediator of epithelial cell apoptosis and necrosis. The
Na+/Ca2+ exchanger system is one of the main pathways of
intracellular Ca2+ overload. Yang et al. [181] have demon-
strated that in rats the pretreatment with KB-R7943, an
inhibitor of theNa+/Ca2+ exchanger system, significantly and
dose-dependently suppresses the increase of SCr following
diatrizoate administration.

Thus, the use of Calcium Channel Blockers has been
suggested for prevention of contrast-induced AKI. But their
use has given controversial results, sometimes protective [182,
183] and sometimes with no benefit at all [178, 184].

5.12. Other Substances. Urinary adenosine is increased after
contrast medium administration. The administration of
adenosine receptor antagonists reduces the risk of devel-
opment of contrast-induced AKI in both diabetic and
nondiabetic patients [59]. Thus, it has been thought that
adenosine antagonists (theophylline, aminophylline) could
have protective effects against contrast media. But their use
has given controversial results. Some authors have observed
beneficial effects against AKI [185–188]; others have denied
any beneficial results [189, 190].

Dopamine and dopamine agonists (e.g., fenoldopam,
a selective dopamine-1 receptor agonist with vasodilatory
properties) have given controversial results in protecting
against CIN, some positive [191–193], others negative [146,
190, 194, 195]. On the basis of our present knowledge, it
is better to avoid them, considering their adverse effects
(arrhythmia with dopamine and systemic hypotension with
intravenous fenoldopam).

Plasma and urine levels of endothelin-1 are increased in
diabetes and after exposure to high doses of contrast media
suggesting a role of endothelin-1 in diabetic nephropathy and
in contrast-induced AKI [58]. However, endothelin Receptor
Blockers have been proven deleterious as a prophylactic tool
against contrast-induced AKI [196].

Prostaglandin E1 has given some positive protective
results on renal function following contrastmedium injection
in patients with preexisting renal impairment [197], whilst
L-arginine has shown no beneficial or even harmful effects
[198].

5.13. Haemodialysis or Haemofiltration. It has been suggested
to remove iodinated radiocontrast media by haemodialy-
sis or haemofiltration immediately after the radiographic
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procedure. However, the extracorporeal removal of contrast
agents did not decrease the incidence of AKI in high-risk
patients [199–202]. The ERBP does “not recommend using
prophylactic intermittent haemodialysis or haemofiltration
for the purpose of prevention of contrast-induced AKI” [115].
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AKI-dialysis patients had a higher incidence of long-term ESRD and mortality than the patients without AKI. The patients who
recovered from dialysis were associated with a lower incidence of long-term ESRD and mortality than in the patients who still
required dialysis.

1. Introduction

The incidence of acute kidney injury (AKI) in hospitalized
patients is increasing [1] and is associated with increased
in-hospital and posthospitalization resource utilization [2].
Patient survival from an episode of AKI has been improved
by advances in critical care medicine and dialysis technology,
and therefore an increasing number of hospitalized patients
are being discharged alive after temporary AKI [3]. Patients
who survive AKI have been reported to be at a greater risk
for end-stage renal disease (ESRD) than patients without
AKI [4, 5], and pediatric patients without preexisting kidney
disease have been reported to be at a higher risk of chronic
kidney disease after AKI [6]. However, the results of long-
term outcomes of patients recovering from in-hospital AKI

necessitating dialysis (AKI-dialysis) have been inconsistent
[5, 7–9]. Although renal recovery from AKI is associated
with better renal outcomes and patient survival [10], no
differences in long-term survival between those with kidney
function recovery after AKI and those without AKI were
observed in two population-based cohorts [11, 12]. However,
in postoperative patients [13–15] and geriatric patients [16],
temporary worsening of kidney function has been reported
with a higher long-term mortality rate compared with non-
AKI patients.

The cohorts in previous reports have mostly focused
on preexisting normal or near normal kidney function [9,
17–19] or all patients with chronic kidney disease (CKD)
[8]. We hypothesized that hospitalized patients surviving
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with temporary dialysis would have poorer long-term all-
cause mortality than patients without AKI in a community-
based cohort of patients with and without CKD. We also
compared the long-term outcomes of hospital survivors who
still required dialysis. This study was conducted using 1
million beneficiaries randomly sampled from the year 2000
by theTaiwanNationalHealthResearch Institute (NHRI) and
further validated by analysis of a prospectively constructed
AKI database.

2. Patients and Methods

2.1. Study Population. TheTaiwanNational Health Insurance
(NHI) program is a nationwide insurance program that
covers outpatient visits, hospital admissions, prescriptions,
intervention procedures, and disease profiles for over 99%
of the population in Taiwan (23.12 million in 2009). It is
one of the largest and most comprehensive databases in
the world and has been used extensively in various studies
on prescription use, diagnoses, and hospitalizations [20–
22]. In cooperation with the Bureau of NHI, the National
Health Research Institute (NHRI) of Taiwan randomly sam-
ples a representative database of 1,000,000 subjects from all
enrollees in the NHI program using a systematic sampling
method for research purposes in the form of the NHRI
database (NHRID). There are no statistically significant
differences in age, gender, and health-care costs between
the sample group and all enrollees according to the NHRI.
The NHRID contains all claims data for these individuals
from January 1999 to December 2008 and offers a good
opportunity to explore the outcomes of AKI-dialysis. Because
the identification numbers of all subjects in the NHRID are
encrypted to protect privacy, this study was exempt from full
review by the Institutional Review Board.

2.2. Identification of Cases and Controls. The study group
consisted of those aged≥18 yearswith a first diagnosis of AKI-
dialysis according to International Classification of Disease,
9th revision, Clinical Modification (ICD-9-CM) code and
procedure codes (including the Taiwan Classification of
Procedures, supplementary tables). A control cohort without
AKI or dialysis before and during the index hospitalization
was selected for comparison (non-AKI group), matched for
age, sex, diabetes mellitus (DM), and mechanical ventilation
(MV) supportwith the study group.The index hospitalization
date of the controls was limited to be within the same year as
that of their matched cases.

We used a one-year period immediately prior to the index
hospitalization to identify preadmission AKI and dialysis.
Patients with preadmission AKI or ESRD and those who had
undergone kidney transplantation were excluded. Figure 1
shows the patient selection flow chart. Patients with an
arteriovascular fistula or implantation of a peritoneal-dialysis
tube were also excluded. The AKI-dialysis patients who
survived formore than 90 days after discharge from the index
hospitalization and who were not readmitted to hospital
were divided into two groups according to whether or not
they recovered from AKI-dialysis (dialysis withdrawal and

nonwithdrawal subgroups). We further defined advanced
CKD as patients with a creatinine level of more than 6mg/dl
with prescriptions of concomitant erythropoiesis-stimulating
agents [23]. Further, as previously reported [24], we used
a selection period of 90 days to define ESRD because all
patients receiving dialysis for more than 90 days in Taiwan
can apply for NHI for catastrophic illness registration cards.
The outcomes of this study were long-term all-cause mortal-
ity and ESRD after hospital discharge.

2.3. Research Variables. The demographic and clinical char-
acteristics of the study subjects at their index hospital-
ization were recorded. The parameters included age, sex,
year of admission, hospital characteristics, prevalence of
selected comorbid conditions, Charlson comorbidity index
[25], organ dysfunction developing during the index hospi-
talization, the categories of major operations, resource usage
including hemodialysis andMVsupport, ICUadmission, and
outcomes. To determine preexisting comorbidities, we used a
relatively strict criterion: at least one inpatient admission or
at least three outpatient visits to treat a certain disease during
the year prior to the index hospitalization. Moreover, medi-
cations including angiotensin-converting-enzyme inhibitors
(ACEIs), angiotensin II receptor blockers (ARBs), statins,
nonsteroidal anti-inflammatory agents (NSAIDs), diuretics,
and aspirin, which are thought to influence kidney recovery
[26] and were used during the 90 days after the index
hospitalization, were also analyzed.

We also make an effort to examine how fluid imbalance
at the initiation of dialysis could affect long-term all-cause
mortality. Ideally, it would be more informative to construct
a research variable to reflect the level of fluid overload
based on the percentage of body weight gained. However,
the NHI database does not contain data on patients’ body
weight. Alternatively, we constructed a proxy indicator of
fluid imbalance based on the amount of medication used
to control oliguria and body weight gain. We generated a
variable to show whether a patient used diuretics at a level
higher than 2.25 defined daily dose (DDD) at the initiation
of dialysis. Each patient’s exposure to diuretics (belonging
to the anatomical, therapeutic, and chemical (ATC) class
C03CA) was measured on the basis of the cumulative dose
and expressed as the DDD according to the definition of
the World Health Organization [27]. The DDD level of 2.25
was chosen as the dose equivalent of furosemide stress test
(1.5mg/kg) from a standard 60 kg patient [28]. This dosage
signals a severe level of fluid imbalance.

2.4. Statistical Analysis. Continuous variables are described
as mean ± standard deviation (SD), and discrete variables are
presented as counts or percentages. All data were analyzed
using R software version 2.8.1 (Free Software Foundation,
Inc., Boston, MA, USA). A two-sided 𝑃 value of less than
0.05 was considered to be statistically significant. Cox pro-
portional hazard regression and propensity score analyses
were conducted separately within each stratum to evaluate
the risk of outcomes after adjustments for all variables in
Table 2 andpropensity score. For the outcomemeasurements,
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6683 excluded
6419 with prior dialysis (n = 6028) or AKI

(n = 391) during prior one year
3 ever kidney transplantation
261 with prolonged hospitalization for
more than 180 days

necessitating dialysis between 2000 and 2008

In a registration and claims data of 1,000,000 individuals

5083 newly identified patients
admitted with AKI necessitating

dialysis

718 expired during the index
hospitalization

4365 survived to discharge

1382 expired within 90 days after discharge
27 excluded because of no matching control

subject

2956 patients enrolled in
this study

2956 hospitalized patients
without AKI as control group

A total of 5912 patients in the study cohort. Follow-up
until diagnosis of ESRD or all-cause mortality

1 : 1 matched

11766 newly identified adult patients with first AKI

Figure 1: Flowdiagramof the study population (AKI, acute kidney injury;DM, diabetesmellitus; ESRD, end-stage renal disease;MV,mechan-
ical ventilation).

an individual was censored at death or at the end of the
measured period.

We calculated propensity scores in an attempt to make an
unbiased estimate of the confounders predicting dialysis at
the 90th day after discharge, as a binary dependent variable,
under a set of covariates (see Supplementary Table 1 in Sup-
plementary Materials available online at http://dx.doi.org/
10.1155/2014/365186). The presence of comorbidities was
added into a nonparsimonious multivariate logistic regres-
sion model to predict dialysis at the 90th day after hospital
discharge.The predicted probability derived from the logistic
equationwas used as the propensity score for each individual.

Due to the strong correlation between CKD, advanced
CKD, ESRD, and mortality [29], we further used a Cox
proportional hazards model with time-varying covariates to
evaluate the impact of subsequent ESRD, advanced CKD,
and CKD after discharge on the risk of mortality, assuming
that changes in CKD, advanced CKD, or ESRD status could
appear at a subsequent time point.

3. Validation

3.1. Propensity Matching Method for Sensitivity. The propen-
sity score matching method was applied in the dialysis with-
drawal and nonwithdrawal subgroups or non-AKI patients
to reduce the effect of selection bias in the cohorts as in
our previous reports [30, 31]. The subjects who did not
have a suitable match within the acceptable rank range were
excluded from further analysis. The models were applied to
the non-AKI and nonwithdrawal groups, with the dialysis
withdrawal subgroup as the reference. The patients in the
dialysis withdrawal subgroup were then matched 1 : 1 sepa-
rately with the nonwithdrawal subgroup and non-AKI group
according to their specific propensity scores using the greedy
matching technique as in our previous report [32].

3.2. Validation of Data Collection. The main outcome of all-
cause mortality and the selection criteria to identify patients
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with AKI-dialysis were validated by analysis of prospectively
collected data from the National Taiwan University Hospital
Study Group on Acute Renal Failure (NSARF). This critical
care database was constructed prospectively for outcome
assessment between January 2002 and January 2008 in a
single medical center (National Taiwan University Hospital
in Taipei, Taiwan) and its three branch hospitals in differ-
ent cities [15, 33–37] with complete information on serum
creatinine (measured by following a standardized protocol).
The contents of this database were used for reimburse-
ments and are similar to those of the NHI inpatient claims
files.

4. Results

4.1. Demographic Characteristics of the Patients

4.1.1. Patients with or without AKI-Dialysis. Of 5083 hospi-
talized patients with de novo AKI-dialysis, 718 (14.1%) died
during the index hospitalization, and a total of 41.3% patients
died from hospitalization to 90 days after discharge (most of
whom were discharged with do not resuscitate orders [38])
(Figure 1). After excluding 27 patients for whom a matching
control subject could not be found, 2956AKI-dialysis patients
were enrolled with 2956 non-AKI matched inpatients (men,
50.4%; mean age, 62.0 ± 14.8 years). In the whole cohort,
the average age was 62.0 years and the Charlson score before
admission was 2.62 ± 2.25. A total of 5912 patients who
survived for more than 90 days after hospital discharge were
included for analysis, of whom 53.8% had DM and 17.5%
needed MV support (Table 1).

The patients in the AKI-dialysis group had a higher
Charlson score, with more preexisting comorbidities (𝑃 <
0.001) and more comorbidities during the index hospital-
ization than the non-AKI group. More patients in the non-
AKI group had a history of surgery at admission than in
the AKI-dialysis group, however, and the non-AKI patients
were more likely to undergo major surgery during the index
hospitalization. More AKI-dialysis patients tookmedications
including ACEIs, ARBs, statins, NSAIDs, and diuretics after
hospital discharge.

4.1.2. Patients with or without Withdrawal from AKI-Dialysis.
Of the AKI-dialysis patients who survived to 90 days after
hospital discharge, 685 (23.2%) were weaned from acute dial-
ysis (Table 1). These patients had lower Charlson scores and
a lower rate of comorbidities (myocardial infarction (MI),
dementia, milder liver disease, and DM with microvascular
disease) than the nonwithdrawal group. However, the dialysis
withdrawal patients received more major operations, MV
support, and intensive care unit (ICU) admission, with a
higher rate of cardiovascular and respiratory organ failure
during the index hospitalization than those in the nondialysis
withdrawal group. As expected, the ratio of baseline CKD
was lower in the dialysis withdrawal group than in the
nonwithdrawal group.
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Figure 2: Cox proportional hazard model for long-term dialysis
events of the patients alive at hospital discharge, stratified by kidney
functional status after discharge (AKI, acute kidney injury).

4.2. Outcome Measurements

4.2.1. Propensity Score Evaluation. The risk factors predict-
ing the need for dialysis within 90 days after hospital dis-
charge as components of propensity score are listed in Supple-
mentary Table S1. The propensity score for predicting the
need for dialysis within 90 days after hospital discharge in
all study groups had a high discriminatory power (estimated
area under receiver operating characteristic curves (eAUC-
ROC) = 0.895) and it fitted well with the observed binary data
(adjusted generalized 𝑅2 = 0.588).

4.2.2. Long-Term ESRD. The incidence of ESRD was 6.8 per
100 person-years among the dialysis withdrawal subgroup
after a median follow-up period of 2.96 years (interquartile
range (IQR)) (0.49–4.83 years). The non-AKI group had a
significantly lower incidence of long-term dialysis (hazard
ratio (HR), 0.05, 95% confidence interval (CI), 0.02–0.12, 𝑃 <
0.001), and the nonwithdrawal subgroup hadworse outcomes
(HR, 10.38, 95% CI, 8.02–13.42, 𝑃 < 0.001) of long-term
dialysis compared with the dialysis withdrawal subgroup as
the reference (Figure 2). In addition, preadmission advanced
CKD (HR, 1.23, 95% CI, 1.09–1.38, 𝑃 = 0.001), intermittent
hemodialysis use during the index hospitalization (HR, 2.36,
95% CI, 1.21–4.58, 𝑃 = 0.012), and postdischarge ACEI/ARB
use (HR, 0.82, 95% CI, 0.73–0.91, 𝑃 = 0.001) were associated
with long-term dialysis.

4.2.3. Long-Term All-Cause Mortality. The survivors were
younger and had fewer comorbidities than the nonsurvivors
(Table 2). During the index hospitalization, the survivors
also had a lower rate of respiratory disease. The surviving
patients received fewer cardiothoracic surgeries, used less
MV support, had fewer ICU admissions, and used lower
amounts of statins, aspirin, and diuretics than the nonsur-
vivors. Consistent with previous results, our findings showed
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Table 2: Characteristics of patients with or without long-term survival.

Survival (𝑛 = 3934) Nonsurvival (𝑛 = 1978) 𝑃

Male 1946 (49.5%) 1034 (52.3%) 0.044
Age (years) 58.9 ± 14.9 68.1 ± 12.5 <0.001

Comorbidity
Charlson score 2.1 ± 2.0 3.7 ± 2.3 <0.001
Myocardial infarction 62 (1.6%) 63 (3.2%) <0.001
Congestive heart failure 283 (7.2%) 398 (20.1%) <0.001
Peripheral vascular disease 70 (1.8%) 77 (3.9%) <0.001
Cerebrovascular disease 353 (9.0%) 400 (20.2%) <0.001
Dementia 52 (1.3%) 85 (4.3%) <0.001
COPD 497 (12.6%) 457 (23.1%) <0.001
Rheumatologic disease 55 (1.4%) 31 (1.6%) 0.645
Hemiplegia 30 (0.8%) 60 (3.0%) <0.001
Chronic kidney disease 1008 (25.6%) 868 (43.9%) <0.001
Solid tumor 212 (5.4%) 180 (9.1%) <0.001
Tumor with metastasis 38 (0.9%) 64 (3.2%) <0.001
Diabetics with microvascular disease 819 (20.8%) 721 (36.5%) <0.001
Diabetes mellitus 1972 (50.1%) 1210 (61.2%) <0.001
Moderate or severe liver disease 355 (9.02%) 240 (12.1%) <0.001
Index hospital comorbidity
Cardiovascular 73 (1.9%) 50 (2.5%) 0.100
Respiratory 200 (5.1%) 195 (9.9%) <0.001
Hepatic 35 (0.9%) 20 (1.01%) 0.668
Neurologic 34 (0.9%) 25 (1.3%) 0.165
Hematologic 25 (0.6%) 18 (0.9%) 0.258
Metabolic 63 (1.6%) 34 (1.7%) 0.745

Initial dialysis modality
CVVH 48 (1.2%) 23 (1.2%)

<0.001
IHD 1537 (39.1%) 1348 (68.1%)
Use of diuretics ≥2.25 DDD at dialysis initiation 999 (25.4%) 849 (42.9%) <0.001
Operative categories
Cardiothoracic 113 (2.9%) 35 (1.8%) 0.010
Upper GI 26 (0.7%) 19 (0.96%) 0.209
Lower GI 54 (1.4%) 35 (1.8%) 0.258
Hepatobiliary 59 (1.5%) 20 (1.01%) 0.149
Mechanical ventilation 633 (16.1%) 399 (20.2%) <0.001
ICU admission during index hospitalization 886 (22.5%) 640 (32.4%) <0.001
Postdischarge medications during survey periods
ACEI/ARB 875 (22.2%) 473 (23.9%) 0.149
Statin 403 (10.2%) 141 (7.1%) <0.001
NSAID 651 (16.6%) 319 (16.1%) 0.710
Aspirin 271 (6.9%) 166 (8.4%) 0.040
Diuretics 654 (16.6%) 597 (30.2%) <0.001
Study categories
Non-AKI 2349 (59.7%) 607 (30.7%)

<0.001Dialysis withdrawal subgroup 361 (9.2%) 324 (16.4%)
Nonwithdrawal subgroup 1224 (31.1%) 1047 (52.9%)
ESRD 985 (25.0%) 672 (34.0%) <0.001

ACEI, angiotensin-converting-enzyme inhibitor; AKI, acute kidney injury; ARBs, angiotensin II receptor blockers; COPD, chronic obstructive pulmonary
disease; DDD, defined daily dose; ESRD, end-stage renal disease; GI, gastrointestinal; ICU, intensive care unit; NSAIDs, nonsteroidal anti-inflammatory
agents/analgesics.
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Dialysis Non-AKI

Peptic ulcer
Yes 81/172 123/521
No 243/513 484/2435

Diabetics with microvascular disease
Yes 119/210 97/379
No 205/475 510/2577

Respiratory failure
Yes 77/144 43/116
No 247/541 564/2840

ICU admission during index hospitalization
Yes 191/395 154/593
No 133/290 453/2363

Statin use
Yes 25/58 27/240
No 299/627 580/2716

Chronic kidney disease
Yes 161/314 68/198
No 163/371 539/2758

Diuretics use
Yes 144/258 168/441
No 180/427 439/2515

Cerebrovascular disease
Yes 70/108 103/284
No 254/577 504/2672

COPD
Yes 67/117 167/459
No 257/568 440/2497

Adjusted HR (95% CI)
1 2 4 86 10

withdrawal

Number of events at risk

Figure 3: Hazard ratios and 95% confidence intervals for overall survival after adjusting for patient characteristics between the dialysis-with-
drawal subgroup and the AKI-dialysis and non-AKI groups (AKI, acute kidney injury; CI, confidence interval; COPD, chronic obstructive
pulmonary disease; HR, hazard ratio; ICU, intensive care unit).

a lower incidence of dialysis, AKI, and ESRD, but a high
incidence of kidney recovery among the surviving patients
(Table 2).

Even among the dialysis withdrawal patients, the mortal-
ity rate was 14.4 per 100 person-years after a mean follow-
up period of 3.29 years. The all-cause mortality rate of
4.45 per 100 person-years in the matched controls in our
cohort was consistent with previous reports [5, 39]. After
a mean follow-up period of 4.1 ± 2.6 years, the non-AKI
group had a lower risk (HR, 0.65, 95% CI, 0.43–0.83, 𝑃 <
0.001), whereas the nonwithdrawal subgroup had a higher
risk (HR, 1.63, 95% CI, 1.39–1.92, 𝑃 < 0.001) of long-term
all-cause mortality compared with the withdrawal group.
The risk was independent from use of diuretics ≥2.25 DDD
at dialysis initiation (HR, 1.15, 95% CI, 1.03–1.28, 𝑃 =
0.011) and development of subsequent ESRD (HR, 1.70, 95%
CI, 1.47–1.98, 𝑃 < 0.001) and CKD (𝑃 = 0.456) after
discharge (Table 3). The subgroup analysis was consistent
with our main finding that the non-AKI group had a survival
advantage compared with the dialysis withdrawal subgroup
(Figure 3).

4.3. Sensitivity Test

4.3.1. Propensity Matching Method. After careful matching,
there were 231 dialysis withdrawal patients and 231 non-AKI
patients. Supplementary Table 2(a) shows the demographic
data of the matched cohort. Consistent with our previous
findings, the results showed that the non-AKI patients had a
lower long-termmortality rate (HR, 0.62; 95% CI, 0.44–0.88;
𝑃 = 0.007) and long-termESRD (HR, 0.04; 95%CI, 0.01–0.14;
𝑃 < 0.001) than the dialysis withdrawal subgroup.

We also performed one-to-one matching between the
dialysis withdrawal (𝑛 = 543) and (𝑛 = 543) nonwithdrawal
groups according to each patient’s propensity score (Supple-
mentary Table 2(b)). With regard to the demographic data,
the nondialysis withdrawal subgroup had a higher long-term
mortality rate (HR, 1.25; 95% CI, 1.06–1.48; 𝑃 = 0.008) and
ESRD (HR, 9.45; 95% CI, 6.57–13.59; 𝑃 < 0.001) than the
dialysis withdrawal subgroup.

4.4. Validation Using NSARF Data (Supplementary Table 3).
We validated our main findings using prospective critical
care data from the NSARF. Among 234 AKI-dialysis patients,
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Table 3: Risk of long-term mortality stratified by dialysis status after index hospital discharge by Cox proportional hazard model with time-
varying covariates.

HR Lower 95% CI Upper 95% CI 𝑃

Age (per year) 1.04 1.04 1.05 <0.001
Charlson score 1.17 1.13 1.20 <0.001
Male 1.28 1.17 1.40 <0.001
Groups

Nonwithdrawal versus dialysis withdrawal subgroup 1.63 1.39 1.91 <0.001
Non-AKI versus dialysis withdrawal subgroup 0.65 0.43 0.83 <0.001
Dementia 1.34 1.07 1.69 0.012
Severe liver disease 1.88 1.39 2.56 0.012

During index hospitalization
Respiratory failure during index hospitalization 1.24 1.05 1.47 <0.001
Lower GI surgery 1.63 1.15 2.29 0.005
ICU admission during index hospitalization 1.22 1.09 1.37 <0.001
Use of diuretics ≥2.25 DDD at dialysis initiation 1.15 1.03 1.28 0.011
Statin use after discharge 0.77 0.65 0.92 0.003
Diuretics use after discharge 1.28 1.15 1.41 <0.001
Time-varying ESRD event 1.70 1.47 1.98 <0.001

Adjusted generalized 𝑅2 = 0.279; concordance index = 0.83.
AKI, acute kidney injury; CI, confidence interval; DDD, defined daily dose; ESRD, end-stage renal disease; GI, gastrointestinal; HR, hazard ratio.

180 (76.9%) recovered from dialysis within 90 days after
discharge from index admission. In the NSARF cohort,
8788 non-dialysis patients who survival to 90 days after
hospital discharge were enrolled as the controls. The baseline
CKD rates, defined as patients with a baseline estimated
glomerular filtration rate ≤ 60mL/min/1.73m2, were 6.9%,
30.7%, and 63.0% among the non-AKI, dialysis withdrawal,
and nonwithdrawal groups, respectively. The AKI-dialysis
patients had an average Charlson score of 3 ± 3.4 and an
average acute physiology and chronic health evaluation II
score of 18.4 ± 8.7.

Consistent with our previous findings, the results
obtained using the Cox proportional hazard model showed
that the nonwithdrawal subgroup had a significantly higher
long-term mortality rate during the follow-up period (HR,
1.64; 95% CI, 1.05–2.56; 𝑃 = 0.031). In addition, the non-AKI
group had better survival (HR, 0.69; 95% CI, 0.54–0.87;
𝑃 = 0.002) than the dialysis withdrawal subgroup after a
median (IQR) follow-up of 3.9 years (2.38–5.65 years).

5. Discussion

Patientswith dialysis-requiringAKI, even temporary dialysis,
had a higher long-termmortality rate than those with neither
AKI nor dialysis in this large, community-based cohort of
patients with and without CKD. The results using NHI data
(retrospectively collected) and in NSARF data (prospectively
collected) were similar. These findings are important from
the perspective of a clinician caring for an individual with
temporary dialysis-requiring AKI.

5.1. Dialysis Withdrawal and Long-Term ESRD. AKI is
accompanied by extrarenal organ system failure in most

patients [40]. Although there was a high mortality rate in
the AKI-dialysis patients, nearly one-fifth of the surviv-
ing patients had kidney function recovery attesting to the
remarkable ability of the kidneys to repair and regenerate
even after severe dialysis-requiring injury. Our findings also
highlight the magnitude of the problem of AKI as a cause
of ESRD. According to our results, the estimated annual
incidence of ESRD due to temporary dialysis was 6.8 per 100
person-years. In particular, we provided an important quanti-
tative estimate; that is, even in survival during hospitalization
and recovery of sufficient kidney function to stop dialysis, a
high incidence of chronic dialysis was still required.

Severe ischemic injury results in a permanent alteration
of renal capillary density, contributing to a urinary concen-
trating defect and a predisposition toward the development
of renal fibrosis [41]. Furthermore, damage of residual kidney
structure, which has been identified after AKI in animal
models, includes tubular atrophy and dilation, interstitial
fibrosis, and a reduction in peritubular capillary density [42,
43]. These findings suggest that AKI is associated with an
increased risk of ESRD [16].

Taken together, our results show a graded relationship
between AKI and ESRD, with a greater risk associated with
nonrecovery from dialysis. AKI is therefore a nonnegligible
cause of ESRD; however the reason why this is the case
is more difficult to answer. Further research is needed to
elucidate whether AKI accelerates the normal age-related
decline in glomerular filtration rate [44] or whether it is
a marker for other factors that are causally related to the
development of kidney failure.

The impact of the initial renal replacement modality in
critically ill patients with AKI on recovery of kidney function
is an area of renewed interest [45]. As per our previous
report, initial renal support with continuous RRT showed
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great advantage to dialysis independence than intermittent
RRT [24].

5.2. Long-Term All-Cause Mortality. Our long-term out-
comes do not concur with two previous studies that showed
no increased mortality associated with temporary acute
dialysis [11, 12].Wald et al. reported that a prior history of AKI
and dialysis was not independently associatedwith long-term
mortality in a population-based cohort after excluding 7% of
the high-risk patients [12].The discrepancymay be attributed
to the higher Charlson comorbidity score and the higher
rates of DM and CKD in our study cohort from national
claims data, which resulted in a higher annual mortality rate
in our dialysis withdrawal subgroup (14.4% versus 10.1% in
Wald et al.’s study [12]). Given the extraordinarily high rates
of ESRD and mortality observed in the temporary dialysis
patients, the complex interconnection between them, and
the increasing incidence of both, kidney disease prevention
and treatment should be a major public health priority.
Furthermore, the findings of the current study also have
important regional implications. Appropriate management
of CKD, AKI, and ESRD is important in Taiwan not only
because of the high prevalence of CKD, but also because
Taiwan has the highest prevalence of ESRD in the world [46].
Consistent with our findings, use of diuretics ≥2.25 DDD at
dialysis initiation predicted a worse outcome in the patients
with AKI [47]. Whether the fluid imbalance was the result of
more severe renal failure or whether it contributed to its cause
requires further clinical trials to elucidate.

In patients with normal renal function (>90mL/
min/1.73m2) prior to the renal insults who survive the
precipitating cause of AKI, the overwhelming majority
have been reported to recover sufficient renal function
(inpatient death rate, 53%; withdrawal from dialysis, 100%)
[18]. The RENAL study reported a high initial death rate
(44.6%) with a low rate of those requiring maintenance
dialysis (5.4% of those at day 90 after discharge). This is
also supported by the fact that the enrollees in RENAL
study had mean creatinine level of around 1.5–1.76mg/dL
before randomization. In patients with preexisting normal
or near normal kidney function (>45mL/min/1.73m2) the
inpatient death rate was 41% and withdrawal from dialysis-
requiring AKI was 84% [9]. However, in patients with
advanced CKD (average 15–29mL/min/1.73m2), an episode
of superimposed dialysis-requiring AKI was associated with
a low rate of inpatient death (28%) and a very low likelihood
of recovering renal function (37.0%) [8].

Consistent with the results, the inpatient death rate of
our cohort was 15.4%, and the recovery rate was low (23.2%).
Thus most of the patients with dialysis-requiring AKI in this
study had stage −3/4 or worse CKD, and 25.3% had advanced
CKD. Therefore, most of our study group had advanced
CKD superimposed with dialysis-requiring AKI, and this is
consistent with our Cox analysis in the fact that baseline
advanced CKD was a risk for long-term dialysis.

Accordingly, if AKI-dialysis leads to a persistent loss of
renal function, then the resulting renal function impairment
would account for the increased mortality [48]. Our study

findings highlight that, even after adjusting for subsequent
CKD or ESRD after hospital discharge, the effect of AKI is
still significant. In patients after aortic surgery, the temporary
worsening of renal function led to a poor long-termmortality
rate compared to non-AKI patients with more preexist-
ing comorbidities [13]. Higher comorbidities in temporary
dialysis patients will result in more cardiovascular events
compared with patients without AKI, and this may be the
reason why AKI is a cause of mortality [49].

AKI patients with higher frailty had a higher mortality
rate as expected, and the corresponding analysis would there-
fore lead to higher adjustedHRs for deathwhen these patients
were compared with the non-AKI patients, especially among
inpatients after AKI-dialysis. This phenomenon underlies
the significance of checking inherent frailty among research
subjects in outcome comparisons between AKI and non-
AKI. Nonetheless, the dialysis withdrawal subgroup still had
poorer outcomes than those without AKI or dialysis in all
scenarios. It has been reported that only 8.5% of AKI patients
are referred to a nephrologist after discharge [50]. However,
early postdischarge followup with a nephrologist in survivors
of dialysis-requiringAKI is necessary and has been associated
with a lower risk of death [51].

5.3. Study Limitations. Despite careful propensity score anal-
ysis, we cannot exclude the possibility of residual con-
founding by changes in the urine amount, serum creatinine
level, and body weight gain during the index hospitaliza-
tion. Nonetheless, we used procedure codes to define AKI-
dialysis and focused on the patients who were weaned
from temporary dialysis in the NHI reimbursement system
which has a high accuracy. Further studies on dialysis-
sparing AKI on patient outcomes are necessary. Second,
we defined AKI as occurring from any cause and thus we
were unable to detect whether the risk of progression to an
adverse outcome differed among different etiologies of AKI.
The major shortcoming of using administrative data as the
primary basis for matching is misclassification of exposure
status, specifically in this study for the presence or absence of
CKD. However, the excellent performance of administrative
data sets stratified by ICD-9-CM codes for AKI with dialysis
has been verified to be suited for research purposes with both
sensitivity and specificity of more than 90% [52].

6. Conclusions

Our results reinforce the view that dialysis-requiring AKI
seems to independently increase all-cause mortality, even
after adjusting for preexisting and subsequent CKD or ESRD.
AKI itself may require specialized care to rigorously avoid
potentially nephrotoxic factors, despite recovering from dial-
ysis and AKI, after discharge that may hasten progression to
long-term ESRD, and then all-cause mortality.
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and A. S. Go, “Nonrecovery of kidney function and death after
acute on chronic renal failure,” Clinical Journal of the American
Society of Nephrology, vol. 4, no. 5, pp. 891–898, 2009.

[9] L. J. Lo, A. S. Go, G.M. Chertow et al., “Dialysis-requiring acute
renal failure increases the risk of progressive chronic kidney
disease,” Kidney International, vol. 76, no. 8, pp. 893–899, 2009.

[10] N. Pannu, M. James, B. Hemmelgarn, and S. Klarenbach,
“Association betweenAKI, recovery of renal function, and long-
term outcomes after hospital discharge,” Clinical Journal of the
American Society of Nephrology, vol. 8, no. 2, pp. 194–202, 2013.

[11] J. Jones, J. Holmen, J. de Graauw, A. Jovanovich, S. Thornton,
and M. Chonchol, “Association of complete recovery from
acute kidney injury with incident CKD stage 3 and all-cause
mortality,” American Journal of Kidney Diseases, vol. 60, no. 3,
pp. 402–408, 2012.

[12] R. Wald, R. R. Quinn, J. Luo et al., “Chronic dialysis and death
among survivors of acute kidney injury requiring dialysis,”
JAMA: Journal of the American Medical Association, vol. 302,
no. 11, pp. 1179–1185, 2009.

[13] G. M. Welten, O. Schouten, M. Chonchol et al., “Temporary
worsening of renal function after aortic surgery is associated
with higher long-term mortality,” American Journal of Kidney
Diseases, vol. 50, no. 2, pp. 219–228, 2007.

[14] C. E. Hobson, S. Yavas, M. S. Segal et al., “Acute kidney injury
is associated with increased long-term mortality after cardio-
thoracic surgery,” Circulation, vol. 119, no. 18, pp. 2444–2453,
2009.

[15] V. C.Wu, T.M.Huang, C. F. Lai et al., “Acute-on-chronic kidney
injury at hospital discharge is associated with long-term dialysis
and mortality,” Kidney International, vol. 80, no. 11, pp. 1222–
1230, 2011.

[16] A. Ishani, J. L. Xue, J. Himmelfarb et al., “Acute kidney injury
increases risk of ESRD among elderly,” Journal of the American
Society of Nephrology, vol. 20, no. 1, pp. 223–228, 2009.

[17] H. Schiffl and R. Fischer, “Five-year outcomes of severe acute
kidney injury requiring renal replacement therapy,”Nephrology
Dialysis Transplantation, vol. 23, no. 7, pp. 2235–2241, 2008.

[18] H. Schiffl, “Renal recovery from acute tubular necrosis requir-
ing renal replacement therapy: a prospective study in critically
ill patients,” Nephrology Dialysis Transplantation, vol. 21, no. 5,
pp. 1248–1252, 2006.

[19] M. Gallagher, A. Cass, R. Bellomo et al., “Long-term survival
and dialysis dependency following acute kidney injury in
intensive care: extended follow-up of a randomized controlled
trial,” PLoS Medicine, vol. 11, no. 2, Article ID e1001601, 2014.

[20] J. C. Luo, H. B. Leu, K. W. Huang et al., “Incidence of bleeding
from gastroduodenal ulcers in patients with end-stage renal
disease receiving hemodialysis,” Canadian Medical Association
Journal, vol. 183, no. 18, pp. E1345–E1351, 2011.

[21] C. Chang, J. Lin, H. Chen, C. Kuo, W. Shau, and M. Lai,
“Non-steroidal anti-inflammatory drugs and risk of lower
gastrointestinal adverse events: a nationwide study in Taiwan,”
Gut, vol. 60, no. 10, pp. 1372–1378, 2011.



BioMed Research International 11

[22] S. H. Cheng, C. C. Chen, and W. L. Chang, “Hospital response
to a global budget program under universal health insurance in
Taiwan,” Health Policy, vol. 92, no. 2-3, pp. 158–164, 2009.

[23] V. C. Wu, C. H. Wu, T. M. Huang et al., “Long-term risk of
coronary events after AKI,” Journal of the American Society of
Nephrology, vol. 25, no. 3, pp. 595–605, 2014.

[24] Y. Lin, W. Ko, T. Chu et al., “The 90-day mortality and the sub-
sequent renal recovery in critically ill surgical patients requiring
acute renal replacement therapy,” The American Journal of
Surgery, vol. 198, no. 3, pp. 325–332, 2009.

[25] M. E. Charlson, P. Pompei, K. A. Ales, and C. R. MacKenzie, “A
new method of classifying prognostic comorbidity in longitu-
dinal studies: development and validation,” Journal of Chronic
Diseases, vol. 40, no. 5, pp. 373–383, 1987.

[26] A. O. Molnar, S. G. Coca, P. J. Devereaux et al., “Statin use
associates with a lower incidence of acute kidney injury after
major elective surgery,” Journal of the American Society of
Nephrology, vol. 22, no. 5, pp. 939–946, 2011.

[27] WHO, “The ATC and DDD system,” http://www.whocc.noatc
ddd index/.

[28] L. S. Chawla, D. L. Davison, E. Brasha-Mitchell et al., “Develop-
ment and standardization of a furosemide stress test to predict
the severity of acute kidney injury,” Critical Care, vol. 17, no. 5,
R207, 2013.

[29] C. Baigent,M. J. Landray, C. Reith et al., “The effects of lowering
LDL cholesterol with simvastatin plus ezetimibe in patientswith
chronic kidney disease (Study of Heart and Renal Protection):
a randomised placebo-controlled trial,”The Lancet, vol. 377, no.
9784, pp. 2181–2192, 2011.

[30] Y. Chen, J. Lin, H. Yu et al., “Cardiopulmonary resuscitation
with assisted extracorporeal life-support versus conventional
cardiopulmonary resuscitation in adults with in-hospital car-
diac arrest: an observational study and propensity analysis,”The
Lancet, vol. 372, no. 9638, pp. 554–561, 2008.

[31] Y. Chou, T. Huang, V. Wu et al., “Impact of timing of renal
replacement therapy initiation on outcome of septic acute
kidney injury,” Critical Care, vol. 15, no. 3, article R134, 2011.

[32] Y. C. Lee, W. Y. Shau, C. H. Chang, S. T. Chen, M. S. Lin, andM.
S. Lai, “Antidepressant use and the risk of upper gastrointestinal
bleeding in psychiatric patients: a nationwide cohort study in
Taiwan,” Journal of Clinical Psychopharmacology, vol. 32, no. 4,
pp. 518–524, 2012.

[33] T. Huang, V. Wu, G. Young et al., “Preoperative proteinuria
predicts adverse renal outcomes after coronary artery bypass
grafting,” Journal of the American Society of Nephrology, vol. 22,
no. 1, pp. 156–163, 2011.

[34] V. C. Wu, W. J. Ko, H. W. Chang et al., “Early renal replacement
therapy in patients with postoperative acute liver failure associ-
ated with acute renal failure: effect on postoperative outcomes,”
Journal of the American College of Surgeons, vol. 205, no. 2, pp.
266–276, 2007.

[35] C. C. Shiao, V. C. Wu, W. Li et al., “Late initiation of renal
replacement therapy is associated with worse outcomes in acute
kidney injury after major abdominal surgery,”Critical Care, vol.
13, no. 5, article R171, 2009.

[36] W. J. Wang, C. T. Chao, Y. C. Huang, C. Y. Wang, C. H. Chang,
and T. M. Huang, “The impact of acute kidney injury with
temporary dialysis on the risk of fracture,” Journal of Bone and
Mineral Research, vol. 29, no. 3, pp. 676–684, 2014.

[37] V. C.Wu, T. M. Huang, P.Wu et al., “Preoperative proteinuria is
associated with long-term progression to chronic dialysis and

mortality after coronary artery bypass grafting surgery,” PLoS
ONE, vol. 7, no. 1, Article ID e27687, 2012.

[38] Y. C. Huang, S. J. Huang, and W. J. Ko, “Survey of do-not-
resuscitate orders in surgical intensive care units,” Journal of the
FormosanMedical Association, vol. 109, no. 3, pp. 201–208, 2010.

[39] A. Bihorac, S. Yavas, S. Subbiah et al., “Long-term risk of mor-
tality and acute kidney injury during hospitalization aftermajor
surgery,” Annals of Surgery, vol. 249, no. 5, pp. 851–858, 2009.

[40] R. L. Mehta, M. T. Pascual, S. Soroko et al., “Spectrum of acute
renal failure in the intensive care unit: the PICARD experience,”
Kidney International, vol. 66, no. 4, pp. 1613–1621, 2004.

[41] D. P. Basile, D. Donohoe, K. Roethe, and J. L. Osborn, “Renal
ischemic injury results in permanent damage to peritubular
capillaries and influences long-term function,” American Jour-
nal of Physiology-Renal Physiology, vol. 281, no. 5, pp. F887–
F899, 2001.

[42] M. Hörbelt, S. Lee, H. E. Mang et al., “Acute and chronic micro-
vascular alterations in a mouse model of ischemic acute kidney
injury,” The American Journal of Physiology—Renal Physiology,
vol. 293, no. 3, pp. F688–F695, 2007.

[43] R. A. Zager, A. C. M. Johnson, and K. Becker, “Acute unilateral
ischemic renal injury induces progressive renal inflammation,
lipid accumulation, histone modification, and “end-stage” kid-
ney disease,” American Journal of Physiology-Renal Physiology,
vol. 301, no. 6, pp. F1334–F1345, 2011.

[44] C. T. Chao, V. C. Wu, C. Lai et al., “Advanced age affects the
outcome-predictive power of RIFLE classification in geriatric
patients with acute kidney injury,” Kidney International, vol. 82,
no. 8, pp. 920–927, 2012.

[45] R. Wald, S. Z. Shariff, N. K. Adhikari et al., “The association
between renal replacement therapy modality and long-term
outcomes among critically ill adults with acute kidney injury: a
retrospective cohort study,” Critical Care Medicine, vol. 42, no.
4, pp. 868–877, 2014.

[46] “2011 USRDS Annual Data Report,” 2011, http://www.usrds
.org/2011/view/v2 12.asp.

[47] J. Bouchard, S. B. Soroko, G. M. Chertow et al., “Fluid accumu-
lation, survival and recovery of kidney function in critically ill
patients with acute kidney injury,” Kidney International, vol. 76,
no. 4, pp. 422–427, 2009.

[48] V. C. Wu, C. K. Wu, Y. C. Chang, G. H. Young, S. C. Chen, and
W. S. Yang, “Association of the variations in the HSD3beta gene
with primary aldosteronism,” Journal of Hypertension, vol. 31,
no. 7, pp. 1396–1405, 2013.

[49] F. Liaño, C. Felipe, M. T. Tenorio et al., “Long-term outcome
of acute tubular necrosis: a contribution to its natural history,”
Kidney International, vol. 71, no. 7, pp. 679–686, 2007.

[50] E. D. Siew, J. F. Peterson, S. K. Eden et al., “Outpatient neph-
rology referral rates after acute kidney injury,” Journal of the
American Society of Nephrology, vol. 23, no. 2, pp. 305–312, 2012.

[51] Z. Harel, R. Wald, J. M. Bargman et al., “Nephrologist follow-
up improves all-cause mortality of severe acute kidney injury
survivors,”Kidney International, vol. 83, no. 5, pp. 901–908, 2013.

[52] S. S. Waikar, R. Wald, G. M. Chertow et al., “Validity of inter-
national classification of diseases, ninth revision? clinical mod-
ification codes for acute renal failure,” Journal of the American
Society of Nephrology, vol. 17, no. 6, pp. 1688–1694, 2006.



Clinical Study
Dialysis Complications in AKI Patients Treated with Extended
Daily Dialysis: Is the Duration of Therapy Important?

Bianca Ballarin Albino, André Luis Balbi, and Daniela Ponce

São Paulo State University (UNESP), Distrito de Rubião Junior, s/n, 18618970 Botucatu, SP, Brazil

Correspondence should be addressed to Daniela Ponce; dponce@fmb.unesp.br

Received 20 April 2014; Revised 11 July 2014; Accepted 20 July 2014; Published 11 August 2014

Academic Editor: Fernando Liano

Copyright © 2014 Bianca Ballarin Albino et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

This trial aimed to compare the dialysis complications occurring during different durations of extended daily dialysis (EDD)
sessions in critically ill AKI patients. We included patients older than 18 years with AKI associated with sepsis admitted to
the intensive care unit and using noradrenaline dose ranging from 0.3 to 0.7 𝜇g/kg/min. Patients were divided into two groups
randomly: in G1, 6 h sessions were performed and, in G2, 10 h sessions were performed. Seventy-five patients were treated with 195
EDD sessions for 18 consecutivemonths.The prevalence of hypotension, filter clotting, hypokalaemia, and hypophosphataemia was
82.6, 25.3, 20, and 10.6%, respectively. G1 and G2 were similar in male predominance and SOFA.There was no significant difference
between the two groups in hypotension, filter clotting, hypokalaemia, and hypophosphataemia. However, the group treated with
sessions of 10 hours showed higher refractory to clinicalmeasures for hypotension and dialysis sessionswere interruptedmore often.
Metabolic control and fluid balance were similar between G1 and G2. In conclusion, intradialysis hypotension was common in AKI
patients treated with EDD. There was no difference in the prevalence of dialysis complications in patients undergoing different
durations of EDD.

1. Background

The high mortality rate among critically ill acute kidney
injury (AKI) patients remains an unsolved problem in inten-
sive care units (ICU) in spite of the considerable techno-
logical progress in renal replacement therapy (RRT) [1–3].
Dialytic management of these patients is difficult because of
the associated hemodynamic instability and multiple organ
dysfunction, with mortality rates reaching 50–70% [4].

There is no consensus in the literature on the best dialysis
method; intermittent haemodialysis (IHD) and continuous
renal replacement therapies (CRRT) have been used in
AKI [5–10]. A hybrid therapy called extended daily dialy-
sis (EDD) has emerged as an alternative to CRRT in the
management of haemodynamically unstable patients with
AKI [11, 12]. Its duration can range from 6 to 18 hours and
it has advantages such as reduced cost, reduced need for
anticoagulation, and time optimisation.The commondialysis
complications in critically ill AKI patients are hypotension,
coagulation system, hypokalaemia, and hypophosphataemia

[13–15]. Hypotension is the most frequent complication and
may occur in over 20% of AKI patients.

There are few studies in the literature on EDD in AKI
patients and they involve a small number of patients [9, 13, 15–
18]. They have demonstrated that EDD is well tolerated in
critically ill patients, with comparable ultrafiltration (UF)
and solute removal to CRRT and peritoneal dialysis [13, 16].
Regarding intradialysis hypotension, the results are contro-
versial and different studies suggest that its prevalence ranges
from 0 to 50% [9, 13–18]. This prospective clinical trial was
designed to evaluate and compare the intra- and postdialysis
complications in critically ill AKI patients undergoing EDD
sessions lasting 6 or 10 h.We hypothesized that EDD sessions
lasting 10 hours would cause less hypotension than EDD
sessions lasting 6 hours.

2. Patients and Methods

2.1. Study Population. This is a prospective randomised clini-
cal trial conducted from January 2012 to June 2013 in patients
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enrolled in the Brazilian University Hospital. The protocol
was approved by the Institutional Ethical Committee.Written
informed consent was obtained from patients or their next
of kin. Patients were eligible for enrolment if they were 18
years of age or older, with AKI associated with sepsis and on
a noradrenaline dose ranging from 0.3 to 0.7 𝜇g/kg/min. AKI
was defined according to Acute Kidney Network criteria [19]
and sepsis was defined according to Survival Sepsis 2010 [20].

Exclusion criteria were severe chronic kidney disease
(basal creatinine higher than 4mg/dL), previous chronic
dialysis, kidney transplantation, and noradrenaline dose
higher than 0.7 𝜇g/kg/min. These last patients were excluded
because they could not tolerate actual ultrafiltration (UF) of
300–500mL/h and, because of that, they were treated with
CRRT.

2.2. Criteria for Initiating and Stopping EDD and Patient Ran-
domisation. The indications for dialysis were uraemic symp-
toms, BUN level > 100mg/dL (azotaemia), volume overload,
electrolyte imbalance (potassium > 6mEq/L after clinical
treatment), or acid-base refractory disturbances (bicarbonate
< 10mEq/L after reposition). A patient was considered for
enrolment if the judgment of the treating nephrologists
was that he or she required dialysis and the mean arterial
blood pressure (BP) was higher than 80mmHg, with a
noradrenaline dose lower than 0.7 𝜇g/kg/min in the 8 hours
preceding randomisation.

Patients were divided into two groups randomly, accord-
ing to prescribed treatment time. Randomization was per-
formed using sealed envelopes:

group 1 (G1), patients undergoing EDD sessions
lasting 6 hours,

group 2 (G2), patients undergoing EDD sessions
lasting 10 hours.

Dialysis was interrupted when there was partial renal
function recovery (dialysis-independent) defined as restora-
tion of urine output higher than 1000mL/24 h associated
with a progressive fall in serum values for creatinine
(<4mg/100mL) and BUN (<50mg/dL), a need to change
dialysismethod because of infectious,mechanical, or haemo-
dynamic complications, more than 30 days of follow-up, or
death.

2.3. Dialysis Prescription and Dialysis Complications. The
EDD session lasted 6 or 10 hours according to randomisation
and, for practical reasons, it was decided that EDD would
be carried out 6 days a week (Monday–Saturday). Dialysis
nurses and dialysis technical nursing were responsible for
EDD and operated the dialysis machines throughout the
treatment. A double lumen catheter for central venous access
(jugular, subclavian, or femoral vein, depending on the ease of
access) was inserted blindly at the bedside by nephrologists,
under local anaesthesia. An HD machine with volumetric
control (Fresenius 4008F or Gambro K200) and cellulose
acetate dialysers (CA 150 or 170 with surface areas of 1.2
and 1.5m2, resp.) were used for sessions of 6 and 10 hours,

respectively. Blood flow was 200mL/min and dialysate flow
was 300mL/min.

Anticoagulation was achieved with unfractionated hep-
arin (usually a 1000U bolus followed by 500U/h) or saline
flushes of 100mL given every 30min if anticoagulation was
contraindicated. If EDD was interrupted for procedures,
it was restarted later, attempting to complete 6 or 10 h of
treatment. UF was prescribed during dialysis treatment as
per the daily requirements. UF was performed at 300mL/h
to 500mL/h and adjusted according to the alteration in
haemodynamic parameters and fluid status of individual
patients.

Bicarbonate (26 to 35mEq/L), potassium (2 or 3mEq/L),
and sodium dialysate concentrations (142–148mEq/L) were
adjusted according to individual requirements. Dialysate
temperature was low (35.5∘C) to prevent hypotension.

During the procedures, BP monitoring was performed
every 30min. Hypotension was defined as a single systolic BP
of less than 90mmHg or a mean arterial pressure (MAP) of
less than 60mmHg. To treat a hypotension episode during
EDD, protocols were applied involving the infusion of saline,
discontinuation of UF, and an increased dose of vasoactive
drugs, according to the clinical condition and fluid status of
the patient. If, despite the measures above, haemodynamic
instability persisted, posing risks to the patient, the therapy
was discontinued.

Filter clotting was diagnosed as the presence of blood
clots in the circuit, composed of dialyser and lines, which
prevented the continuation of therapy. Hypokalaemia and
hypophosphataemia were considered postdialysis complica-
tions, characterised by serum levels below 3.5mEq/L and
3.5mg/dL, respectively.

Treatment duration, episodes of filter clotting and
replacement, vasoactive drug dose, and UF rate were
recorded at the end of each session. Posttreatment BUN levels
were measured by the slow flow method (with blood pump
speed reduced to 50mL/min). Blood samples were obtained
from the arterial sampling port before the blood reached the
dialyser. HD adequacy was determined by using urea kinetic
modelling based on Kt/V [21]. The delivered dose was deter-
mined by the single-pool Kt/V value, corrected for actual
UF but not for the reappearance of urea nitrogen [21]. Blood
urea nitrogen, arterial blood pH, serum levels of bicarbonate,
potassium, and phosphate, urine output, and fluid balance
were recorded daily. Other clinical data were collected: sex,
age, the presence of comorbidities (diabetes, chronic kidney
disease, and hypertension), primary diagnosis, the aetiology
of sepsis, prognostic score specific for AKI (ATN-ISS) [22],
SOFA [23], vasoactive drug dose before and after therapy,
sessions numbers, the filter used, blood and dialysate flows,
and actual UF.

2.4. Sample Size Calculation. The sample size calculation was
based on the assumption that the overall hypotension would
be 50% and that a difference of 20% in hypotension between
patients undergoing sessions lasting 10 and 6 hours had to
be detected to be clinically relevant. With a first-order error
of 5% and a power of 80% a sample size of 59 sessions was
needed in each treatment group.
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128 were excluded

75 patients treated with EDD

203 screened patients developed CRRT-AKI

43: treated with PD (without

37 patients undergoing
95 EDD sessions 10h

contraindication for PD)

  

 

 

11: baseline creatinine > 4mg/dL
5: kidney transplantation

(treated with CRRT)
45: without noradrenalin (treated
with IHD)

38 patients undergoing
100 EDD sessions 6h

10: no septic AKI
14: >0.7 𝜇g/kg/min noradrenalin

Figure 1: Inclusion of patients enrolled in the study.

2.5. Statistical Analysis. Data analysis was performed using
SAS for Windows (version 9.2: SAS Institute, Cary, NC,
USA, 2012). All analyses were performed according to the
intention-to-treat principle. Variables with normal distri-
bution are described using means ± standard deviation;
variables with a nonnormal distribution are described using
medians and interquartile ranges.𝑇-test was used to compare
parametric variables between two groups. For the analysis of
repeated measures, asymmetric distribution (gamma) under
the GENMOD procedure was used. Multiple-comparison
tests were performed by the same procedure using the DIFF
option. In all statistical tests, the level of significance was 5%.

3. Results

During the study period (January 2012 to June 2013), a total
of 203 patients were treated by dialysis: 101 by EDD (49.6%),
45 by conventional IHD (22%), 14 by CRRT (6.9%), and 43
by high-volume peritoneal dialysis (PD; 21.1%).Themodality
chosen was based on patients’ haemodynamic instability. PD
was indicated when there was no contraindication for its
use (recent abdominal surgery, multiple abdominal surg-
eries, severe hyperkalaemia with electrocardiogram changes,
severe respiratory failure (FiO

2
< 70%), and severe fluid

overload). Conventional IHD was indicated for haemody-
namically stable patients (without vasoactive drug use). EDD
was indicated when patients were using a noradrenaline dose
lower than 0.7 𝜇g/kg/min and CRRT was indicated when
this dose was higher than 0.7 𝜇g/kg/min. Twenty-six patients
treated with EDD were withdrawn (25.7%) because of severe
kidney disease (baseline creatine higher than 4mg/dL),
kidney transplantation, or AKI of other aetiologies. The
remaining 75 patients were treatedwith 195 EDD sessions and
included in the final analysis (Figure 1).

The age was 61.8 ± 15.1 years and 70.6% of patients
were male. The abdomen was the main infection site (42.6%)
and, among the comorbidities, hypertension was the most
prevalent (49.3%). The prognostic specific to acute tubular
necrosis (ATN), the ATN-ISS, was 0.69 ± 0.1, and the
SOFA score was 13.6 ± 2.7. Hypotension was the main
dialysis complication (82.6%), followed by filter clotting,
hypokalaemia, and hypophosphataemia, which occurred in
25.3%, 20%, and 10.6% of patients, respectively. Table 1 shows
the clinical characteristics of AKI patients treated with EDD.

G1 consisted of 38 patients treated with 100 sessions,
whereas G2 consisted of 37 patients treated with 95 sessions.
Comparison of the clinical characteristics showed thatG1 and
G2 were similar in male predominance (65.7% versus 75.6%,
resp.,𝑃 = 0.34), age (63.6±14.7 versus 59.9±15.5 years, resp.,
𝑃 = 0.28), the presence of comorbidities such as hypertension
(55.2%versus 43.2%, resp.,𝑃 = 0.29) and diabetes (21% versus
18.9%, resp., 𝑃 = 0.8), heart failure (52.6% versus 56.8%, 𝑃 =
0.41), the prognosis specific to ATN (ATN-ISS) (0.68 ± 0.1
versus 0.71 ± 0.1, resp., 𝑃 = 0.47), and SOFA score (13.1 ± 2.4
versus 14.2 ± 3.0, resp., 𝑃 = 0.2). These results are shown in
Table 2.

Table 3 shows the dialysis complications present in the
two groups treated with EDD sessions of different durations.
There was no significant difference between the groups in
relation to intra- and postdialysis complications.

When dialysis complications were analysed by session,
hypotension was present in 116 sessions (59.5%), while filter
clotting was present in 29 sessions (14.9%). An increased
noradrenaline dose was needed in 85.2% of the sessions and
19.1% of the sessions were interrupted. However, the group
treated with sessions of 10 hours showed higher refractory to
clinical measures for hypotension and dialysis sessions were
interrupted more often (9.5 versus 30.1%, 𝑃 = 0.03). The two
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Table 1: Clinical characteristics of AKI patients treated with EDD.

Parameters 𝑛 = 75

Age (years) 61.8 ± 15.1

Male gender 𝑛 (%) 53 (70.6)
Weight (kg) 72.8 ± 20

Focus of infection 𝑛 (%)
Abdominal 32 (42.6)
Pulmonary 25 (33.3)
Others 18 (24)

Comorbidities 𝑛 (%)
Hypertension 37 (49.3)
DM 15 (20)
CKD 9 (12)
Heart failure 41 (54.6%)
ATN-ISS 0.69 ± 0.1

SOFA 13.6 ± 2.7

Dialysis complications 𝑛 (%)
Hypotension 62 (82.6)
Filter clotting 19 (25.3)
Hypokalemia 8 (10.6)
Hypophosphatemia 15 (20)

Patient outcome 𝑛 (%)
Recovery of renal function 10 (13.5)
Chronic dialysis 6 (8.1)
Death 58 (78.3)

Amounts shown in frequency, mean, standard deviation, and proportion.
AKI: acute kidney injury, EDD: extended daily dialysis, SAH: systemic
arterial hypertension, DM: diabetes mellitus, CKD: chronic kidney diseases,
ATN-ISS: prognostic specific to theNTA, and SOFA: sequential organ failure
assessment score.

groups were also similar regarding dialysis complications, as
shown in Table 4. In G1, an increase in noradrenaline dose
was needed in 53 sessions (84.1%), while it was needed in 44
sessions (83%) in G2 (𝑃 = 0.89). Therapy was interrupted
in six sessions (9.5%) in G1 and in 16 sessions (30.1%) in G2
(𝑃 = 0.03).

The metabolic and fluid control of AKI patients treated
with EDD lasting 6 and 10 hours are shown in Table 5. The
two groups were similar in their levels of BUN, creatinine,
potassium, and bicarbonate, pH, fluid balance, and actual UF.
When evaluating initial and final doses of noradrenaline and
BP in the first three sessions, we found that the two groups
were similar and that the final dose of VAD was higher than
the initial dose, which suggests that BPwasmaintained due to
the increased dose of VAD.These data are shown in Table 6.

Table 7 shows the distribution of intradialysis complica-
tions according to duration of the sessions.The complications
occurred mainly in the first session, and they were less
frequent after the second or third session, which indicates
improved patient tolerance to treatment.

4. Discussion

This clinical trial evaluated and compared intra- and postdial-
ysis complications in critically ill AKI patients undergoing

EDD sessions of different durations (6 versus 10 h). There
are few studies on EDD in AKI patients and most of them
included a small number of patients or are review articles,
and none of them compared dialysis complications of EDD
sessions of different durations [11–19].

Hypotension is the main dialysis complication in crit-
ically ill AKI patients and it may occur in over 20% of
patients [14]. The decrease in BP can interrupt the dialysis
treatment, leading to patients not receiving the prescribed
dialysis dose, thereby affecting metabolic and fluid control.
Another consequence is renal hypoperfusion, which leads
to renal ischaemic injury and can delay the recovery of its
function [24]. In this study, hypotension was frequent and
present in 62 patients (82.6%) and 116 EDD sessions (58.9%),
despite the measures to avoid hypotension, such as the low
temperature of dialysate (35 to 35.5∘C), high sodium (142–
145mmol/L), and actual UF rate not exceeding 500mL/h.
There was no difference between the two groups treated with
EDD sessions of 6 versus 10 h in relation to hypotension
episodes (63 versus 55.8%, 𝑃 = 0.21).

To solve the problem of hypotension during EDD ses-
sions, protocols including saline infusion, the discontinu-
ation of UF, and an increase in noradrenaline dose were
applied, according to the clinical condition of the patient and
fluid status. If, despite the above measures, the instability of
haemodynamics persisted, posing risks to the patient, the
therapy was discontinued, which occurred in 22 sessions
(19.1%).

The results of previous prospective investigations are con-
troversial and hypotension during EDD sessions prevalence
ranges from 0 to 50% [9, 13–18, 25]. Similar results were
reported by Fieghen et al. [18], who evaluated haemodynamic
stability in AKI septic patients treated with EDD versus
CRRT. Hypotension was observed in 22 (56.4%) patients
treatedwith EDDand in 43 (50%) patients treatedwithCRRT
(𝑃 = 0.51). Ponce et al. [9] also evaluated 1367 EDD sessions
of 6 or 8 h in 231 AKI patients and observed hypotension in
49.6% of the sessions. In 18.4% of them, increased inotropic
support was required, and, in 19 sessions (1.4%), EDD was
interrupted because of ventricular tachycardia or the increase
of noradrenaline dose to higher than 1 𝜇g/kg/min.

In our study, the final noradrenaline dose was higher than
the initial dose, suggesting that BP was kept stable due to the
increase in noradrenaline dose. However, previous smaller
prospective investigations showed that EDD was very well
tolerated [11–13, 16–18, 24–26]. Berbece and Richardson [13]
described 165 EDD sessions in haemodynamically unstable
patients and observed hypotension in only 14% of the ses-
sions, which was solved with the discontinuation of UF, a
bolus of saline or albumin, an increase in noradrenaline dose,
or interruption of the EDD session.

The two groups were similar in hypotension and increase
in noradrenaline dose. We believe it happened because the
group treated with sessions of 10 hours showed higher
refractory to clinical measures for hypotension and dialysis
sessions were interrupted more often (9.5 versus 30.1%, 𝑃 =
0.03). The effective duration of dialysis in group 1 was 5 h
46min and 8 h 48min in group 2.



BioMed Research International 5

Table 2: Clinical characteristics of AKI patients treated with different durations of EDD.

Parameters G1 = 6 h (𝑛 = 38) G2 = 10 h (𝑛 = 37) 𝑃 value
Age (years) 63.6 ± 14.7 59.9 ± 15.5 0.28
Male gender 𝑛 (%) 25 (65.7) 28 (75.6) 0.34
Weight (kg) 71.5 ± 20.8 74.0 ± 19.3 0.59
Infection site 𝑛 (%)

Abdominal 13 (34.2) 12 (32.4) 0.88
Pulmonary 12 (31.5) 20 (54.0) 0.002

Comorbidities 𝑛 (%)
Hypertension 21 (55.2) 16 (43.2) 0.29
Heart failure 20 (52.6) 21 (56.8) 0.41
DM 8 (21) 7 (18.9) 0.81
CKD 6 (15.7) 3 (8.1) 0.47
ATN-ISS 0.68 ± 0.1 0.71 ± 0.1 0.47
SOFA 13.1 ± 2.4 14.2 ± 3.0 0.20

Patient outcome 𝑛 (%)
Recovery of renal function 4 (10.5) 6 (16.6) 0.21
Chronic dialysis 4 (10.5) 2 (5.5) 0.28
Death 30 (78.9) 28 (77.7) 0.86

Amounts shown in frequency, mean, standard deviation, and proportion.
AKI: acute kidney injury, EDD: extended daily dialysis, SAH: systemic arterial hypertension, DM: diabetes mellitus, CKD: chronic kidney diseases, ATN-ISS:
prognostic specific to the NTA, and SOFA: sequential organ failure assessment score.

Table 3: Dialysis complications of AKI patients treated with
different durations of EDD.

Complications 𝑛 (%) G1 = 6 h
(𝑛 = 38)

G2 = 10 h
(𝑛 = 37) 𝑃 value

Hypotension 31 (81.5) 31 (83.7) 0.80
Filter clotting 9 (23.6) 10 (27) 0.73
Hypokalemia 5 (13.1) 3 (8.1) 0.71
Hypophosphatemia 7 (18.4) 8 (21.6) 0.72
Amounts shown in proportion.
AKI: acute kidney injury, EDD: extended daily dialysis.

The results of this study indicate a higher prevalence of
hypotension than that reported in the literature [9, 13–18, 25].
This can be explained by the severe haemodynamic instability
and cardiovascular state of the population studied. Increasing
the duration of the dialysis session to 10 hours was not an
alternative to decrease number of hypotension.Other options
would be to start EDD with a low UF rate and increasing it
after 20–30min to avoid the initial BP drop, considering a
high initial noradrenaline dose, and treating many of these
patients with CRRT.

Filter clotting is another important intradialysis com-
plication. It involves treatment interruption and blood loss
from the patient, whichmay contribute to the haemodynamic
instability. It is characterised by staining blood extremely dark
shadows or black striations in the capillary, with changes in
venous and transmembrane pressures [27]. In this study, filter
clotting occurred in 19 patients (25.3%) and in 29 sessions
(14.9%), similar to the data reported in the literature. There
was no difference in filter clotting between the groups treated
with 6 versus 10 h of EDD sessions (11 versus 18.9%,𝑃 = 0.72).

Table 4: Distribution of intradialytic complications by sessions of
EDD according to different duration of sessions.

Complications 𝑛 (%) G1 = 6 h
(𝑛 = 100)

G2 = 10 h
(𝑛 = 95) 𝑃 value

Hypotension 63 (63%) 53 (55.8%) 0.21
Filter clotting 11 (11%) 18 (18.9%) 0.72
Effective duration of dialysis 5 h 46min 8 h 48min 0.021
Amounts shown in proportion.
EDD: extended daily dialysis.

Berbece and Richardson [13] observed filter clotting in
18% of EDD sessions conducted with heparin and 29% of
heparin-free treatments. Kumar et al. [17] compared EDD
sessions versus CRRT and observed that the need for anti-
coagulation was significantly lower in patients treated with
EDD (𝑃 < 0.001). Kielstein et al. [11] evaluated 56 EDD
sessions and observed 17 episodes of filter clotting (30%).The
anticoagulation treatment in EDD sessions in our study was
performed according to the comorbidities and bleeding risk
of the patient, and when it was not feasible, we applied saline
infusion every 30min. In our study, 16 patients (42.1%) in
G1 and 15 patients (40.5%) in G2 received anticoagulation
treatment (𝑃 = 0.71). In terms of the sessions, 41 (41%) in
G1 and 26 (27%) in G2 involved anticoagulation (𝑃 = 0.09).

Whenwe evaluated intradialysis complications in the first
three EDD sessions, we observed that these complications
weremore frequent in the first session, and, after, they became
less frequent. Doshi and Murray [25] reported that intra-
dialysis hypotension had an aetiology associated with patient
characteristics, with comorbidities such as hypovolaemia,
sepsis, and heart failure, and with therapies such as removal
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Table 5: Metabolic and fluid control of the groups in the first three sessions of EDD.

G1 = 6 h (𝑛 = 100 sessions) G2 = 10 h (𝑛 = 95 sessions)
𝑃 value

S1 (𝑛 = 38) S2 (𝑛 = 28) S3 (𝑛 = 15) S1 (𝑛 = 37) S2 (𝑛 = 24) S3 (𝑛 = 17)
BUN (mg/dL) 159 ± 60 120 ± 50 105 ± 38 152 ± 69a 94 ± 38b 96 ± 37c NS
BUN post (mg/dL) 64 ± 32 47 ± 17 44 ± 20 48 ± 25a 43 ± 20b 41 ± 22c NS
URR 0.61 ± 0.1 0.59 ± 0.1 0.62 ± 0.1 0.68 ± 0.1a 0.64 ± 0.1b 0.69 ± 0.1c NS
Kt/V 1.09 ± 0.24 1.07 ± 0.25 1.09 ± 0.25 1.26 ± 0.26a 1.21 ± 0.24b 1.28 ± 0.27c NS
Cr (mg/dL) 3.8 ± 1.4 3.2 ± 1.3 2.8 ± 1.2 3.7 ± 1.3a 2.7 ± 0.8b 2.5 ± 0.6c NS
K (mEq/L) 4.4 ± 0.8 4.6 ± 1 4.4 ± 0.9 4.7 ± 1a 4.2 ± 0.6b 4 ± 0.5c NS
Bic (mEq/L) 17 ± 3 18.7 ± 3 19.9 ± 3.9 18.6 ± 4.2a 19.7 ± 7.3b 21 ± 2.5c NS
pH 7.2 ± 0.09 7.2 ± 0.1 7.2 ± 0.09 7.2 ± 0.1a 7.3 ± 0.1b 7.3 ± 0.09c NS
Presc UF (mL) 1957 ± 933 2182 ± 857 2260 ± 812 2524 ± 916a 2766 ± 992b 2611 ± 977c NS
Actual UF (mL) 1731 ± 818 1967 ± 980 2146 ± 820 2332 ± 947a 2214 ± 1440b 2376 ± 1243c NS
UF rate (mL/h) 288.5 ± 136 327 ± 163 357 ± 136 233 ± 94d 221 ± 144e 237 ± 124f <0.05
Fluid balance (mL) −401 ± 181 −690 ± 40 −731 ± 125 −396 ± 47a −614 ± 140b −652 ± 141c NS
Amounts shown in mean and standard deviation.
EDD: extended daily dialysis.
BUN: blood urea nitrogen, Cr: creatinine, URR: rate reduction of urea, K: potassium, Bic: bicarbonate, and presc UF: prescribed ultrafiltration.
aSimilar to S1 of G1.
bSimilar to S2 of G1.
cSimilar to S3 of G1.
dDifferent from S1 of G1.
eDifferent from S2 of G1.
fDifferent from S3 of G1.
NS: not significant (𝑃 > 0.05).

Table 6: Initial and final dose of vasoactive drugs and blood pressure according to the different duration of sessions.

G1 = 6 h (𝑛 = 100 sessions) G2 = 10 h (𝑛 = 95 sessions)
𝑃 value

S1 (𝑛 = 38) S2 (𝑛 = 28) S3 (𝑛 = 15) S1 (𝑛 = 37) S2 (𝑛 = 24) S3 (𝑛 = 17)
Initial VAD 0.55 ± 0.5d 0.68 ± 0.6d 0.52 ± 0.3d 0.53 ± 0.2a,d 0.59 ± 0.4b,d 0.61 ± 0.4c,d NS
Final VAD 0.70 ± 0.5 0.78 ± 0.7 0.64 ± 0.5 0.74 ± 0.4a 0.75 ± 0.6b 0.70 ± 0.5c NS
SBP start 118 ± 23e 128 ± 28e 113 ± 27e 128 ± 23a,e 114 ± 29b,e 128 ± 26c,e NS
DBP start 67 ± 16f 64 ± 16f 56 ± 14f 68 ± 15a,f 64 ± 18b,f 68 ± 13c,f NS
SBP end 114 ± 26 121 ± 27 136 ± 13 124 ± 22a 133 ± 23b 123 ± 17c NS
DBP end 63 ± 16 65 ± 15 69 ± 17 68 ± 15a 73 ± 15b 67 ± 9c NS
Amounts shown in mean and standard deviation.
VAD: vasoactive drug, EDD: extended daily dialysis, SBP: systolic blood pressure, and DBP: diastolic blood pressure.
aSimilar to S1 of G1.
bSimilar to S2 of G1.
cSimilar to S3 of G1.
dDifferent from VAD end, 𝑃 < 0.05.
eDifferent from SBP end, 𝑃 > 0.05.
fDifferent from DBP end, 𝑃 > 0.05.
NS: not significant (𝑃 > 0.05).

of excess fluid and reduction of serum osmolality. According
to Davenport et al. [27], patients with AKI associated with
sepsis had increased platelets, leukocytosis, and activation of
the coagulation cascade, which could lead to filter clotting
during an HD session. We believe that, after the first session,
sepsis was well controlled and we could better evaluate the
patient and the complications presented during therapy and
thus adjust the treatment in the next sessions, such as the UF
rate and heparin dose, which would explain the better patient
tolerance to EDD after the first session.

Postdialysis complications were less frequent than
intradialysis complications and there was no difference

between the two groups regarding postdialysis complications.
Hypokalaemia and hypophosphataemia occurred in 10.6 and
20%of patients, respectively.There are few studies comparing
these complications after dialysis, with which to compare
our results. Marshall et al. [16] analysed 145 sessions in 37
patients and showed hypokalaemia and hypophosphataemia
in 7 (4.8%) and 18 (12.4%) episodes, respectively, similar to
the results found in our study. Palevsky et al. [28] observed
hypophosphataemia in 12.4% of patients treated with EDD
in the ATN study.

Metabolic control and fluid status were similar in the
groups treated with 6 h versus 10 h EDD sessions. The BUN
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Table 7: Distribution of episodes of intradialytic complications according to sessions and groups.

Session Hypotension (%)
𝑃 value Filter clotting (%)

𝑃 value
G1 (𝑛 = 63) G2 (𝑛 = 53) G1 (𝑛 = 11) G2 (𝑛 = 18)

S1 36.5a,c 37.7b 1.0 45.4b 33.3a,c 0.7
S2 26.9d 18.8d 0.4 9.0d 22.2d 0.6
S3 17.4 20.7 0.8 9.0 16.6 0.9
Amounts shown in proportion.
aSimilar to S2, 𝑃 = 0.23.
bDifferent from S2 and S3, 𝑃 < 0.05.
cDifferent from S3, 𝑃 = 0.004.
dSimilar to S3, 𝑃 > 0.05.

and creatinine levels were higher in the first session in both
groups and stabilised thereafter. URR was constant, around
0.6 in both groups, while delivered Kt/V was close to 1.0,
actual UF remained around 2000mL per session, without
exceeding 500mL/h and fluid balance was kept around
−600mL in both groups. Similar results have been reported
in the literature. Fieghen et al. [18] evaluated 39 EDD sessions
in 13 AKI patients and obtained an UF of 1915 ± 1302mL
per session. Marshall et al. [26] evaluated 56 EDD sessions
lasting 8 h and observed a Kt/V of 1.43 ± 0.28. Ponce et al.
[9] evaluated 1367 EDD sessions lasting from 6 to 8 hours
and performed with blood and dialysate flow of 200 and
300mL/min, respectively, and observed an UF of 2450 ±
586mL and weekly delivered Kt/V of 5.94 ± 0.7.

Comparative study of intensive EDD (serum urea levels
greater than or equal to 15mmol/L) and standard EDD
(serum urea levels between 20 and 25mmol/L) did not show
a difference in patient survival or recovery of renal function
[29]. Berbece and Richardson [13] compared 11 patients
treated with 209 CRRT sessions with 23 patients treated with
165 EDD sessions and reported that the weekly delivered
Kt/V was higher in patients treated with EDD (CRRT: 7.1 ±2.1
versus EDD: 8.4 ± 1.8, 𝑃 < 0.001), but there was no impact
on patient survival or recovery of renal function.

Previous studies showed weekly Kt/V values for EDD of
between 5.8 and 8.4 [13, 26, 29]. Dialysis dose adequacy in
AKI is a subject of controversy. Several recent trials have
shown that the relationship between the dose of RRT and
survival is not a linear one and a weekly delivered Kt/V of
3.6 seems to be enough [28–32].

However, there is a limitation of Kt/V as a marker of
efficacy for this treatment method. A study by Eloot et al.
[33] showed that, despite a comparable Kt/V, the total solute
removal for creatinine and urea increased with dialysis time
from 4 over 6 to 8 hours, that is, better solute removal
despite identical Kt/V. This was confirmed in a recent study
by Schmidt et al. [34], who compared the total urea removed
based on analysis of the spent collected dialysate.

Concerning patient outcome, 13.5% of patients presented
renal function recovery, 8.1% of patients remained on dialysis
after 30 days, and 78.4% of patients died. In this study, the
mortality rate was higher than that related to previous Amer-
ican and European studies, which showed an in-hospital
mortality rate of AKI patients treated with EDD of 50 to
62% [6, 9, 13, 15]. However, studies performed in developing

countries such as Brazil and India reported a similarmortality
rate [35–37]. This study included severe septic and haemo-
dynamically unstable AKI patients presenting high ATN-ISS
and SOFA (0.69±0.1 and 13.6±2.7, resp.), which explains the
unfavourable outcome. There was no significant difference
between the groups treated with EDD sessions lasting 6
versus 10 h in relation to survival or recovery of kidney
function, in agreement with Palevsky et al. [28], Bellomo et
al. [31], and Faulhaber-Walter et al. [30] in the trials ATN,
RENAL, and HANDOUT, respectively.

Our study has several limitations. First, the small number
of patients studied and the single-centre design weaken
the comparison between mortality and recovery of kidney
function, and the exclusion of the sickest patients (17 patients
receiving a noradrenaline dose higher than 0.7 𝜇g/kg/min)
may have biased the study towards a benefit for EDD. These
are very important for dialysis support and the prognosis of
AKI patients and further analysis will be undertaken shortly
with the results of this study, such as costs, evaluation of the
catabolic state of the patients, and improvement in nutritional
status after each dialysis. In addition, patients should be
evaluated according to different levels of prognostic score in
order to define in the same range of severity; patients in both
groups showed similar changes. Despite these limitations,
this was the first study to evaluate dialysis complications in
septic AKI patients undergoing different durations of EDD
and there were enough treatment days to permit useful data
for the parameters of interest to us.

Our results showed that intra- and postdialysis compli-
cations were similar between the groups treated with EDD
lasting 6 versus 10 h and that the group treated with sessions
of 10 hours showed higher refractory to clinical measures
for hypotension and dialysis sessions were interrupted more
often, with no benefit in treating AKI patients with more
prolonged sessions. The findings of our study suggest that
EDD lasting 6 or 10 h may provide adequate treatment for
most AKI patients, achieving adequate metabolic control
and net UF. However, hypotension was the most frequent
complication with sessions of this dialysis method lasting
6 or 10 h and it certainly did not contribute to renal (or
cardiac, brain, or gut) functional recovery. Due to the severe
haemodynamic instability of the AKI patients in the present
study, we questioned whether CRRT would not be the most
appropriate therapy. Finally, larger studies in this area are
needed to clarify the impact of EDD on patient survival and
recovery of kidney function.
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The impact of isoosmolar versus low-osmolar contrast media (CM) administration on contrast-induced acute kidney injury
(CI-AKI) and extended renal dysfunction (ERD) is unclear. We retrospectively examined incidences of CI-AKI and ERD in
patients who received iodixanol (isoosmolar) versus iohexol (low-osmolar) during angiography for cardiac indications. Of 713
patients, 560 (cohort A), 190 (cohort B), and 172 (cohort C) had serum creatinine monitored at 3 days, 30 days, and 6 months
after angiography, respectively. 18% of cohort A developed CI-AKI, which was more common with iodixanol than iohexol (22%
versus 13%, 𝑃 = 0.006). However, patients given iodixanol were older with lower baseline estimated glomerular filtration rates
(eGFR). On multivariate analysis, independent associations with higher CI-AKI risk include age >65 years, female gender, cardiac
failure, ST-elevation myocardial infarction, intra-aortic balloon pump, and critical illness, but not CM type, higher CM load, or
eGFR < 45mL/min/1.73m2. 32% of cohort B and 34% of cohort C had ERD at 30 days and 6 months, while 44% and 41% of
subcohorts had ERD at 90 days and 1 year, respectively. CI-AKI, but not CM type, was associated with medium- and longer-term
ERD, with 3-fold higher risk. Advanced age, emergent cardiac conditions, and critical illness are stronger predictors of CI-AKI,
compared with CM-related factors. CI-AKI predicts longer-term ERD.

1. Introduction

Contrast media (CM) is the third most common cause of
hospital-acquired acute kidney injury (AKI), and coronary
angioplasty accounts for the highest incidence of contrast-
induced AKI (CI-AKI) [1]. CI-AKI risk is exacerbated by
comorbidities including advanced age, diabetes mellitus
(DM), congestive cardiac failure (CCF), and chronic kid-
ney disease (CKD) [2], all of which are highly prevalent
in patients with coronary artery disease. Thus, numerous
CI-AKI preventive strategies have been employed, such as
reduced CM load and avoidance of recurrent exposure [3],
intravascular volume expansion [4], N-acetylcysteine admin-
istration [5], and preferred use of isoosmolar CM (IOCM) or

low-osmolar CM (LOCM) over high-osmolar CM (HOCM)
[6].

In relation to CM, use of IOCM iodixanol has been
reported to reduceCI-AKI risk in patientswithDMandCKD,
compared to LOCMs [7], in particular iohexol [8].Therefore,
clinicians may prefer to use iodixanol in high-risk subjects.
However, findings on the apparent benefit of iodixanol over
other LOCMs on renal function have not been consistent
[9, 10]. Further conclusive comparisons are difficult due to
highly variable definitions of CI-AKI and failure to account
for confounding factors for AKI such as critical illness. Most
studies also involved short-term follow-up and examined
only acute renal dysfunction, while prognostication and
knowledge of longer-term renal outcomes are scarce.
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Therefore, we wish to evaluate the incidence of CI-AKI
and the temporal evolution of renal function over one year,
in patients who received iodixanol versus iohexol for intra-
arterial angiography, using modern consensus definitions of
AKI. We aim to identify the risk factors and prognostic
implications of AKI in relation to different CM used, while
accounting for confounding effects of CCF, CKD, and critical
illness.We hypothesize that (i) use of iohexol versus iodixanol
would be associated with a higher risk of CI-AKI and (ii)
CI-AKI would, in turn, be associated with extended renal
dysfunction (ERD) in medium-term survivors.

2. Methods

2.1. Study Design and Population. We performed a single-
centre, retrospective observational study, on the use of
iodixanol (IOCM) versus iohexol (LOCM) in patients who
underwent emergency or elective intra-arterial angiography,
in our tertiary institution from January till December 2009.
The patient list and identifiers were retrieved from routine
procedural records. The Human Research Ethics Committee
approved the study and waived the need for informed con-
sent. All patients aged >18 years were included.The exclusion
criteria were (i) patients with end-stage renal disease (ESRD)
on maintenance dialysis, (ii) patients with no follow-up
renal function assessment after angiography, and (iii) patients
whose contrast type was not specified.

2.2. Study Definitions and Data Collection. All baseline
patient demographics and comorbidities were indexed at
time of angiography and captured in the procedural database.
Critical illness was defined as admission(s) to the inten-
sive care unit (ICU) within one week of angiography. The
date of angiography was defined as day 0 (D0). Baseline
serum creatinine level (sCr) was the patients’ lowest sCr
performed from D-7 to D0. If this was not available, it was
inferred from the lowest sCr available in our electronic health
records, up to one year from angiography. Baseline estimated
glomerular filtration rate (eGFR) was calculated using the 4-
variableMDRD equation [11]. Peak sCr were obtained during
respective time-windows from initial contrast exposure: D1–
D5, D20–D40, D70–D110, D150–D210, and D270–D450, as
surrogates of renal function at 3 days, 30 days, 90 days, 6
months, and 1 year after angiography, respectively.

CI-AKI was defined as having fulfilled minimum “R”
criterion (≥1.5x increase in peak sCr from baseline) of the
RIFLE “at-risk/injury/failure (R/I/F)” classification [12] at
3 days after contrast. ERD was described at medium-term
(30 days and 90 days) and longer-term (6 months and
1 year), having to fulfil minimum RIFLE “R” criterion at
respective time-windows, which indicates failure to improve
to baseline renal function. Corresponding delta-sCr levels
were calculated from the difference between respective peak
and baseline sCr.

2.3. Contrast and Angiography Details. We used iodix-
anol (Visipaque-320, GE Healthcare, Rydalmere, Australia)

that contains 652mg iodixanol/mL and 320mg of elemen-
tal iodine and iohexol (Omnipaque-350, GE Healthcare,
Rydalmere, Australia) that contains 755mg iohexol/mL and
350mg of elemental iodine. The iodine dose was calculated
from (iodine concentration of respective CM × volume
administered). The CM-load administered was defined as
ratio of iodine dose infused corrected for baseline eGFR
(grams iodine/eGFR), in view that iodine-dose to creatinine-
clearance ratio correlates well with the area under CM
concentration-time curve [13].

The primary indication for angiography was identified
from procedural records, including ST-elevation myocar-
dial infarction (STEMI) and non-STEMI (NSTEMI). Like-
wise, angiography details including coronary angiogram
(COROS), percutaneous coronary intervention (PCI), aor-
togram, left ventriculogram (LVgram), and intra-aortic bal-
loon pump (IABP) insertion were retrieved if performed.

2.4. DataAnalysis. Thestudy subjects were divided into three
cohorts for univariate analysis. Cohorts A, B, and C included
all patients with available sCr at 3 days, 30 days, and 6
months, respectively. Incidences of CI-AKI and ERD were
determined at prespecified time-points, between patients
administered iodixanol and iohexol, and described separately
for each cohort. Parametric variables were presented in
mean (± standard deviation) and nonparametric variables in
median (interquartile range); univariate comparisons were
then performed using Students’ 𝑡-test and Wilcoxon rank-
sum test, respectively. Categorical variables were presented
in frequency (percentage) and compared using Chi-square or
Fisher-exact test.

For patients in cohort A, we examined the incidence
of ERD over 1 year, between those with CI-AKI versus
none. Subsequently, all clinically plausible variables in cohort
A were included in multivariate binary logistic and linear
regression models, to look for independent predictors of CI-
AKI/ERD and higher delta-sCr over one year, respectively. In
particular, presence of CI-AKI and delta-sCr >26𝜇mol/L at 3
days was included in the model for prediction of ERD. As
delta-sCr was not of normal distribution, it was expressed as
percentage change from baseline sCr, with addition of a con-
stant (+100), and log-transformed prior to linear regression.
The final models were developed using stepwise selection
technique, with the 𝑃 value for inclusion being 0.05. A
two-sided 𝑃 < 0.05 was taken as measure of statistical
significance. Finally, actuarial analysis was performed to
illustrate the cumulative incidence of ERD with CI-AKI
versus none, in cohort A patients with one or more renal
function assessments over subsequent one year, time/day-
censored by the latest follow-up sCr measured. Analysis was
performed using STATA SE version 13.0 (Lakeway Drive,
College Station, Texas, USA).

3. Results

1229 patients underwent angiography and 713 patients ful-
filled the study criteria, with 560, 190, and 172 patients in
cohorts A, B, and C, respectively. These cohorts were not
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Total 1229 patients underwent angiography

516 patients excluded:

specified time-points in the study

713 patients included in final analysis

Cohort A
560 patients with sCr 
assessed at 3 days

Cohort B
190 patients with sCr 

assessed at 30 days

Cohort C
172 patients with sCr 
assessed at 6 months

409 patients
29 

patients

69 
patients

29 
patients

53 
patients

63 patients

61 patients

Breakdown into cohorts and overlap

∙ 37 patients with ESRD
∙ 478 patients with no follow-up sCr at

∙ 1 patient with unknown contrast type

Figure 1: Study flow diagram. ESRD: end-stage renal disease; sCr:
serum creatinine.

mutually exclusive (see Figure 1). Compared to 479 patients
without ESRD who were excluded, these 713 patients had
higher comorbid burden, and more underwent angiogra-
phy and PCI for emergent indications (see Supplementary
Material available online at http://dx.doi.org/10.1155/2014/
506479).

Cohort A’s profile is shown in Table 1, and profiles of
cohorts B andC are shown in supplementarymaterial. In gen-
eral, patients who received iodixanol (versus iohexol) were
older, and more had DM, CCF, STEMI (versus NSTEMI),
and concomitant PCI, with higher CM load (corrected for
eGFR) (𝑃 < 0.05). The baseline eGFR of patients given
iodixanol versus iohexol in cohorts A, B, and C was 71(±27)
versus 88(±26), 64(±27) versus 96(±36), and 65(±27) versus
87(±30)mL/min/1.73m2, respectively (𝑃 < 0.0001).

For cohort A, 18% had CI-AKI, which was more common
in patients given iodixanol (𝑃 = 0.006). For cohort B, 32%had
ERD at 30 days. For cohort C, 34% had ERD at 6 months. 72
patients in cohort C had sCr assessed at 1 year, of which 29
patients (40%) had longer-term ERD. The rates of medium-
and longer-termERDwere comparable between patients who
received iodixanol or iohexol at baseline.

More patients from cohort A with CI-AKI (compared
with none) had ERD up to 6 months after angiography

(𝑃 ≤ 0.001) (Table 2). The corresponding incidences of
ERD between the presence and absence of CI-AKI at 30
days, 90 days, and 6 months were 67% versus 26%, 75%
versus 26%, and 81% versus 26%, respectively (𝑃 ≤ 0.001)
(see Supplementary Material). This association (actuarial
analysis) is illustrated in Figure 2, in a subgroup of 209
patients from cohort A with one or more sCr levels assessed
over subsequent one year.

On multivariate analysis (Table 3), baseline independent
predictors of CI-AKI or higher delta-sCr (at 3-days) included
age >65 years, female gender, CCF, STEMI, valvular heart
disease or septal defect, IABP insertion, critical illness, PCI,
and aortogram. Baseline eGFR <45mL/min/1.73m2 and CM
load >0.7 (per unit eGFR) were associated with lower delta-
sCr at 3 days. CI-AKI was consistently associated with
both medium- and longer-term renal dysfunction. Delta-sCr
>26 𝜇mol/L at 3 days was not associated with ERD. Type of
CM (iodixanol or iohexol) was not independently associated
with CI-AKI or ERD.

4. Discussion

4.1. Key Findings. The incidence of CI-AKI was 18%.
Advanced age, female gender, cardiac comorbidities, STEMI,
and critical illness were key predictors of CI-AKI. Contrary
to our first hypothesis, the association of CM type with CI-
AKI ceased to be significant after adjusting for the above
confounders. In accordance with our second hypothesis, CI-
AKI was strongly associated with ERD over one year. ERD
occurred in up to 30–40% of medium-term survivors who
had follow-up renal assessment, and the risk was 3-fold
higher in patients with CI-AKI.

4.2. Relationship with Previous Studies. CI-AKI is commonly
defined by sCr rise >0.5mg/dL (44 𝜇mol/L) or ≥25% above
baseline, and its reported incidence after angiography varies
from 3% to >20%, depending on the population at risk
[14–16]. Recent studies have classified CI-AKI using RIFLE
criteria in patients who underwent coronary interventions.
The RIFLE R/I/F incidence ranges from 8 to 16% [17, 18]. Our
higher incidence of 18% can be attributed to our inclusion
of cardiogenic shock or critical illness and our selected
population in whom subsequent renal function assessments
were necessary. By redefining CI-AKI from ≥25% to ≥50%
rise in sCr using RIFLE criteria, we minimized the chance
of overdiagnosis related to conventional definitions, since
fluctuations in sCr may still occur in hospitalized patients
who do not receive CM [19]. Such numerical fluctuations
in sCr may be wider in advanced CKD, and thus defining
CI-AKI by relative (versus absolute) change in sCr may be
essential. A staging criterion also allows severity grading of
CI-AKI. We report a combined RIFLE I/F (≥100% sCr rise)
incidence of only 4%, and historically only <1% of patients
had severe CI-AKI needing dialysis [20].

Risk predictors of CI-AKI such as advanced age and CCF
are consistent with medical literature [16, 21]. Our findings
support the higher CI-AKI risk conferred by STEMI and
need for IABP, which were previously noted in limited studies



4 BioMed Research International

Table 1: Baseline profile and short-term impact on renal function (cohort A).

Variables Cohort A Iodixanol (Visipaque) Iohexol (Omnipaque)
𝑃 value

𝑛 = 560 𝑛 = 297 𝑛 = 263

Age, mean (SD), years 65.1 (12.1) 67.4 (12.0) 62.5 (11.8) <0.0001
Age > 65 years, No. (%) 282 (50.4) 177 (59.6) 105 (39.9) <0.001
Male gender, No. (%) 389 (69.5) 202 (68.0) 187 (71.1) 0.43
Comorbidities, No. (%)

Diabetes mellitus 93 (16.6) 60 (20.2) 33 (12.6) 0.02
Hypertensive heart disease 337 (60.2) 184 (62.0) 153 (58.2) 0.36
CCF 59 (10.5) 39 (13.1) 20 (7.6) 0.03
Critical illness (within 1 wk after contrast) 53 (9.5) 30 (10.1) 23 (8.8) 0.58

Baseline renal function
Serum Cr, median (IQR), 𝜇mol/L 81 (68–98) 86 (72–110) 75 (63–86) <0.0001
eGFR∗, mean (SD), mL/min/1.73m2 79 (28) 71 (27) 88 (26) <0.0001
eGFR∗ < 60mL/min/1.73m2, No. (%) 138 (24.6) 110 (37.0) 28 (10.7) <0.001
eGFR∗ < 45mL/min/1.73m2, No. (%) 57 (10.2) 46 (15.5) 11 (4.2) <0.001

Primary cardiac disease, No. (%)
Suspect CAD (angina or CAD NOS) 172 (30.7) 79 (26.6) 93 (35.4) 0.03
STEMI 113 (20.2) 91 (30.6) 22 (8.4) <0.001
NSTEMI 176 (31.4) 70 (23.6) 106 (40.3) <0.001
Arrhythmias 26 (4.6) 12 (4.0) 14 (5.3) 0.47
Valvular heart disease/septal defects 13 (2.3) 9 (3.0) 4 (1.5) 0.27
Cardiomyopathy 17 (3.0) 11 (3.7) 6 (2.3) 0.33
Noncardiac issues 9 (1.6) 7 (2.4) 2 (0.8) 0.18
Others 34 (6.1) 18 (6.1) 16 (6.1) 0.99

Contrast load, median (IQR)
Contrast volume, mL 150 (100–230) 160 (100–240) 145 (100–210) 0.80
Iodine content, g 51 (34–77) 51 (32–77) 51 (35–74) 0.14
Iodine : eGFR ratio, g per mL/min/1.73m2 0.66 (0.44–1.02) 0.73 (0.47–1.13) 0.60 (0.42–0.91) 0.006
Iodine : eGFR ratio > 0.7 251 (44.8) 150 (50.5) 101 (38.4) 0.004

Procedure details, No. (%)
Coronary angiogram 551 (98.4) 291 (98.0) 260 (98.9) 0.51
PCI 278 (49.6) 163 (54.9) 115 (43.7) 0.008
Aortogram 34 (6.1) 17 (5.7) 17 (6.5) 0.71
LVgram 365 (65.2) 191 (64.3) 174 (66.2) 0.65
IABP 7 (1.3) 5 (1.7) 2 (0.8) 0.46

Renal function at 3 days after contrast
Peak sCr, median (IQR), 𝜇mol/L 87 (73–106) 96 (81–121) 78 (67–90) <0.0001
Median day of peak sCr 1 (1-2) 1 (1-2) 1 (1-2) 0.13
ΔCr, median (IQR), 𝜇mol/L 4 (−2–16) 8 (−2–20) 1 (−3–10) 0.001
RIFLE “R/I/F”#, No. (%) 99 (17.7) 65 (21.9) 34 (12.9) 0.006
RIFLE “I/F”#, No. (%) 21 (3.8) 14 (4.7) 7 (2.7) 0.20

∗

4-variable MDRD eGFR equation; #RIFLE acute kidney injury classification (“R/I/F” refers to “at-risk/injury/failure” classes, respectively).
Δ: delta (change in); CAD: coronary artery disease; CCF: congestive cardiac failure; D: day; eGFR: estimated glomerular filtration rate; IABP: intra-aortic
balloon pump; IQR: interquartile range; LVgram: left ventriculogram; No.: number; NOS: not otherwise specified; NSTEMI: non-ST elevation myocardial
infarction; PCI: percutaneous coronary intervention; pts: patients; sCr: serum creatinine; SD: standard deviation; STEMI: ST elevation myocardial infarction;
wk: week.

[22, 23]. These observations highlight the importance of
circulatory failure, cardiogenic shock, and critical illness in
influencing acute renal outcomes [24], which are potentially
worsened by renal vasoconstriction following CM adminis-
tration [25]. The inclusion of these emergent conditions in
the multivariate model might have diminished the impact

of baseline eGFR on CI-AKI. Patients with low baseline
eGFR or at higher perceived risk of AKI might have been
given prophylactic measures or lower doses of CM, hence
explaining the reverse association of low eGFR and CM dose
with CI-AKI. Furthermore, the results highlight the specific
renal risk posed by STEMI, which is often accompanied
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Table 2: Extended renal outcomes in patients (cohort A) with CI-AKI versus none.

Total 560 patients (cohort A) Non-CI-AKI CI-AKI
𝑃 value

𝑛 = 461 𝑛 = 99

Age > 65 years, No. (%) 218 (47.3) 64 (64.7) 0.002
Male gender, No. (%) 334 (72.5) 55 (55.6) 0.001
Comorbidities, No. (%)

Diabetes mellitus 70 (15.2) 23 (23.2) 0.05
Hypertensive heart disease 281 (61.0) 56 (56.6) 0.42
CCF 34 (7.4) 25 (25.3) <0.001
Critical illness (within 1 week after contrast) 28 (6.1) 25 (25.3) <0.001

Baseline renal function
eGFR∗ < 60mL/min/1.73m2, No. (%) 120 (26.0) 18 (18.2) 0.10
eGFR∗ < 30mL/min/1.73m2, No. (%) 45 (9.8) 12 (12.1) 0.48

Iohexol (vs iodixanol), No. (%) 229 (49.7) 34 (34.3) 0.006
Iodine dose per unit eGFR, median (IQR) 0.68 (0.45–1.04) 0.60 (0.40–0.89) 0.06
Iodine dose per unit eGFR > 0.7, No. (%) 214 (46.4) 37 (37.4) 0.10
ΔCr at 3-days, median (IQR), 𝜇mol/L 0 (−5–9) 31 (24–55) <0.0001
Extended renal outcomes

At 6-months (𝑛 = 82) 𝑛 = 66 𝑛 = 16

ΔCr, median (IQR), 𝜇mol/L 10 (−1–27) 39 (25–45) 0.0005
RIFLE “R/I/F”#, No. (%) 17 (25.8) 13 (81.3) <0.001
RIFLE “I/F”#, No. (%) 3 (4.5) 2 (12.5) 0.25

At 1-year (𝑛 = 80) 𝑛 = 72 𝑛 = 8

ΔCr, median (IQR), 𝜇mol/L 9 (−5–32) 17 (6–43) 0.23
RIFLE “R/I/F”#, No. (%) 21 (29.2) 4 (50.0) 0.25
RIFLE “I/F”#, No. (%) 7 (9.7) 2 (25.0) 0.22

∗

4-variable MDRD eGFR equation; #RIFLE acute kidney injury classification (“R/I/F” refers to “at-risk/injury/failure” classes, respectively).
Δ: delta (change in); eGFR: estimated glomerular filtration rate; IQR: interquartile range; No.: number; pts: patients; sCr: serum creatinine; SD: standard
deviation; vs: versus.

by emergent revascularization and hemodynamic distur-
bance.

In vivo studies have demonstrated that CM induces renal
tubular epithelial cell apoptosis [26]. Hyperosmolar solutions
contribute to this cytotoxicity, and HOCM induces more
renal tubular cell injury than LOCM [27]. In contrast, risk
of cytotoxicity from IOCM or LOCM is similar [28], and
there is no difference in clinically evident CI-AKI between
iodixanol and different LOCMs from recent randomized
studies [9, 10, 29]. A higher renal-risk posed by LOCM over
IOCM seems to be confined to iohexol in patients with more
advanced CKD [8]. In our model, choice of iohexol over
iodixanol, or increasing CM load, did not strongly influence
early or longer-term renal outcomes, in the presence of
other stronger predictors of AKI. These findings support
the notion that CI-AKI risk cannot be attributed to contrast
osmolarity alone, and other mechanisms such as the clinical
context, comorbidities, and hemodynamic condition may
play a greater role in AKI pathogenesis.

Using similar modern consensus definitions, 28% of
patients from the Alberta registry with mild CI-AKI (≥50%
or ≥0.3mg/dL sCr rise) and 59% with more severe CI-AKI
(≥100% sCr rise) had sustained AKI at 3 months, followed
by a 0.8 and 2.8mL/min/1.73m2/year decline in eGFR,
respectively [30]. We report that 75% and 81% of patients
with CI-AKI had ERD at 3 and 6 months, respectively, in a
subcohort of at-risk patients with follow-up sCr measured
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Figure 2: Actuarial analysis of extended renal dysfunction—CI-
AKI versus none. CI-AKI: contrast-induced acute kidney injury,
defined by RIFLE R/I/F criteria at 3 days after contrast; R/I/F: at-
risk/injury/failure; No.: number.

for clinical indications. More importantly, these patients
with CI-AKI, especially those with ERD over months, have
a significantly higher risk of long-term mortality, major
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Table 3: Multivariate analysis of renal dysfunction over one year after angiography (cohort A).

Significant variables

Multivariate linear regression Multivariate logistic regression
(log-transformed %ΔCr + constant

as dependent variable†) (RIFLE “R/I/F” as dependent variable)

Coefficient 95% CI 𝑃 value Odds ratio 95% CI 𝑃 value
Renal dysfunction at 3 days after contrast

Age > 65 yrs (Y/N) 0.05 0.01–0.09 0.02 1.88 1.11–3.21 0.02
Male gender (vs female) −0.05 −0.09–−0.01 0.02 0.40 0.24–0.67 0.001
CCF (Y/N) 0.07 0.01–0.14 0.03 2.62 1.35–5.08 0.004
Baseline eGFR < 45 −0.09 −0.15–−0.02 0.009
STEMI (Y/N) 0.07 0.02–0.12 0.007 2.08 1.11–3.89 0.02
Valvular HD or septal defect (Y/N) 0.14 0.02–0.27 0.03 7.67 2.18–27.04 0.002
Critical illness (Y/N) 0.21 0.14–0.27 <0.001 4.45 2.18–9.08 <0.001
IABP (Y/N) 0.43 0.25–0.62 <0.001 17.66 1.80–173.55 0.01
PCI (Y/N) 0.05 0.00–0.09 0.04
Aortogram (Y/N) 0.08 0.00–0.16 0.04
Iodine dose per unit eGFR > 0.7 −0.08 −0.12–−0.04 <0.001 0.50 0.29–0.86 0.01

Renal dysfunction at 30 days after contrast∗

CI-AKI (Y/N) 0.30 0.13–0.47 0.001 12.75 2.31–70.50 0.004
Baseline eGFR < 45 0.05 0.00–0.80 0.04
Hypertensive HD (Y/N) 0.16 0.01–0.30 0.03 3.82 1.05–13.97 0.04
Valvular HD or septal defect (Y/N) 0.30 0.04–0.57 0.03
Aortogram (Y/N) 16.45 1.81–149.51 0.01
Iodine dose per unit eGFR > 0.7 −0.20 −0.34–−0.06 0.007 0.08 0.02–0.33 0.001

Renal dysfunction at 6 months after contrast∗

CI-AKI (Y/N) 0.39 0.26–0.52 <0.001 15.31 3.03–77.35 0.001
Suspect CAD without AMI (Y/N) 0.18 0.06–0.30 0.003
IABP (Y/N) −0.74 −1.24–−0.25 0.004
PCI (Y/N) −0.18 −0.30–−0.07 0.003
Aortogram (Y/N) 0.25 0.05–0.45 0.01

Renal dysfunction at 1 year after contrast∗

CI-AKI (Y/N) 0.28 0.02–0.53 0.03
Variables included in multivariate models include baseline variables: age > 65 yrs; male gender (vs females); DM (y/n); hypertensive HD (y/n); CCF (y/n);
baseline eGFR < 45mL/min/1.73m2; suspect CAD without AMI (y/n); STEMI (y/n); NSTEMI (y/n); arrhythmias (y/n); valvular HD or septal defect (y/n);
CMP (y/n) and periprocedure variables: COROS (y/n); aortogram (y/n); PCI (y/n); LVgram (y/n); IABP (y/n); iohexol use (vs iodixanol); iodine dose per unit
eGFR > 0.7; critical illness within 1 wk after contrast (y/n).
∗Additional variables added to model: CI-AKI (y/n); ΔCr > 26𝜇mol/L (0.3mg/dL) at 3 days after contrast.
†Delta-Cr expressed as % change from baseline Cr, with addition of constant (100), and log-transformed prior to linear regression.
ΔCr: (delta) change in Cr; AMI: acute myocardial infarction; CAD: coronary artery disease; CCF: congestive cardiac failure; CI: confidence interval; CMP:
cardiomyopathy; COROS: coronary angiogram; Cr: serum creatinine; DM: diabetes mellitus; eGFR: estimated glomerular filtration rate; HD: heart disease;
IABP: intra-aortic balloon pump; LVgram: left ventriculogram; NSTEMI: non-STEMI; PCI: percutaneous coronary intervention; STEMI: ST elevation
myocardial infarction; vs: versus; wk: week; yrs: years.

cardiovascular events, and end-stage renal disease [31, 32].
These observations indicate that CI-AKI may reflect a higher
propensity for recurrent renal dysfunction and adverse out-
comes. Failure of AKI resolution over timemight also suggest
alternative disease mechanisms such as cholesterol embolism
complicating acute illness and angiography [33].

4.3. Clinical Significance of Findings. Our study contributes
to growing evidence that CI-AKI is not merely a transient
and benign nephropathy but may reflect greater cardiovas-
cular disease burden in high-risk patients [34]. We have
identified CI-AKI as a major risk factor for progressive

renal deterioration, and this should promote more assiduous
follow-up and avoidance of nephrotoxins in these patients.
The fact that only a minority of CI-AKI cases fulfilled the
more severe RIFLE I/F criteria may be reassuring to clini-
cians. Finally, the understanding that CM type (iodixanol or
iohexol) has less impact on acute or chronic renal outcomes
in comparison to more important clinical variables might
influence clinicians to reconsider their choice (or avoidance)
of respective CM.

4.4. Strengths and Limitations. We have evaluated not just
acute but extended renal outcomes over one year, in relation
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to multiple key clinical and procedural factors. The contri-
bution of emergent coronary intervention and critical illness
to CI-AKI had so far been assessed by limited studies, and
we have demonstrated that these factors are more crucial
than CM types in influencing clinical outcomes. This makes
our study relevant to daily acute nephrology, cardiology, and
radiology practice. We used the RIFLE criteria to classify
CI-AKI, an established consensus system, well validated
against patient outcomes. The impact of CI-AKI on ERD
was strong, and key predictors of renal dysfunction appear
logical, plausible, and consistent with expectations. However,
iodixanol was used preferentially (over iohexol) in patients
perceived at higher risk of AKI due to comorbidities includ-
ing DM, CCF, CKD, and STEMI; patients with follow-up sCr
measurements were naturally selected as individuals at-risk.
These constitute selection bias, and the latter implies over-
inflated ERD incidence over time. But these mirror actual
clinical practice and the results should remain relevant to
physicians. Our study was single-centre and observational
in nature and all associations cannot be inferred to have
causal relationships. We were unable to examine differential
outcomes according to various stages of RIFLE criteria, due
to low patient numbers with RIFLE I/F. The retrospective
nature and variable time window of available sCr also make
it impossible to examine the 48-hour sCr change required
of the AKIN criteria, which might be more sensitive in AKI
diagnosis. We also did not have details of CI-AKI needing
dialysis that is otherwise of clinical importance.

5. Conclusions

CI-AKI after angiography was common in an elderly patient
cohort with significant cardiovascular disease burden, but
the majority of cases were mild. The use of iodixanol versus
iohexol orCM load has very limited or no positive association
with renal outcomes, compared with advanced age, emergent
cardiac conditions, cardiogenic shock, and critical illness. CI-
AKI is strongly associated with extended renal dysfunction
over one year. Our study calls for further prospective research
on extended renal outcomes of patients with CI-AKI over
several years.
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Cisplatin and other platinum derivatives are the most widely used chemotherapeutic agents to treat solid tumors including ovarian,
head and neck, and testicular germ cell tumors. A known complication of cisplatin administration is acute kidney injury (AKI).The
nephrotoxic effect of cisplatin is cumulative and dose-dependent and often necessitates dose reduction or withdrawal. Recurrent
episodes of AKI may result in chronic kidney disease. The pathophysiology of cisplatin-induced AKI involves proximal tubular
injury, oxidative stress, inflammation, and vascular injury in the kidney. There is predominantly acute tubular necrosis and also
apoptosis in the proximal tubules. There is activation of multiple proinflammatory cytokines and infiltration of inflammatory cells
in the kidney. Inhibition of the proinflammatory cytokines TNF-𝛼 or IL-33 or depletion ofCD4+T cells ormast cells protects against
cisplatin-induced AKI. Cisplatin also causes endothelial cell injury. An understanding of the pathogenesis of cisplatin-induced AKI
is important for the development of adjunctive therapies to prevent AKI, to lessen the need for dose decrease or drug withdrawal,
and to lessen patient morbidity and mortality.

1. Introduction

Acute kidney injury (AKI) is defined as a clinical syndrome
characterized by a rapid decrease in renal function together
with the accumulation of waste products such as urea [1].
The incidence of non-dialysis-requiring AKI is about 5000
cases per million people per year and incidence of dialysis
requiring AKI is 295 cases per million people per year [2].
AKI complicates 1–7% of all hospital admissions and 1–25%
of intensive care unit admissions [3, 4]. Furthermore, AKI
is known as an independent risk factor for mortality. AKI
increases the risk of death by 10- to 15-fold and results in a
mortality rate of 50% [5, 6].

The kidneys are the major targets for the toxic effects
of various chemical agents and thus drug-induced AKI is
a frequent entity in clinical medicine. The incidence of
nephrotoxic AKI is difficult to estimate due to variabilities
of patient populations and criteria of AKI. However, nephro-
toxicity has been reported to contribute to about 8–60% of
hospital-acquired AKI cases [7]. In a recent large multicenter
epidemiological survey performed on critically ill patients,

drug nephrotoxicity was found to be responsible for 19% of
AKI cases [8].

Cisplatin (dichlorodiamino platinum) is an inorganic
platinum-based chemotherapeutic agent that is widely used
in the treatment of a variety of solid malignant tumors such
as head and neck, lung, testis, ovarian, and bladder cancers
[9]. The use of cisplatin is frequently limited by various sig-
nificant side effects such as bonemarrow suppression, periph-
eral neuropathy, ototoxicity, anaphylaxis, and nephrotoxicity.
After a single dose of cisplatin (50–100mg/m2), approx-
imately one-third of the patients develop nephrotoxicity
[10, 11].

An improved knowledge of the pathogenesis of cisplatin-
induced AKI is crucial to prevent the AKI and improve
survival in cancer patients receiving cisplatin-based treat-
ments. Furthermore, increased renal vascular resistance and
decreases in renal plasma flow and glomerular filtration rate
(GFR) make the cisplatin nephrotoxicity an ideal model to
study the early pathophysiological features of all types of AKI
[12]. In this paper, we aim to review the pathophysiological
mechanisms of cisplatin-induced AKI and discuss the most
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recent experimental strategies and molecules to prevent
cisplatin-induced AKI.

2. Cellular Uptake of Cisplatin

Uptake of the cisplatin by the renal cells is energy dependent
and can be inhibited by probenecid [13]. Deletion of the
Ctr1, a high-affinity copper transporter, results in reduced
uptake of cisplatin and toxicity in yeast [14]. Ctr1 knock-
down significantly reduced cisplatin-induced apoptosis in
renal proximal tubular cells (RPTC) [15]. Organic cation
transporters (OCTs) also play a role in cellular uptake of
cisplatin [16]. Cimetidine, an OCT2 inhibitor, decreases
cisplatin uptake in cultured renal tubular cells [17]. Cisplatin
uptake and toxicity were shown to be increased in OCT2
overexpressing human proximal tubular cells [17]. However,
OCT1/OCT2-deficient mice were protected from cisplatin-
induced renal tubular damage [18, 19]. Cisplatin becomes
highly reactive within the cell. Cisplatin conjugates with
molecules such as glutathione, proteins, RNA, and DNA.
Intra- and interstrand cross-linking of DNA by cisplatin
block DNA replication and gene transcription. Thus, DNA
damage is a critical component of cisplatin toxicity [20, 21].

Due to its lowmolecular weight and uncharged character,
unbound cisplatin in the plasma is freely filtered by the
glomerulus. Most of the cisplatin is trapped within the
renal cortex [13, 22]. The concentration of cisplatin in the
proximal tubular cells is 5 times higher than the serum
concentration and thus such an accumulation of cisplatin in
kidney contributes to its nephrotoxicity [9, 23].

3. General Pathophysiology

The pathophysiology of cisplatin-induced AKI involves 4
major mechanisms: (1) proximal tubular injury, (2) oxidative
stress, (3) inflammation, and (4) vascular injury in the kidney.
Proximal tubular injury involves several different mecha-
nisms including apoptosis [24], autophagy [25], dysregula-
tion of cell-cycle proteins [26], activation of the mitogen-
activated protein kinase (MAPK) signaling pathways [27],
direct toxicity to renal tubular epithelial cells [17], DNA
damage [28], and mitochondrial dysfunction [29].

4. Proximal Tubular Injury

4.1. Apoptosis. The dosage of cisplatin determines whether
the cells die by necrosis or apoptosis [30]. In cell culture
studies, high concentrations of cisplatin cause necrotic cell
death but lower concentrations lead to apoptosis. However, in
vivo, cisplatin induces both necrosis and apoptosis [31]. Sev-
eral pathways are defined for apoptosis such as the extrinsic
pathway induced by death receptors, the intrinsic pathway
depending mostly on mitochondria, and the endoplasmic
reticulum (ER) stress pathway. In the extrinsic pathway,
activation of death receptors such as Fas and tumor necro-
sis factor-alpha (TNFR) leads to activation of downstream
caspases to induce apoptosis [32]. In the intrinsic pathway,
cellular injury leads to the activation of the proapoptotic

Bax and Bak proteins, which in turn results in the release
of apoptogenic factors including cytochrome c, apoptosis-
inducing factor (AIF), Smac/DIABLO, and endonuclease G
from the mitochondria. Cisplatin induces Bax activation [33]
and inhibition of Bax by Bcl-2 diminishes mitochondrial
injury and cisplatin-induced apoptosis [34]. Importantly,
when the Bax gene was deleted, the animals became resistant
to cisplatin [24]. In the ER stress pathway of apoptosis,
the initiator caspase is caspase-12 which was shown to be
activated by cisplatin. In a cell culture study, apoptosis was
found to be attenuated with transfection of an anti-caspase-
12 antibody [35]. Another ER-associated protein during
cisplatin injury is a calcium-independent phospholipase A2
(ER-iPLA2). Inhibition of ER-iPLA2 leads to amelioration of
cisplatin-induced apoptosis in proximal tubular cultures [36].
In addition to caspases and proapoptotic pathways, there are
other pathways like p53 that are activated in cisplatin-induced
AKI.

4.1.1. p53 and Apoptosis. In cultured renal tubular cells, p53
was shown to be activated by cisplatin [37]. Cisplatin induces
DNA damage and subsequently DNA damage response pro-
teins such as ataxia telangiectasia-mutated (ATM) proteins
are activated leading to p53 phosphorylation. It was shown
that both genetic and pharmacological inhibition (pifithrin)
of p53 decreased the tubular cell apoptosis, renal tissue
damage, and cisplatin-induced AKI [38].

Several p53-associated pathways andmolecules have been
defined such as p53 upregulated modulator of apoptosis
(PUMA), histone deacetylase (HDAC) inhibitors, taurine
transporter gene (TauT), and SIRT1 which are all implicated
in the pathophysiology of cisplatin-induced AKI. PUMA, a
proapoptotic protein, was identified as a major downstream
mediator of the apoptotic actions of p53. PUMA is also
induced by cisplatin [39]. This induction was shown to be
dependent on p53 because PUMA was also inhibited by
both pharmacological (pifithrin) and genetic ablation of p53.
Furthermore, cisplatin-induced apoptosis was ameliorated in
PUMA-knockout cells [39].

HDAC inhibitors such as suberoylanilide hydroxamic
acid (SAHA) and trichostatin A (TSA) inhibit p53 phospho-
rylation, acetylation, and activation during cisplatin treat-
ment. TSA and SAHA ameliorated the cisplatin-induced
apoptosis in proximal tubular cells. HDAC inhibitors are
also effective chemotherapeutic agents. The use of cisplatin
and TSA in combined chemotherapy protocols may be an
effective strategy to enhance the antitumor efficacy and to
prevent cisplatin-induced nephrotoxicity [40].

Cisplatin was found to decrease the expression of the
TauT through the activation of p53 in proximal tubular
renal cells [41]. It was also shown that overexpression of
TauT prevented the cisplatin-induced apoptosis and renal
dysfunction in TauT transgenic mice. Functional TauT may
prevent cisplatin-induced nephrotoxicity by attenuating p53-
dependent pathway [41].

SIRT1 deacetylates p53 and in turn decreases apoptosis
through deacetylation of p53 [42]. It has also been shown
that kidney specific overexpression of SIRT1 was protective
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against cisplatin-induced AKI [43]. Resveratrol, a SIRT1
activator, reduced apoptosis and cytotoxicity in proximal
tubular cells and also improved renal function in vivo [44].

In summary, there is activation of p53 in cisplatin-
induced AKI and inhibition of p53 may decrease cisplatin-
induced AKI. However, it should be noted that inhibition of
p53may also increase the survival of the cancer cells and thus
reduce the therapeutic efficiency of cisplatin.

4.1.2. p53-Independent Mechanisms and Antiapoptotic Pro-
teins. p53-independent mechanisms of apoptosis have also
been reported. In a study by Jiang et al. [45], cisplatin was
capable of inducing Bax activation, cytochrome c release,
and apoptosis even in primary cultures of p53-deficient renal
tubular cells. Induced apoptosis was caspase dependent in
this model and could be completely inhibited by general
caspase inhibitors [45].

4.1.3. Caspase-1 and Apoptosis. In the study by Faubel et al.
[46], apoptosis, necrosis, inflammation, and renal dysfunc-
tion were all reduced in cisplatin-treated caspase-1−/− mice
compared towild-typemice. Specifically, caspase-3 activation
preceded cisplatin-induced cell death and caspase-3 activity
was significantly reduced in the cisplatin-treated caspase-
1−/− mice. Thus caspase-1−/− mice are protected against
cisplatin-induced AKI by a reduction in caspase-3 dependent
apoptosis [46].

In summary, caspase inhibition protects cultured cells
from cisplatin-induced apoptosis. The role of caspase-3 and
apoptosis in cisplatin-induced AKI in vivo is more complex.
In vivo, cisplatin causes extensive acute tubular necrosis
(ATN) in addition to tubular apoptosis. Direct caspase-3
or apoptosis inhibition has not been reported to protect
against cisplatin-induced AKI supporting the lack of a direct
role of caspase-3-mediated apoptosis in causing the func-
tional derangements in AKI. In fact, injection of a caspase
inhibitor in mice worsened cisplatin-induced AKI [47]. In
this study, caspase-3 inhibition in AKI was associated with
less autophagy and worse AKI. In another study, decreases
in renal apoptosis alone were not associated with functional
protection against cisplatin-induced AKI as measured by
BUN [48]. The role of autophagy in cisplatin-induced AKI
is discussed in the next section.

4.2. Autophagy. Autophagy is a cellular process of “self-
eating” in which cytoplasmic components are sequestered
into autophagic vesicles and then delivered to lysosomes
for degradation [49]. Autophagy has been demonstrated to
be immediately induced in cisplatin-induced AKI [50]. The
expression levels of markers of autophagy such as Beclin
1, LC3, and Atg5 were found to be significantly increased
on exposure of RTEC to cisplatin [50]. Although some
controversy exists about the role of autophagy in terms of
cell survival [51], autophagy is considered as a renoprotective
mechanism in cisplatin-induced AKI [50]. Autophagy was
found to promote cellular survival and delay the onset of
apoptosis in RTECs exposed to cisplatin [52]. In a recent

study by Jiang et al. [53], chloroquine, a pharmacologi-
cal inhibitor of autophagy, blocked autophagic flux and
enhanced cisplatin-induced AKI. In contrast, rapamycin
activated autophagy and protected against AKI. In addition,
a renal proximal tubule-specific autophagy-related gene 7-
knockout mouse model was found to be more sensitive to
cisplatin-induced AKI compared to wild-type mice. These
knockout mice had increased activation of p53 and c-Jun N
terminal kinase [53]. In another study, use of pharmacological
inhibitors of autophagy (3-methyladenine or bafilomycin)
and shRNA knockdown of Beclin (an autophagic gene) was
shown to increase cisplatin-induced tubular cell apoptosis
[50].

There are other studies demonstrating that excessive or
impaired autophagy may also lead to cell death [54]. In
the study by Herzog et al. [47], zVAD-fmk, a pan-caspase
inhibitor, blocked the clearance of the autophagosomal cargo
leading to lysosomal dysfunction. Furthermore, zVAD-fmk
worsened the cisplatin-induced AKI. Chloroquine, a lyso-
motropic agent which is known to impair autophagic flux,
also exacerbated cisplatin-induced AKI [47].

Inhibition of other autophagy proteins like Beclin 1 may
worsen cisplatin-induced RTEC injury. Beclin 1 is a unique
autophagic gene involved in tumor suppression [55]. Beclin
1-mediated autophagy has a tumoricidal effect in contrast to
its protective effect in cultured RTEC.Thus, Beclin 1 may not
only prevent the cisplatin-induced nephrotoxicity; itmay also
enhance the antitumor activity of cisplatin [55].

In summary, autophagy may have a protective role in
cisplatin-induced AKI and inhibition of autophagy may
worsen AKI.

4.3. Cell Cycle, MAPK, and Other Pathways

4.3.1. Cdk2-p21 Pathway. Cyclin-dependent kinase 2 (Cdk2)
is a serine/threonine protein kinase that phosphorylates
substrates for cell cycle progression [56]. Cisplatin cytotox-
icity is dependent on Cdk2 activity [57]. Cdk2 knockout
cells were resistant to cisplatin and these cells regained
cisplatin sensitivity after transduction with wild-type Cdk2
[57]. Furthermore, purvalanol, a Cdk2 inhibitor, was found
to have significant protective effects against cisplatin-induced
AKI [57]. Cisplatin also induces upregulation of p21, a
Cdk2 inhibitor [58]. p21 knockout mice were shown to have
increased kidney cell cycle activity and increased cisplatin
nephrotoxicity [26]. On the other hand, p21 overexpression
and cell cycle inhibitor drugs such as roscovitine were shown
to completely protect proximal tubular cells from cisplatin-
induced apoptosis [59]. In addition to p21, p27 is another
cyclin-dependent kinase inhibitor that induces cell cycle
arrest. Sodium arsenite, by inducing p27, attenuated cisplatin-
induced AKI in rats [60, 61]. In summary, Cdk2 is a mediator
of cisplatin-induced tubular injury. Cell cycle inhibitors and
the cyclin-dependent kinase inhibitors p21 and p27 protect
against cisplatin-induced tubular injury.

4.3.2. Mitogen-Activated Protein Kinase (MAPK) Pathways.
MAPK pathways are cascades of serine/threonine kinases
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that regulate cell proliferation, differentiation, and survival
[62]. Cisplatin is known to activate p38, ERK, and JNK/SAPK
in renal epithelial cells [63]. In the study by Nowak et al. [64],
ERK1/2 pathway was found to be activated by cisplatin in
renal tubular cells. Inhibition of ERK1/2 with pharmacolog-
ical MEK inhibitors such as PD98059 and U0126 improved
cisplatin-induced mitochondrial dysfunction and apoptosis
[64]. In the study by Jo et al. [27], inhibition of ERK1/2 path-
way reduced TNF-alpha expression and caspase activation in
kidney tissue. Furthermore, in vivo, ERK inhibition provided
functional and histological protection in cisplatin-induced
AKI. Itmay be concluded that ERK1/2 pathway is an upstream
signal for TNF-alpha production and caspase activation
in cisplatin-induced AKI [27]. The ERK 1/2 pathway has
also been found to be related to tubular ciliary functions.
Several recent studies have suggested a relationship between
ciliary dysfunction and AKI [65]. In the study by Wang
et al. [66], cilia became shorter during cisplatin treatment.
These cilia-suppressed cells showed hyperactivation of ERK.
Importantly, inhibition of ERK by U0126 preserved cilia
during cisplatin treatment and protected against apoptosis.
In vivo, U0126 prevented the loss of cilia from proximal
tubules during cisplatin treatment and protected against AKI.
It may be suggested that role of ERK in ciliary regulation
is important in cisplatin-induced AKI [66]. There are other
MAPK involved in the pathogenesis of cisplatin-induced
AKI.

p38 is another important MAPK in the pathogenesis
of cisplatin-induced AKI. Both in vitro and in vivo, cis-
platin was shown to activate p38-MAPK [67]. In vivo, SKF-
86002, a p38-MAPK inhibitor, significantly decreased TNF-
alpha levels and protected against cisplatin-induced AKI.
Oxidative stress is known to activate p38-MAPK in kidney
[68]. Also dimethylthiourea (DMTU), a hydroxyl radical
scavenger, completely prevented cisplatin-induced AKI by
the way of prevention of the activation of p38-MAPK
[67].

In summary, cisplatin is known to activate p38, ERK, and
JNK/SAPK in renal epithelial cells and inhibition of ERK1/2
improves cisplatin-induced mitochondrial dysfunction and
apoptosis.

4.3.3. Mammalian Target of Rapamycin (mTOR) Pathway.
mTOR is a critical pathway for cellular survival, proliferation,
protein synthesis, and autophagy [69]. Rapamycin, an mTOR
inhibitor, has already been shown to protect against cisplatin-
induced AKI by the way of activation of autophagy [53].
However mTOR kinase has two distinct protein complexes
named mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). Rictor provides the assembly of mTORC2 and
the interaction of mTORC2 with its substrates and regulators
[70]. Tubule-specific deletion of Rictor (Tubule-Rictor−/−)
in mice exacerbated cisplatin-induced AKI compared to that
in the control littermates. In kidneys of the knockout mice,
significantly less autophagy, less Akt phosphorylation, and
more apoptosis were observed. Confirming this finding, also

in vitro, Rictor siRNA transfection caused more cisplatin-
induced apoptosis but less cisplatin-induced autophagy. Met-
formin, an inducer of autophagy, blunted increased apop-
tosis induced by Rictor siRNA. All these findings suggest
that endogenous Rictor/mTORC2 protects against cisplatin-
induced AKI, probably through Akt signaling and induction
of autophagy [71].

4.3.4. Peroxisome Proliferator-Activated Receptors (PPARs)
Pathway. PPARs have critical roles in regulating lipid and
glucose metabolism, cell growth, and differentiation [72].
PPAR-alpha has also been shown to have a significant
anti-inflammatory and antiapoptotic activity [73]. Cisplatin
reduces the transcriptional activity of PPAR-alpha and in turn
fatty acid oxidation (FAO) enzymes are inhibited in kidney
tissue [74]. Subsequent failure of oxidation of long-chain
fatty acids and long-chain acyl-carnitines during cisplatin-
induced AKI results in their accumulation and cellular toxic-
ity [74]. Administration of bezafibrate, a known PPAR-alpha
ligand, prevented the inhibition of FAOand the accumulation
of toxic fatty acids in kidneys. Also fibrates ameliorated
apoptotic and necrotic proximal tubular cell death, resulting
in significant protection of renal function. However fibrate-
induced protection against AKI was ameliorated in PPAR-
alpha knockout mice [75]. Importantly, transgenic mice
overexpressing PPAR-alpha in the proximal tubule were
protected from cisplatin-induced AKI [76]. Similarly, WY-
14643, a fibrate class of PPAR ligand, significantly suppressed
cisplatin-induced cytokine/chemokine expression and thus
prevented neutrophil accumulation and this drug also ame-
liorated cisplatin-induced AKI. In contrast, WY-14643 could
not prevent inflammation and cisplatin-induced AKI in
PPAR null mice [77]. In summary, induction of PPARs is
protective against cisplatin-induced tubular injury.

5. Inflammation

5.1. Cytokines. The proinflammatory nature of cisplatin-
induced AKI has been well documented [78]. Secretion
of various cytokines such as IL-1-beta, IL-6, IL-18, mono-
cyte chemotactic protein-1 (MCP-1), regulated upon acti-
vation normal T cell expressed and secreted (RANTES),
macrophage inflammatory protein-2 (MIP-2), intercellular
cell adhesionmolecule-1 (ICAM-1), and transforming growth
factor beta (TGF-beta) has been shown to be increased in
cisplatin-induced AKI [79]. In the study by Faubel et al.,
cisplatin-induced AKI was associated with increases in the
cytokines IL-1, IL-18, and IL-6; however, inhibition of IL-1,
IL-18, and IL-6 could not prevent cisplatin-induced AKI [79].

Caspase-1 is a proinflammatory cytokine. Caspase-1 con-
verts IL-1-beta and IL-18 to their active forms. Caspase-
1−/− mice have a reduction in these proinflammatory
mediators because of the lack of the mature IL-1b and
IL-18 in response to cisplatin [46]. However, protection
against cisplatin-induced AKI in caspase-1−/− mice is inde-
pendent of IL-1b and IL-18 because inhibition of IL-1b
or IL-18 does not protect against cisplatin-induced AKI
[79]. Another proinflammatory cytokine, TNF-alpha, plays
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a central role in the pathogenesis of cisplatin-induced AKI
[80].

5.2. TNF-Alpha. Cisplatin increases both serum and urine
concentrations of TNF-alpha [80, 81]. Genetic or pharma-
cological inhibition of TNF-alpha reduces the expression of
other inflammatory cytokines and chemokines such as IL-1-
beta, MCP-1, and RANTES in cisplatin models [80]. Impor-
tantly, pharmacological inhibitors of TNF-alpha (GM6001
and TNF-neutralizing antibody) protected against cisplatin-
induced AKI. Also TNF-alpha knockout mice were resistant
to cisplatin nephrotoxicity [80]. Salicylates, by the way of
TNF-alpha inhibition, have also been reported to be protec-
tive against cisplatin-induced AKI [82]. However salicylates
had no beneficial effect in TNF-alpha knockout mice [82].
In another study by Kim et al. [83], pentoxifylline, a TNF-
alpha inhibitor, protected against cisplatin nephrotoxicity in
vivo [83].

In a study by Zhang et al. [84], to determine the contri-
butions of renal parenchymal cells and bone marrow-derived
cells to the pathogenesis of cisplatin-induced AKI, chimeric
mice in which the bone marrow was ablated and replaced
with donor bone marrow cells from wild-type or from TNF-
alpha knockout mice were used. Chimeras with TNF-alpha
knockout kidneys showed significantly less serumTNF-alpha
levels and cisplatin-induced AKI regardless of the immune
cell source. Itmay be concluded that local production of TNF-
alpha by resident kidney cells rather than by bone marrow-
derived infiltrating immune cells is crucial in cisplatin-
induced AKI [84]. However there is controversy in this field.
In another study by Liu et al. [81], deletion of T cells reduced
TNF-alpha in kidneys and also protected against cisplatin-
induced AKI suggesting an important role of bone marrow-
derived immune cells in TNF-alpha production.

Two different receptors, TNFR1 and TNFR2, mediate the
biological activities of TNF-alpha. TNFR1 mediates many
cytotoxic and proinflammatory actions of TNF-alpha [85].
However TNFR2-deficient mice developed significantly less
severe renal dysfunction compared to TNFR1-deficient mice.
Furthermore, renal and serum TNF-alpha levels were lower
in TNFR2-deficientmice.These results suggest that TNFR2 is
more important in cisplatin-induced TNF-alpha production
and AKI compared to TNFR1 [31].

5.3. Interleukin-33. IL-33 is a proinflammatory cytokine [86].
IL-33 is also a chemoattractant for CD4+ T cells via its
receptor, ST2R [87]. When soluble ST2 (sST2) was injected
as a decoy receptor to block IL-33 to cisplatin-treated mice,
sST2-treated mice were found to have less CD4+ T cells
infiltration and reduced acute tubular necrosis (ATN) and
apoptosis in the kidney. Furthermore, sST2 protected against
cisplatin-inducedAKI. It should be noted that administration
of recombinant IL-33 (rIL-33) exacerbated cisplatin-induced
AKI in wild-type mice, however not in CD4-deficient mice,
suggesting that CD4+ T cells mediated the injurious effects of
IL-33. Wild-type mice that received cisplatin and rIL-33 also
had higher levels of the chemokine CXCL1. Mice deficient in
the CXCL1 receptor also had lower serum creatinine, ATN,

and apoptosis compared towild-typemice following cisplatin
administration. Taken together, it may be concluded that IL-
33 promotes AKI through CD4+ T cell-mediated production
of CXCL1 [88].

5.4. Interleukin-10. IL-10 is an anti-inflammatory cytokine
produced mainly by Th2 cells, regulatory T cells (Tregs),
dendritic cells, and macrophages [89]. IL-10 inhibits the
production of proinflammatory cytokines and chemokines.
In general, dendritic cells have anti-inflammatory features by
various mechanisms including the production of IL-10 [90].
In the study by Tadagavadi and Reeves [91], after cisplatin
administration, IL-10 knockout mice had higher BUN and
creatinine levels compared to wild-type mice. Furthermore,
mixed bone marrow chimeric mice lacking IL-10 in dendritic
cells showed worse renal dysfunction compared to chimeric
mice with IL-10 in dendritic cells. Considering these data, it
may be suggested that endogenous IL-10 has protective effects
against cisplatin nephrotoxicity. Moreover, IL-10 production
by dendritic cells is an important component of protective
effects of dendritic cells in cisplatin-induced AKI [91].

5.5. Signaling Pathways That Activate Proinflammatory Cyto-
kines. Cisplatin induces the phosphorylation and subsequent
translocation of nuclear transcription factor-kappa B (NF-
𝜅B) to the nucleus, through the degradation of the inhibitory
protein I𝜅B𝛼 [92]. Within the nucleus, activated NF-𝜅B leads
to transcription of inflammatory mediators including TNF-
alpha [93]. In turn, TNF-alpha induces the expression of
other inflammatory cytokines and recruitment of inflamma-
tory cells into the kidney tissue [19]. The role of NF-𝜅B in
cisplatin-induced AKI remains to be studied.

Besides the NF𝜅B pathway, other inflammatory path-
ways have been defined in the pathophysiology of cisplatin-
inducedAKI such as poly(ADP-ribose) polymerase-1 (PARP-
1) and toll-like receptors (TLRs) pathways. PARP-1 has
regulatory effects on various inflammatory genes, including
TNF-alpha, IL-1-beta, IL-6, ICAM-1, and TLR4 [94]. PARP-
1 inhibition or gene deletion is known to have renoprotec-
tive effects against ischemia/reperfusion induced AKI [95].
Pharmacological inhibition of PARP-1 by the drug PJ-34
significantly decreased inflammation after cisplatin injection
and protected against cisplatin-induced AKI [96].

The TLR pathway plays a role in cisplatin-induced RTEC
injury. TLRs have various functions as an important com-
ponent of innate immune system by recognizing pathogen-
associated molecular patterns and also endogenous signals
of tissue injury [97]. Renal toxicity of cisplatin has been
demonstrated to beTLR4-dependent [93].Micewith targeted
deletion of TLR4 [Tlr4(−/−)] had significantly less leukocyte
infiltration and cisplatin-induced AKI. Levels of cytokines
in serum, kidney, and urine were also significantly reduced
in Tlr4(−/−) mice compared to wild-type mice. Activation
of JNK and p38 pathways was also blunted in Tlr4(−/−)
mice. It was also demonstrated that renal parenchymal TLR4,
rather than myeloid TLR4, mediated the cisplatin-induced
nephrotoxicity. Itmay be concluded that, in cisplatin-induced
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AKI, activation of TLR4 on renal parenchymal cells may
activate p38-MAPK pathways leading to nephrotoxicity [98].

In summary TNF-alpha and IL-33 are proinflammatory
cytokines that mediate cisplatin-induced AKI while IL-10 is
an anti-inflammatory cytokine that protects against cisplatin-
induced AKI. The pathways that lead to cytokine production
like NF𝜅B, PARP-1 remain to be studied in detail in cisplatin-
induced AKI.

5.6. Inflammatory Cells of the Immune System. Inflammatory
cells of the immune system such as T cells, macrophages,
neutrophils, and mast cells are known to infiltrate the kidney
tissue and play a role in the development of cisplatin-induced
AKI. A pathophysiological role for T lymphocytes, especially
CD4+ T cells, has been well established in cisplatin-induced
AKI [81]. However, the role of the other inflammatory cells is
less well defined. For example, in the study by Faubel et al.
[79], by the use of neutrophil-depleting antibody, RB6-
8C5, renal neutrophils were depleted in a cisplatin-induced
AKI model but renal function or tubular necrosis was not
improved [79].

Adhesionmolecules such as ICAM (CD54) are important
for leukocyte recruitment to the inflamed tissues.The impor-
tance of ICAM in the pathogenesis of the cisplatin-induced
AKI was investigated in a study using an anti-CD54 antibody
[99]. An improvement in renal function and mortality was
observed in animals treated with anti-CD54 antibody in this
cisplatin-induced AKI model [99].

5.6.1. T Cells. Liu et al. [81] reported that CD4T cell-deficient
mice had significantly better renal function compared to
wild-type controls in cisplatin-induced AKI. Adoptive trans-
fer of CD4+ T cells into these T cell-deficient mice resulted
in increased renal injury. CD4- and CD8-deficient mice were
also protected from cisplatin-induced AKI compared with
wild-type mice [81].

Activated T lymphocytes express Fas ligand (FasL) and T
cell immunoglobulin mucin 1 (Tim-1) that may be important
for T cell mediated cytotoxicity. Until recently, the FasL-
associated apoptotic stimulus was thought to be mediated
only through the T lymphocytes [81]. However, in the study
by Linkermann et al. [100], for the first time, primary tubular
cells were shown to mediate FasL-mediated cell death in the
complete absence of immune cells. Treating severe combined
immunodeficiency (SCID)/beige mice with MFL3, a FasL-
blocking monoclonal antibody, completely restored survival
after an otherwise lethal cisplatin dose, suggesting another
source of FasL besides immune cells. Thus, cisplatin-induced
AKI may be mediated through FasL expressed on tubular
cells rather than inflammatory cells [100]. Besides activated
T cells [101], Tim-1 is also expressed by tubular epithelial
cells after ischemic or toxic injury and it is called kidney
injury molecule-1 (Kim-1) [102]. In a cisplatin nephrotoxicity
model, anti-Tim-1 antibodies were found to reduce renal
NF-𝜅B activation, inflammation, and CD4 and CD8 T cell
activation and apoptosis [103]. Furthermore, anti-Tim-1 anti-
bodies significantly attenuated cisplatin-induced AKI. Renal

Kim-1 expression was also reduced with the use of anti-Tim-1
antibodies [103].

5.6.2. T-Regulatory Cells. Currently available evidence indi-
cates that CD4+CD25+ Treg cells can suppress innate immu-
nity and CD4+ T cell-mediated pathology in the kidneys
[104]. Recent studies have also suggested that CD4+CD25+
Treg cells can inhibit activation of macrophages amelio-
rating the glomerular and interstitial injury in adriamycin
nephropathy [105]. In a recent study by Lee et al. [106],
CD4+CD25+ Treg cells were injected to the nu/nu mice
that lack mature T cells and possible protective effects of
the CD4+CD25+ Treg cells against cisplatin-induced AKI
were investigated. In this model, CD4+CD25+ Treg cells
were found to significantly improve the survival and renal
functions in these mice. Furthermore, renal macrophage
recruitment was also decreased in CD4+CD25+ Treg cell-
adoptive transferred nu/nu mice compared with control
mice. CD4+CD25+ Treg cells were also protective against
cisplatin-inducedAKI inwild-type Balb/cmice. Consistently,
depletion of CD4+CD25+ Treg cells in wild-type mice exac-
erbated cisplatin-induced AKI [106]. Thus Treg cells play a
protective role in cisplatin-induced AKI.

5.6.3. Macrophages. Cisplatin-induced AKI is associated
with increased renal myeloperoxidase, which is produced by
both neutrophils and macrophages [46]. Renal infiltration
of macrophages was shown to occur late in the course
of cisplatin-induced AKI [107]. Macrophage depletion by
liposome-encapsulated clodronate resulted in an effective
decrease in renal CD11b-positive macrophages. However,
macrophage depletion did not protect against cisplatin-
induced AKI. Fractalkine (CX3CL1) is expressed by injured
endothelium and functions as a potent chemoattractant for
macrophages [108]. To study the role of CX3CR1, both anti-
CX3CR1 antibody and CX3CR1−/−mice were used; however,
these strategies were also not protective against cisplatin-
induced AKI [109].

5.6.4.Mast Cells. Mast cells are capable of secreting cytokines
and chemokines essential for leukocyte recruitment and
adhesion [110]. Mast cells are also unique because they have
preformed TNF-alpha which can be released immediately
after degranulation [111]. Summers et al. [112] used KitW-
sh/W-sh mice to study mast cell deficiency in cisplatin-
induced AKI. These mice were found to have decreased
renal injury, serum TNF-alpha levels, and reduced leuko-
cyte recruitment compared to wild-type mice. When mast
cell-deficient mice were reconstituted with mast cells from
wild-type mice, increased TNF-alpha levels and cisplatin-
induced renal dysfunctionwere observed similar towild-type
mice. However, mast cell-deficient mice reconstituted with
mast cells from TNF-alpha-deficient mice remained to be
protected against cisplatin-induced AKI. Furthermore, mast
cell stabilizer, sodium chromoglycate, also significantly ame-
liorated renal injury in cisplatin-induced AKI. In summary,
these results suggest thatmast cellsmediate cisplatin-induced
AKI through the production of TNF-alpha [112].



BioMed Research International 7

5.6.5. Dendritic Cells. Dendritic cells (DC) have anti-inflam-
matory and immune-tolerance inducing features by the
way of production of TGF-beta, IL-10, clonal deletion of
autoreactive T cells, and induction of Treg cells [113–115]. DC-
depleted mice had more severe renal dysfunction, tubular
injury, neutrophil infiltration, andhighermortality compared
to nondepleted mice [90]. IL-10 production by dendritic cells
was found to be an important component of the protective
effects of dendritic cells in cisplatin-induced AKI [108]. In
another study, depletion of DCs in the same model did not
result in worse AKI [116].

In summary, depletion of CD4+ T cells or mast cells,
but not neutrophils and macrophages results in protection
against cisplatin-induced AKI. Treg cells and DCs may play a
protective role in cisplatin-induced AKI.

6. Oxidative Stress

Generation of reactive oxygen species (ROS), accumulation
of lipid peroxidation products in kidneys, and suppressed
antioxidant systems are thought to be major mechanisms
of cisplatin-induced AKI [117]. Within the cell, cisplatin
is converted into a highly reactive form rapidly reacting
with thiol-containing antioxidant molecules such as glu-
tathione [20]. Consequently, depletion of glutathione leads to
increased oxidative stress within the cells. Cisplatin may also
cause mitochondrial dysfunction and increased ROS pro-
duction through an impaired respiratory chain [118]. Finally,
cisplatin may induce ROS formation via the cytochrome
P450 (CYP) system [119]. In CYP2E1-null mice, cisplatin-
induced ROS accumulation was attenuated and CYP2E1-
null mice were protected against cisplatin-induced AKI
[120].

There are inhibitors of oxidant stress that protect against
cisplatin-induced RTEC injury. Sodium thiosulfate [121] and
metabolites of amifostine (WR-2721) have been known for a
very long time to inactivate toxic platinum species andprotect
against cisplatin nephrotoxicity [122]. Amifostine decreases
nephrotoxicity probably by donating antioxidant thiol groups
[123, 124]. Hydroxyl radical scavengers such as dimethyl
sulfoxide (DMSO), mannitol, and benzoic acid significantly
reduced cisplatin-induced cytotoxicity. Furthermore, both
DMSO and dimethylthiourea (DMTU) were significantly
protective against cisplatin-induced AKI in in vivo models
[125]. DMTU was also shown to inhibit the p38-MAPK
pathway, Fas, FasL, and TNF-alpha [126]. DMTU and N-
acetylcysteine (NAC) suppressed hydroxyl radical accumu-
lation, p53 activation, and cisplatin nephrotoxicity both in
vitro and in vivo [127]. NAC was also demonstrated to inhibit
NF-𝜅B, TNF-alpha, and p38-MAPK-mediated apoptosis and
renal dysfunction in cisplatin-treated rats [128]. Vitamin
C and vitamin E were also found to be renoprotective in
cisplatin-treated mice [129]. Edaravone, a free radical scav-
enger, has demonstrated to have cytoprotective properties in
murine proximal tubular cells [130].

6.1. Iron Metabolism and Oxidative Stress. Iron plays an
important role in oxidative stress mediated tissue injury

in cisplatin-induced nephrotoxicity. To investigate the role
of cytochrome P-450 as a source of catalytic iron in
cisplatin-induced AKI, piperonyl butoxide, a cytochrome P-
450 inhibitor, was administered in cisplatin nephrotoxicity
model [119]. Cisplatin significantly decreased cytochrome
P-450 content and increased bleomycin-detectable iron in
the kidney. However, piperonyl butoxide prevented cisplatin-
induced loss of cytochrome P-450 as well as iron accu-
mulation in the kidney. Importantly, piperonyl butoxide
also ameliorated cisplatin-induced AKI [119]. Iron chelators
such as deferoxamine and 1,10-phenanthroline were found
to significantly attenuate the cisplatin-induced cytotoxicity.
Notably, deferoxamine was found to have protective effects
against cisplatin-induced AKI in rats [125].

6.2. Heme Oxygenase-1 (HO-1) Pathway and Oxidative Stress.
HO-1 is a redox-sensitive microsomal enzyme that catalyzes
the degradation of heme into biliverdin, iron, and carbon
monoxide [131]. HO-1 is known to be activated in the
kidney by the cisplatin treatment [132]. HO-1 knockout mice
were markedly more sensitive to cisplatin-induced AKI. Fur-
thermore, overexpression of HO-1 significantly ameliorated
cisplatin-induced apoptosis [11]. In proximal tubular cell
cultures, HO-1 knockout cells had higher levels of basal
autophagy, impaired progression of autophagy, and increased
apoptosis with cisplatin administration. Restoring HO-1
expression in these cells reversed the autophagic response and
decreased the cisplatin-induced apoptosis. In addition, cells
with overexpression of HO-1 had significantly lower levels
of ROS and these cells were also protected from cisplatin
cytotoxicity [133].

6.3. NADH: Quinone Oxidoreductase-1 (NQO1) and Oxida-
tive Stress. NADH: quinone oxidoreductase 1 (NQO1) is an
antioxidant flavoprotein that increases intracellular NAD+
levels [155]. Moreover, NQO1 has various functions such
as activation of anti-inflammatory processes, scavenging of
superoxide anion radicals, and stabilization of p53 [156].
Beta-lapachone is identified as an activator of NQO1 [157].
Beta-lapachone increased the intracellular NAD+/NADH
ratio in renal tissues treatedwith cisplatin. Also inflammatory
cytokines and AKI were significantly ameliorated by beta-
lapachone. Importantly, beta-lapachone had no protective
effect in NQO1−/−mice treated with cisplatin. Furthermore,
beta-lapachone potentiated the tumoricidal action of cis-
platin in a xenograft tumor model [137].

In summary, generation of ROS plays a role in mediating
cisplatin-induced AKI. Antioxidant molecules like HO-1 and
NQO1 are protective against cisplatin-induced AKI.

7. Renal Hemodynamics and Vascular Injury

Renal vasoconstriction caused by endothelial dysfunction
and impaired vascular autoregulation is an important com-
ponent of the pathophysiology of cisplatin-induced AKI.
Cisplatin has been shown to induce acute ischemic damage
with a reduction in medullary blood flow resulting in tubu-
lar cell injury [158]. Instead of usual autoregulatory renal
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Table 1: General measures for prevention and treatment of cisplatin-induced AKI.

(1) Determine renal function (GFR) before each session of cisplatin treatment
(2) Determine the risk of AKI (high risk; females, elderly patients, dehydration, patients with CKD and repeated doses of cisplatin)
(3) Adjust cisplatin dose according to patient’s renal function
(4) Start hydration (with saline) before cisplatin and maintain for at least 3 days after treatment
(5) Watch for electrolyte wasting (e.g., Mg), replace appropriately
(6) Avoid concomitant nephrotoxic agents (NSAIDs, aminoglycosides, contrast agents, etc.)
(7) Determine renal function within 1 week of treatment
(8) Amifostine may be considered in patients with high risk of AKI
(9) Consider newer, less nephrotoxic platinums such as carboplatin and oxaliplatin
GFR: glomerular filtration rate, AKI: acute kidney injury, CKD: chronic kidney injury, Mg: magnesium, and NSAIDs: nonsteroid anti-inflammatory
drugs.

vasodilatation that occurs in ischemic kidney, amarked vaso-
constriction develops in cisplatin-induced AKI causing fur-
ther hypoxic injury [159]. Cisplatin decreases effective renal
plasma flowbefore any alteration in theGFR in humans [160].
Similarly, in rats, renal blood flow has been demonstrated
to be reduced 2-3 days after cisplatin administration [158].
These renal hemodynamic alterations may be associated with
an increase in cytosolic calcium in the glomerular arterioles
[161]. Consistently, calcium channel blockers were shown to
reverse the renal vasoconstriction and attenuate cisplatin-
induced renal dysfunction [162]. Another possible cause of
renal vasoconstriction induced by cisplatin is the reduced
COX-2 and vasodilatatory prostaglandins [163].

Cisplatin is directly toxic to endothelial cells. In a study by
Dursun et al., cultured pancreatic microvascular endothelial
(MS1) cells were exposed to low and high concentrations of
cisplatin. Cells treated with low concentration of cisplatin
had normal ATP levels, increased caspase-3 activity, and
apoptosis. However, cells treated with higher concentration
of cisplatin had severe ATP depletion, increased caspase-3
activity, and necrosis. Calpain activity significantly increased
with higher concentrations of cisplatin. Both pan-caspase
inhibitor and calpain inhibitor were able to reduce cisplatin-
induced necrosis. It was demonstrated that, in cisplatin-
treated endothelial cells, caspases can also cause necrosis.
Furthermore, calpain inhibitors may protect the endothelial
cells from necrosis independent of caspase-3 [164].

In clinical practice, various types of cisplatin-induced
vascular toxicities can be caused by cisplatin such as throm-
boticmicroangiopathy andmyocardial infarction.The vascu-
lar endothelial injury is an important component of cisplatin-
induced AKI [166]. von Willebrand factor (vWF) is synthe-
sized by endothelial cells, and increased plasma vWF levels
are associated with endothelial cell injury [167]. In the study
by Lu et al. [109], circulating vWF levels were increased after
cisplatin administration with the peak vWF level preceding
the renal dysfunction.

8. Treatment of Cisplatin-Induced AKI

Although many experimental therapies have been developed
for prevention and treatment of cisplatin-induced AKI,
current clinical practice only includes supportive measures
while waiting for renal function to recover (Table 1). In this

review, many of the experimental therapies and their corre-
sponding pathophysiological pathways have been discussed.
Pathophysiological pathways implicated in cisplatin-induced
AKI and their in vivo therapeutic models and molecules
are presented in Table 2. Herein we will discuss the general
measures to prevent cisplatin-induced AKI and regenerative
treatment strategies.

9. General Measures to Prevent
Cisplatin-Induced AKI

The most important supportive measures are hydration,
replacement of electrolyte losses, and avoidance of other
potentially nephrotoxic drugs. Renal function (GFR) should
be routinely assessed before each administration of cisplatin.
Hydration should be started before the treatment and should
be maintained for at least 3 days after the treatment.The ade-
quacy of the hydration may be determined by the measure-
ment of urine outputwhich should bemaintained at least at 3-
4 L/day. Magnesium wasting is commonly seen in the course
of cisplatin-induced AKI [168]; thus routine assessment of
serummagnesium levelsmay be recommended in all patients
receiving cisplatin treatment. Magnesium should be replaced
adequately according to serum magnesium levels [22].

10. Regenerative Treatments

10.1. Erythropoietin. Erythropoietin (EPO) receptors have
been demonstrated to be expressed on renal tubular cells
[169]. For the first time in the literature, Vaziri et al. [145]
reported that recombinant human EPO (rHuEpo) increased
tubular regeneration and ameliorated cisplatin-induced AKI
in rats. In another study, rHuEpo was shown to significantly
reduce cisplatin-induced apoptosis in human renal proximal
tubular epithelial (RPTE) cell culture [146]. Furthermore,
tyrphostin AG-490, a JAK2 inhibitor, attenuated rHuEpo-
induced protection against apoptosis, suggesting a role of
the JAK-STAT pathway in rHuEpo-mediated antiapoptosis
[146]. In a study by Bi et al. [147], EPO caused expansion
and mobilization of mesenchymal stem cells (MSCs) from
bone marrow to peripheral circulation in mice. Importantly,
EPO ameliorated the cisplatin-induced AKI. Additionally,
intraperitoneal injection of cultured EPO-mobilized cells
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resulted in improvement of cisplatin-induced AKI. It is pos-
sible that expansion and activation of MSCs may contribute
to the renoprotective effects of EPO [147].

10.2. Mesenchymal Stem Cell (MSC) Transplantation. Bone
marrow cells have been reported to differentiate into RTEC
and contribute to regeneration of renal tubules after ischemic
injury [170]. In the study by Iwasaki et al. [148], granulocyte-
colony stimulating factor (G-CSF) was injected to BALB/c
mice with cisplatin-induced AKI. G-CSF improved the
survival of the mice and protected against AKI. BALB/c
mice received bone marrow transplantation from enhanced
green fluorescent protein (EGFP) transgenic mice. In the
transplanted mice that were treated with G-CSF, the number
of EGFP tubular epithelial cells was significantly higher in
the kidney. It may be suggested that bone marrow cells
mobilized by G-CSF may have protective effects against
cisplatin-induced AKI [148].

MSCs are protective in mouse models of AKI [149].
MSCs, when injected intravenously, improved cisplatin-
induced AKI and survival [150]. In a recent study, EPO-
secreting MSCs (EPO gene-enhanced MSCs) were generated
and then injected intraperitoneally to allogeneic mice with
cisplatin-induced AKI. EPO-MSCs significantly improved
survival and kidney function in this model. Furthermore, the
presence of implanted cells in recipient kidneys was proved
by PCR analysis. EPO-MSCs also significantly increased the
expression of EPO and phosphorylated-Akt in these kidneys
[151]. In the study byYuan et al. [152], VEGF-modified human
embryonic MSCs (VEGF-hMSCs) were cocultured with
cisplatin-injured renal tubular epithelial cells. Improvement
in the survival of tubular cells was observed viamitogenic and
antiapoptotic actions. In addition, VEGF-hMSCs were also
administered to a nude mouse model of cisplatin-induced
AKI and these stem cells were shown to be protective against
AKI [152].

The concept that the MSCs are able to transdifferentiate
into tubular cells within the injured kidney and promote
recovery is somewhat controversial. Actually, the homing
of MSCs to sites of tissue injury and differentiation into
tubular cells are very rare [171]. Beneficial effects of MSCs are
mostly dependent on paracrine and endocrine actions such
as immunomodulation and secretion of growth factors and
cytokines [153, 171]. In the recent study byKimet al. [154], adi-
pose tissue derived MSCs (Ad-MSCs) ameliorated cisplatin-
induced AKI. Activation of p53, JNK, and ERK pathways was
hindered and apoptosis was significantly reduced by infusion
of Ad-MSCs. However, very few Ad-MSCs could be detected
within the kidney. Conditioned medium from cultured Ad-
MSCs had also renal-protective functions both in vivo and
in vitro [154]. In another study, hMSCs-conditioned media
improved survival of human proximal tubular cells treated
with cisplatin [172].

As mentioned previously, HO-1 is known to have impor-
tant anti-inflammatory and antiapoptotic properties [173]. In
the study by Zarjou et al. [165], MSCs were harvested from
bone marrow of HO-1+/+ and HO-1−/− mice. Conditioned
medium of HO-1+/+ MSCs had protective effects against

cisplatin-induced AKI; however, the HO-1−/− conditioned
medium was ineffective. HO-1 may be suggested to be
important inMSCs-mediated protection of cisplatin-induced
AKI [165].

11. Summary

Inflammation, proximal tubular, oxidative stress, and vas-
cular injury are implicated in the pathogenesis of cisplatin-
induced AKI. In the proximal tubules, there is predomi-
nantly not only acute tubular necrosis but also apoptosis.
Inhibition of the proinflammatory cytokines TNF-𝛼 and
IL-33 or depletion of CD4+ T cells or mast cells protects
against cisplatin-induced AKI. Inhibitors of oxidative stress
protect against cisplatin-induced AKI. Caspases and calpain
play a role in cisplatin-induced injury to endothelial cells.
Potential therapies for cisplatin-inducedAKI based on patho-
physiological mechanisms of injury include EPO (inhibits
tubular apoptosis), MSCs, cytokine inhibitors (TNF-𝛼 or IL-
33 inhibitors), inhibitors of the MAPK pathway, inhibitors of
oxidant stress, and anti-inflammatory agents that can reduce
CD4+ T cells.
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Background. Ischemia/reperfusion (I/R) injury is a major cause of acute renal failure and allograft dysfunction in kidney
transplantation. ROS/inflammatory cytokines are involved in I/R injury. 2-Methoxyestradiol (2ME2), an endogenous metabolite of
estradiol, inhibits inflammatory cytokine expression and is an antiangiogenic and antitumor agent. We investigated the inhibitory
effect of 2ME2 on renal I/R injury and possible molecular actions. Methods. BALB/c mice were intraperitoneally injected with
2ME2 (10 or 20mg/kg) or vehicle 12 h before and immediately after renal I/R experiments. The kidney weight, renal function,
tubular damages, and apoptotic response were examined 24 h after I/R injury. The expression of mRNA of interleukin-1𝛽, tumor
necrosis factor- (TNF) 𝛼, caspase-3, hypoxia inducible factor- (HIF) 1𝛼, and proapoptotic Bcl-2/adenovirus E1B 19 kDa interacting
protein 3 (BNIP3) in kidney tissue was determined using RT-PCR, while the expression of nuclear factor 𝜅B (NF-𝜅B), BCL-2, and
BCL-xL, activated caspase-9, and HIF-1𝛼 was determined using immunoblotting. In vitro, we determined the effect of 2ME2 on
reactive oxygen species (ROS) production and cell viability in antimycin-A-treated renal mesangial (RMC) and tubular (NRK52E)
cells. Results. Serum creatinine and blood urea nitrogen were significantly higher inmice with renal I/R injury than in sham control
and in I/R+2ME2-treated mice. Survival in I/R+2ME2-treated mice was higher than in I/R mice. Histological examination showed
that 2ME2 attenuated tubular damage in I/R mice, which was associated with lower expression TNF-𝛼, IL-1𝛽, caspase-9, HIF-
1𝛼, and BNIP3 mRNA in kidney tissue. Western blotting showed that 2ME2 treatment substantially decreased the expression of
activated caspase-9, NF-𝜅B, andHIF-1𝛼 but increased the antiapoptotic proteins BCL-2 and BCL-xL in kidney of I/R injury. In vitro,
2MR2 decreased ROS production and increased cell viability in antimycin-A-treated RMC and NRK52E cells. Conclusions. 2ME2
reduces renal I/R injury inmice because it inhibits the expression of ROS and proinflammatory cytokines and induces antiapoptotic
proteins.

1. Introduction

Ischemia/reperfusion (I/R) injury during renal transplanta-
tion is a major cause of acute kidney injury (AKI) and is
associatedwith increasedmorbidity andmortality [1]. Several

studies have reported that ischemia followed by reperfusion
initiates changes in the renal oxygen balance and leads to
further detachment of vascular endothelial cells from the
endothelial monolayer to tubular epithelial injury and to
inflammation-induced vascular congestion that extends the
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hypoxic region and reduces the clearance of oxygen-derived
radicals in the kidney [2]. I/R injury is more destructive than
ischemia alone because it causes apoptosis of endothelial and
proximal tubular epithelial cells (TECs) after the reperfusion
of cold cadaveric donor renal allografts [3] and cell necrosis
that may become prominent at the late stages. Acute tubular
necrosis becomes prominent underlying I/R-induced dam-
age, and chronic allograft nephropathy is also related to I/R
injury [4]. I/R injury is an acute inflammatory process that
may be triggered by hypoxia, which releases cytokines and
chemokines in TECs [1, 5].

Reactive oxygen species (ROS) play a critical role in I/R-
induced acute kidney injury, as well as progression of fibrosis
in various diseases such as hypertension, diabetes, and
ureteral obstruction [6]. Renal I/R excessively produces ROS,
causes cell damage by lipid peroxidation, DNA breakdown,
and protein damage, and leads to AKI [7, 8]. Antioxidant
treatment has been used to prevent AKI in various clinical
settings and experimental models [9].

2-Methoxyestradiol (2ME2) is an endogenous mam-
malian metabolite of 17-𝛽 estradiol with antiproliferative,
antitumor, proapoptotic, and antiangiogenic effects [10].
2ME2 is a well-tolerated smallmolecule with orally active and
potential clinical benefit for treating cancer [11, 12] because
2ME2 causes metaphase arrest that inhibits cell proliferation
and induces apoptosis [13]. 2ME2 also downregulates hypoxia
inducible factor- (HIF-) 1𝛼 [14]. In recent studies [15, 16] of
focal brain ischemia in rats, 2ME2 treatment inhibited HIF-
1𝛼 expression and protected the part of the brain involved in
the antiapoptotic effect of 2ME2. 2ME2 may also inhibit the
expression of caspase-3 [15], VEGF, and BNIP3 and, finally,
attenuate apoptosis in the brain infarct area that protects the
brain from ischemic injury [17]. Furthermore, we previously
reported [18] that 2ME2 treatment prolonged survival and
reduced LPS-induced kidney injury throughHIF-1𝛼 and NF-
𝜅B signaling that significantly reduced IL-1𝛽 and TNF-𝛼
levels in septic mice.

Although there are numerous studies on cerebral
ischemia in rat models, there are no data available about how
2ME2 affects renal I/R injury. In this study, we investigated
the effect of 2ME2 on renal I/R injury. We tested the
hypothetical mechanism for the antiapoptotic effect of 2ME2
on mouse renal I/R injury using terminal deoxynucleotidyl
transferase mediated dUTP nick end-labeling (TUNEL)
staining and the expression of inflammatory cytokines,
HIF-1𝛼, caspases, and BNIP3. The effect of 2ME2 on
ischemia-induced ROS production and cell death in renal
cells was also determined.

2. Materials and Methods

2.1. Animal Model. BALB/c mice were from the National
Cheng Kung University Laboratory Animal Center and were
cared for according to the guidelines set up by the National
Science Council, Taiwan.The experimental protocol adhered
to the rules of the Animal Protection Act of Taiwan and
was approved by the Institutional Animal Care and Use
Committee of Chi-Mei Medical Center. The mice were

housed in a temperature- and humidity-controlled (25∘C;
60%) room and kept on a 12:12 h light-dark cycle. They were
fed standard laboratory chow and water ad libitum in the
Laboratory Animal Center of Chi-Mei Medical Center. The
model of renal I/R injury in the anesthetized mice and the
surgical procedures involved were modified as previously
described [5].

The mice were divided into the following experimental
groups (𝑛 = 6 in each): (1) sham control, (2) I/R+vehicle,
(3) I/R+2ME2 (10mg/kg), and (4) I/R+2ME2 (20mg/kg). All
the mice were injected (i.p.) either with 2ME2 or with an
equivalent volume of vehicle (saline solution) 12 h before and
promptly after I/R. After the initial treatment, mice were
anesthetized with pentobarbital (30mg/kg, i.p.), both renal
pedicles were isolated using laparotomy and dissection, bilat-
eral ischemia was induced by occluding the renal pedicles
with an atraumatic microvascular clamp for 40min, and
then reperfusion was initiated by removing the clamp. After
clamps had been released, the incision was closed in two
layers with 4-0 sutures. An immediate color change of the
kidneys indicating that the blood flow had stopped meant
successful occlusion. During reperfusion, the clamps were
removed and the blood flow to the kidneys was reestablished
and visually verified. After 24 h of reperfusion, the mice
were anesthetized, serum samples were collected using heart
puncture, the mice were exsanguinated, and both kidneys
were removed and stored at −80∘C or in formalin for future
examination. In another experiment, survival analysis in
renal I/R mice with vehicle or 2ME2 (10 or 20mg/kg, i.p.)
treatment (𝑛 = 6 in each group) was determined for 7 days.

2.2. Clinical Blood Chemistry. Mouse serum was separated
from whole blood and sent to the Taiwan Mouse Clinic
(Taipei, Taiwan), which used standard procedures tomeasure
the levels of serumcreatinine andbloodurea nitrogen (BUN).

2.3. Histological Examination. All kidney tissue specimens
were embedded in paraffin. Serial sections (4 𝜇m thick)
were processed using hematoxylin and eosin (H&E) stain.
Histological examinations were done by an examiner in a
blinded fashion. Histological changes due to tubular necrosis
or to damage or to the loss of brush border, cast formation,
and tubular dilatation were graded as previously described
[12]: 0, healthy kidney; 1, minimal necrosis (10% involve-
ment); 2, mild necrosis (10–35% involvement); 3, moderate
necrosis (36–75% involvement); and 4, severe necrosis (75%
involvement). The cortex, corticomedullary junction (CMJ),
and medulla were assessed.

2.4. Cell Culture. Rat mesangial cells (RMCs) and rat renal
proximal tubular cells (NRK52E) purchased from the Amer-
ican Type Culture Collection (Manassas, USA) were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10–15% fetal bovine serum and antibiotics and main-
tained at 37∘C in 95% air, 5% CO

2
.

2.5. Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR). Total RNA was extracted using a reagent (RNA-Bee;
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Tel-Test, Friendswood, TX) and subsequently underwent
reverse transcription. HIF-1𝛼, BNIP3, caspase-3, IL-1𝛽, and
TNF-𝛼 were amplified using RT-PCR with gene-specific
primers (supplementary data, Table S1 available online at
http://dx.doi.org/10.1155/2014/431524). PCR products were
visualized on 2% agarose gels containing ethidium bromide.
𝛽-Actin was the internal control.The relative quantity of PCR
products is expressed as a fold increase relative to controls.

2.6. Detecting DNA Fragmentation Using a TUNEL Assay.
Frozen sections 10 𝜇m thick were cut using a cryostat
(CM1510 S; Leica Microsystems, Taipei, Taiwan) and air-
dried. A TUNEL assay was done using a kit (ApoAlert DNA
fragmentation assay; Clontech, Palo Alto, CA) according to
the manufacturer’s instructions. After the assay, a drop of
antifade solution was added, the treated portion of the slide
was covered with a coverslip, and the edges were sealed
with clear nail polish. Slides were viewed within 2 h under
a fluorescence microscope (BX 51; Olympus Taiwan, Taipei,
Taiwan) equipped with a 40x objective and a dual filter set for
green fluorescence (488 nm) and blue fluorescence (461 nm).
Images were collected using the microscope fitted with
an Olympus America camera and AnalySIS (Soft Imaging
Systems, Münster, Germany).

2.7. Western Blotting. The kidney tissues and cultured cells
were lysed with a buffer containing 1% Triton X-100, 50mM
Tris (pH 7.5), 10mM EDTA, 0.02% NaN

3
, and a protease

inhibitor cocktail (Roche Applied Science, Mannheim, Ger-
many). Following one cycle of freeze-thaw, tissue/cell lysates
were centrifuged at 10,000 g for 20min at 4∘C. Lysates were
boiled in sample buffer for 5min.The proteins were then sub-
jected to SDS-PAGE (sodiumdodecyl sulfate-polyacrylamide
gel electrophoresis) and transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Billerica, MA) using
a semidry electroblotting system.After they had been blocked
with 5% skim milk in PBS, the membranes were incu-
bated with a 1 : 1,000 dilution of primary antibodies—active
caspase-9, Bcl-2, Bcl-xL, NF-𝜅B, phosphor-NF-𝜅B (Ser536),
HIF-1𝛼, and 𝛽-actin (all from Cell Signaling Technology,
Beverly, MA)—at 4∘C overnight. The membranes were then
washed with 0.05% PBS-Tween 20 and incubated with a
1 : 5,000 dilution of horseradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG according to the primary antibodies
(Chemicon International, Temecula, CA) at room temper-
ature for 1 h. After they had been washed, the membranes
were soaked in ECL solution (PerkinElmer, Boston, MA) for
1min and then exposed to film (BioMax; Eastman Kodak,
Rochester, NY). The relative signal intensity was quantified
using ImageJ 1.41 (http://rsbweb.nih.gov/ij/).

2.8. DPPHRadical ScavengingAssay. Theantioxidant activity
of 2ME2 and ascorbic acid (vitamin C) was measured
in terms of 1,1-diphenyl-2-picrylhydrazyl (DPPH) (Sigma-
Aldrich Inc., St. Louis, MO, USA) free radical scavenging
ability. Vitamin C, an antioxidant, was used as a positive
control. The highest tested concentration of vitamin C was
considered as 100% of scavenging activity. The 2ME2 at

different concentrations was placed in a cuvette and 1mL
of DPPH radical in methanol solution (23.7 𝜇g/mL) was
added, followed by incubation for 30min. The decrease in
absorbance at 517 nm was determined with a spectropho-
tometer. All determinations were performed in triplicate.
The percent inhibition of DPPH radical by the samples was
calculated according to the following formula:

% of scavenging of DPPH = [1 − 𝐴 (𝑠)
𝐴 (𝑐)
] × 100, (1)

where A(c) is the absorbance of the control (without sample)
and A(s) is the absorbance of the sample at 𝑡 = 30min.

2.9. Intracellular ROSDetection. Intracellular oxidative stress
was also measured by dichlorodihydrofluorescein diacetate
oxidation. Briefly, 5,000 RMCs were plated in 96-well plates
overnight and washed twice with HBSS before experiments.
The cells were exposed to 20𝜇M 5-(and-6)-chloromethyl-
2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA) (Invitrogen Life Technologies, Carlsbad, CA,
USA) for 1 h and then treated with antimycin-A combined
with vehicle or 2ME2 at indicated concentrations. H

2
O
2

(200𝜇M) was used as the positive control. The fluorescence
was read immediately at wavelengths of 485 nm for excitation
and 530 nm for emission on a fluorescence plate reader
(Fluoroskan Ascent; Thermo Electron Corporation, Milford,
MA, USA). The levels of ROS were calculated as percent
increases compared with the control, and the control was
normalized to 100% of the basal level.

2.10. Cell ViabilityAssay. Cellswere seeded at 3× 104 cells/mL
in 24-well dishes and allowed to attach for 8 h and then were
exposed to antimycin-A with or without 2ME2 at the indi-
cated concentrations for 24 h. The cells were then incubated
with a 1mg/mL solution of 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
St. Louis, MO, USA) for 3 h. DMSO (dimethyl sulfoxide)
(Sigma-Aldrich) was added to the culture, and absorbance
was determined at 550 nm. All experiments were done in
triplicate.

2.11. Statistical Analysis. All values are expressed as the mean
± standard deviation (SD). Statistical analysis was done using
SigmaPlot 9.0 (Systat Software, Richmond, CA).TheKruskal-
Wallis test and Dunn’s test were used. Statistical significance
was set at 𝑃 < 0.05. We used Kaplan-Meier analysis to
determine the survival distributions and the log-rank test to
compare two survival distributions.
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Figure 1: Effect of 2ME2 on renal morphology in renal I/R injury. Renal injury was evidenced by massive TEC necrosis or the damage or loss
of brush border (arrows) and by tubular dilation and cast formation (arrowheads). (a) Sham control; (b) I/R-only; (c) I/R + 2ME2: I/R mice
injected with 2ME2 (10mg/kg, i.p.); and (d) I/R+2ME2: I/R mice injected with 2ME2 (20mg/kg, i.p.). H&E staining was used to evaluate the
degree of acute renal tubules damage in renal I/R injury. Representative data are shown. Sections were observed under a microscope (×400).
Scale bar is 50 𝜇m. The histological scores of tubular injury in the cortex (e), corticomedullary junction (CMJ) (f), and medulla (g) of all
groups of mice are shown. Values are mean ± SD. All groups: 𝑛 = 6. ∗𝑃 < 0.05 compared with control mice and #

𝑃 < 0.05 compared with
I/R-only mice.

3. Results

3.1. 2ME2 Prolonged Survival and Attenuated Renal Injury in
I/RMice. To examine the effects of 2ME2 on renal I/R injury,
the mice were injected with vehicle or 2ME2 i.p. as described
in Materials andMethods. Twenty-four hours after I/R, renal
function was assessed based on serum creatinine and BUN
levels. The kidney weight and the serum BUN and creatinine
concentrationswere significantly increasing in I/R-onlymice.
In I/R+2ME2-treated mice, either in 10 or 20mg/kg groups,
the increase was reduced (Table 1). Histological analysis of

the kidney sections showed significant renal tubular injury in
I/R group (Figure 1). Kidney I/R-induced tubular cell injuries
were characterized by vacuolization, loss of brush borders,
sloughing of tubular cells into the lumen, and flattening
of the tubular epithelium (Figure 1(b)), which were less
frequently seen in the I/R+2ME2 (10mg/kg) (Figure 1(c)) and
I/R+2ME2 (20mg/kg) groups (Figure 1(d)). The severity of
renal I/R injury was also assessed by measuring the histo-
logical injury score. The I/R group had higher histological
scores than did the sham control group for the cortex,
corticomedullary junction (CMJ), and medulla (Figures 1(e),
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Figure 2: Effects of 2ME2 treatment on survival in mice of renal I/R
injury.Micewere injectedwith 2ME2 (10 or 20mg/kg, i.p.) or vehicle
after renal I/R injury. Survival was determined using Kaplan-Meier
analysis and the log-rank test. All groups: 𝑛 = 6. ∗𝑃 < 0.05 versus
vehicle group.

1(f), and 1(g), resp.). Both the I/R+2ME2 (10mg/kg) and
I/R+2ME2 (20mg/kg) groups had significantly lower histo-
logical scores than did the I/R-only group (𝑃 < 0.05). Mice
survival rates 7 days after there had been renal I/R injury were
67, 83, and 100% for the I/R+vehicle, I/R+2ME2 (10mg/kg),
and I/R+2ME2 (20mg/kg) groups, respectively (Figure 2).

3.2. 2ME2 Attenuated Kidney HIF-1𝛼, BNIP3, and Cytokine
Expression in I/R Mice. We investigated the effects of 2ME2
on HIF-1𝛼 and its downstream genes BNIP3 and cytokines in
kidney of I/R mice. RT-PCR data showed that kidney HIF-
1𝛼 expression was induced by I/R but substantially lower in
2ME2-treated mice (Figure 3). Similarly, mRNA expression
levels of the proapoptotic genes, BNIP3 and caspase-3, and
the cytokines IL-1𝛽 and TNF-𝛼 (Figure 3) were apparently
higher in I/R-onlymice than in I/R+2ME2-treated (10mg/kg)
mice.

3.3. Effect of 2ME2 on Apoptosis in Renal I/R Injury. We next
determined whether 2ME2 reduces apoptosis in renal I/R
injury. Representative kidney histological sections from sham
control, I/R-only, and I/R+2ME2-treated mice were stained
using TUNEL assay to detect apoptotic cells. Apoptosis was
more prominent in the kidney sections from I/R-only mice
than in those from sham control mice (Figure 4). A large
number of apoptotic nuclei in renal tubular epithelial cells
were detected in I/R-only kidneys (Figure 4(b)). Compared
with I/R-only mice, markedly fewer apoptotic nuclei in
kidneywere detected in I/R+2ME2-treatedmice (Figures 4(c)
and 4(d)).

3.4. 2ME2 Reduced Renal I/R-Induced HIF-1𝛼, Activated
Caspase-9, and pNF-𝜅B but Induced BCL-2 and BCL-xL

Protein inMice. Western immunoblots of kidney lysates were
used to confirm whether 2ME2 protects against apoptosis by
inhibiting HIF-1𝛼 protein expression. Under baseline condi-
tions, caspase-3 activation was not detectable in the kidneys
of any of the mice. Protein levels of HIF-1𝛼 (Figure 5(a)),
pNF-𝜅B (Figure 5(b)), and activated caspase-9 (Figure 5(e))
were higher in the I/R-only group than in the sham con-
trol and I/R+2ME2 group. However, BCL-2 (Figure 5(c))
and BCL-xL (Figure 5(d)) expression were higher in the
I/R+2ME2 group than in the I/R-only group.

3.5. 2ME2 Attenuated ROS Production and Increased Cell
Viability in Ischemic Renal Cells In Vitro. ROS play a critical
role in I/R-induced renal injury; however, the effect of 2ME2
on ROS production has not been reported. To determine
whether oxidative stress is involved in 2ME2’s renal protective
mechanism under I/R condition, we evaluated the direct ROS
scavenging effect of 2ME2 in antimycin-A-treated RMCs and
NRK52E. Antimycin-A is an inhibitor of oxidative phospho-
rylation used for chemical hypoxia. As shown in the DPPH
radical scavenging assay (Figure 6(a)), 2ME2 scavenged the
free radicals in a concentration-dependent manner similar to
the antioxidant vitamin C. The antioxidative ability of 2EM2
was further measured by CM-H2DCFDA staining. ROS was
noted to increase in RMCs and NRK52E under antimycin-
A exposure compared with untreated control, but its levels
were markedly inhibited by 2ME2 (Figure 6(b)). Moreover,
we treated RMCs and NRK52E cells with antimycin-A 10 𝜇M
combined with saline or 2ME2 2.5𝜇M for 16 h and deter-
mined the cell viability using MTT assay. 2ME2 significantly
reduced cell death in antimycin-A-treated cells (Figure 6(c)).

4. Discussion

Themechanisms of kidney injury exist within a large network
of signaling pathways driven by interplay of inflammatory
cytokines, ROS, and apoptotic factors [7]. We evaluated the
therapeutic effects of 2ME2 on renal I/R injury in a murine
model. We found that 2ME2 reduced renal I/R-induced
renal dysfunction through decreasing pNF-𝜅B, TNF-𝛼, IL-
1𝛽, BNIP3, activated caspase-9, and caspase-3 but increasing
the expression of antiapoptotic BCL-2 and BCL-xL in renal
tissue. Moreover, in ischemic renal cells, 2ME2 reduced ROS
production and increased cell viability. These results implied
that the inhibition of ROS and proinflammatory cytokines
by 2ME2 protected renal function and controlled tubular
damage in kidneys undergoing I/R injury.

I/R injury is considered an inflammatory process in
which TECs acquire a proinflammatory phenotype and start
to release cytokines and chemokines upon hypoxic injury [2].
Renal injury is amplified after reperfusion such that there is,
in the damaged areas, a massive influx of neutrophils that
induce adhesion molecules and release proteases [1, 5]. In
these conditions, TECs undergo necrosis, and necrotic prod-
ucts activate Toll-like receptor (TLR) signaling pathways,
which amplifies the inflammatory response. During hepatic
I/R, NF-𝜅B activation through TLR-4 binding promotes
hepatic injury [1]. NF-𝜅B is a transcription factor consisting
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Figure 3: 2ME2 reduced HIF-1𝛼, BNIP3, caspase-3, Bcl-2, TNF-𝛼, and IL-1𝛽 expression. Gel photographs depicting mRNA expression of
HIF-1𝛼, BNIP3, caspase-3, Bcl-2, and the cytokines TNF-𝛼 and IL-1𝛽, using RT-PCR in renal tissue extracts from mice treated with saline or
I/R-only or I/R+2ME2 (10mg/kg) or I/R+2ME2 (20mg/kg). 𝛽-Actin was the internal control. The ratios of HIF-1𝛼, BNIP3, caspase-3, Bcl-2,
TNF-𝛼, and IL-1𝛽 to 𝛽-actin are shown (numbers above the top three panels), respectively. Data are representative of three independent
experiments.

of Rel family proteins known to promote the transcription
of key immunomodulatory and proinflammatory genes, such
as TNF-𝛼 and IL-1𝛽 [18]. TNF-𝛼 and IL-1𝛽 upregulated
and released from resident kidney macrophages and renal
parenchymal cells promote organ damage by inducing apop-
tosis and by recruiting neutrophils during renal I/R [5].

We recently reported [18] that 2ME2 attenuated the acti-
vation of inducible NF-𝜅B, which affects the level of TNF-
𝛼 and IL-1𝛽 in LPS-challenged macrophages. In this renal
I/R experimental model, we found that 2ME2 significantly
reduced the protein level of pNF-𝜅B and showed a trend
toward decreasing TNF-𝛼 and IL-1𝛽 mRNA production in
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Figure 4: TUNEL staining of kidneys. Apoptotic cells in the kidneys of each group of mice were determined using TUNEL staining. All
groups: 𝑛 = 6. (a)There is no fluorescent intensity in the control kidney with saline treatment. (b) Apoptotic cells displaying high fluorescence
intensity were detected in sections from I/R-only kidneys; however, (c) the green fluorescence of apoptotic nuclei is rare in tubular epithelial
cells of the kidneys with 2ME2 (20mg/kg) treatment. Sections were observed under a fluorescence microscope (×400). Scale bar is 50 𝜇m.
Representative data are shown. (d) Apoptotic cell counts in kidneys are averages of 10 high power fields (HPFs) from each group of mice. All
groups: 𝑛 = 6. ∗𝑃 < 0.05 compared with control mice and #

𝑃 < 0.05 compared with I/R-only mice.

Table 1: Kidney weight and serum BUN and creatinine levels in renal ischemia/reperfusion (I/R) mice combined with or without 2ME2
treatment.

Sham control I/R-only I/R + 2ME2 (10mg/kg, i.p.) I/R + 2ME2 (20mg/kg, i.p.)
Kidney weight (%) 1.04 ± 0.35 2.16 ± 1.65∗ 1.38 ± 0.67# 1.15 ± 0.43#

BUN (mg/dL) 18.80 ± 1.90 52.70 ± 12.50∗ 28.70 ± 1.70# 21.40 ± 3.50#

Creatinine (𝜇g/dL) 0.14 ± 0.03 1.66 ± 0.14∗ 0.28 ± 0.06# 0.19 ± 0.04#

Sham control: mice undergoing the same procedure without occlusion of the renal pedicle; I/R-only: mice given renal I/R challenge combined with vehicle
(normal saline) treatment; I/R + 2ME2: mice given I/R combined with 2ME2 (10 or 20mg/kg, i.p.) treatment; and i.p.: intraperitoneally. Kidney weight (%):
percentage of body weight of each kidney. Values are mean ± SD. All groups: 𝑛 = 6. ∗𝑃 < 0.05 compared with sham control mice; #𝑃 < 0.05 compared with
I/R-only mice.

the I/R+2ME2-treated groups, while it was increased in
the I/R-only group, which indicates 2ME2’s renoprotective
effect against hypoxic stress. These results support that the
protective effects of 2ME2 in renal I/R injury are provided by
the decreases in proinflammatory cytokines.

Regulating apoptosis and inflammation is also involved
in activating the transcription factor HIF-1𝛼 [16]. Neuron-
specific knockouts of HIF-1𝛼 to hypoxic-ischemic damage
in a global mouse ischemia model suggested that decreasing
the level and loss of the proapoptotic function of HIF-1𝛼
could be neuroprotective [19]. In kidney, hypoxia triggers
the accumulation of HIF-1𝛼 in tubular cells [20]. However,

the accumulation of HIF-1𝛼 may process renoprotective
potentials for increasing oxygen availability [21, 22] and
promoting cellular adaptivemechanisms under different con-
ditions [23]. Although HIF activation leads to the expression
of a variety of adaptive genes in a coordinated manner that
may provide a renoprotective effect, in brain tissue, HIF-
1𝛼 is an essential proapoptotic regulator [17]. In this study,
HIF-1𝛼 expression was concomitant with proinflammatory
cytokines and 2ME2 treatment inhibited HIF-1𝛼 expression
and improved renal function and survival in I/R injury. The
beneficial or detrimental role of HIF-1𝛼 in renal I/R injury
remains to be further investigated.
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Figure 5: 2ME2 reduced expression of HIF-1𝛼, activated caspase-9, and pNF-𝜅B but increased antiapoptotic BCL-xL and BCL-2. Expression
levels of HIF-1𝛼 (a), pNF-𝜅B (b), BCL-2 (c), BCL-xL (d), and activated caspase-9 (e) in kidneys were determined using western blotting
in three groups: sham control: mice undergoing the same procedure without occlusion of the renal pedicle; I/R-only: mice given renal I/R
challenge combined with vehicle (normal saline) treatment; I/R+2ME2: I/R-only mice injected with 2ME2 (10mg/kg, i.p.). 𝛽-Actin was the
internal control. Representative data are shown. All groups: 𝑛 = 6. ∗𝑃 < 0.05 compared with control mice and #

𝑃 < 0.05 compared with
I/R-only mice.

HIF-1𝛼 protein levels that peaked during the initial
reperfusion phase and remained elevated up to 24 h after
hypoxic-ischemic brain injury have been detected [24]. 2ME2
is known to protect rats from ischemic brain injury by
reducing the cortical expression of HIF-1𝛼 and of its down-
stream apoptotic genes, BNIP3 and caspase-3 [17]. HIF-1𝛼 is
expressed and colocalized with BNIP3 and TUNEL-positive
cells [17]. Furthermore, BNIP3 is a dimeric mitochondrial
proapoptotic protein that influences mitochondrial function
in the early apoptotic process and can counteract Bcl-2-
induced inhibition of apoptosis or cytochromeC release from
mitochondria into the cytoplasm [25]. In the present study,
we found that 2ME2 treatment decreased HIF-1𝛼 and BNIP3
expression, which indicates the possibility of using 2ME2 to

downregulate the apoptotic pathway in injured renal tissue.
In addition, expression of the apoptosis-related genes p53 (a
tumor suppressor), caspase-9, and caspase-3 increased in a
time course similar to that of the increase in HIF-1𝛼 produc-
tion after brain ischemic injury [26]. In this global ischemia-
hypotension rat model, HIF-1𝛼 led to apoptosis by binding
with p53 in nuclei, which activates caspase-9 and caspase-3
in the cytosol by releasing cytochrome C. Hence, 2ME2 may
theoretically inhibit proapoptotic pathways by reducing the
HIF-1𝛼 level in ischemic tissue. Our present data showed that
renal cell apoptosis and the expression of activated caspase-9
and caspase-3 were elevated after renal I/R injury. In contrast,
2ME2 treatment attenuated the expression of both caspases
associated with the actions of HIF-1𝛼. This implied that
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Figure 6: 2ME2 reducedROSproduction and increased cell survival in antimycin-A (Aa)-treated renal cells. (a)Direct free radical scavenging
activity of 2ME2 determined by the DPPH radical scavenging assay. Values represent the data of three independent experiments. Vitamin C
was used as a positive control compound. (b)Cells were treatedwith antimycin-A 10 𝜇Mwith saline or 2ME2 (2.5 or 5 𝜇M) for 1 h.Quantitation
of ROS generation in RMCs andNRK52E cells using CM-H2DCFDA assay. (c) RMCs andNRK52E cells were treated with antimycin-A 10𝜇M
with saline or 2ME2 2.5 𝜇M for 16 h. Cell survival was determined using MTT assay. All groups: 𝑛 = 3. #𝑃 < 0.05 compared to untreated
group and ∗𝑃 < 0.05 compared to antimycin-A group.

the therapeutic effect of 2ME2 on the decrease of TUNEL-
positive cells and the preservation of renal tissue could also
act by inhibiting HIF-1𝛼-induced caspase-3 expression, as
previously reported [27]. The renoprotection imparted by
2ME2 in this study is probably via multiple pathways after
renal I/R. We also found that the expression of antiapoptotic
Bcl-2 and Bcl-xL increased after I/R and that the production
of Bcl-2 was promoted with 2ME2 treatment. Elevation of
Bcl-2 andBcl-xL by 2ME2may also inhibit apoptosis [26] and

provide cell protection during I/R injury. However, ischemia
induces HIF-1𝛼 expression both early and late and causes
both apoptosis and cell survival, respectively [16].

ROS is another important mediator in I/R-induced acute
kidney injury. Renal I/R excessively produces ROS, causes
lipid peroxidation, DNA, and protein damage, and leads to
renal cell injury [7, 8]. In this study, we found that 2ME2
can scavenge ROS and reduce chemical hypoxia induced cell
death. As antioxidant treatment has been used to prevent
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AKI in various clinical settings and experimental models [9],
we considered that 2ME2 may play a role as an antioxidant
and anti-inflammatory agent and could have therapeutic
potential in renal I/R injury.

In conclusion, 2ME2 treatment improves renal functional
and mice survival in renal I/R injury. The renoprotective
effects of 2ME2 on renal I/R damage in mice were mediated,
at least in part, by early ROS and cytokine inhibition, which
constrained apoptosis and inflammation. We suggest that
2ME2 might have the potential to prevent acute renal injury
during the clinical events, such as renal transplantation and
major cardiovascular surgery.
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Purpose. To determine the influence of physicochemical parameters on survival in metabolic acidosis (MA) and acute kidney
injury (AKI) patients. Materials and Methods. Seventy-eight MA patients were collected and assigned to AKI or non-AKI group.
We analyzed the physiochemical parameters on survival at 24 h, 72 h, 1 week, 1 month, and 3 months after AKI. Results. Mortality
rate was higher in the AKI group. AKI group had higher anion gap (AG), strong ion gap (SIG), and apparent strong ion difference
(SIDa) values than non-AKI group. SIG value was higher in the AKI survivors than nonsurvivors and this value was correlated
serum creatinine, phosphate, albumin, and chloride levels. SIG and serum albumin are negatively correlated with Acute Physiology
and Chronic Health Evaluation IV scores. AG was associated with mortality at 1 and 3 months post-AKI, whereas SIG value
was associated with mortality at 24 h, 72 h, 1 week, 1 month, and 3 months post-AKI. Conclusions. Whether high or low SIG
values correlate with mortality in MA patients with AKI depends on its correlation with serum creatinine, chloride, albumin,
and phosphate (P) levels. AG predicts short-termmortality and SIG value predicts both short- and long-termmortality amongMA
patients with AKI.

1. Introduction

Metabolic acidosis is an acid-base disorder of the blood
and is an especially challenging condition among patients in
intensive care units (ICUs). The acid-base status of a patient
is most often determined based on standard base excess
(SBE), serum bicarbonate levels, and serum anion gap (AG)
[1]. However, electrolyte and protein abnormalities, such as
hypoalbuminemia and sepsis, can confound the analysis of
such serum biochemical indicators of acid-base disorders [2].

An alternative method of acid-base evaluation has been
proposed by Stewart [3] and was later modified by Figge

et al. [4–6]. This method is based on the analysis of the
strong iondifference (SID), the partial pressure (Pa) of carbon
dioxide in the blood, and the total weak acid concentration
in the serum. The SID is the difference between the levels
of fully dissociated anions and cations in the serum, and
the total weak acid concentration is primarily determined
by albumin and phosphate, which influence blood pH and
the concentration of bicarbonate.The analysis of these serum
parameters allows the identification of acid-base disorders in
complex clinical situations which might otherwise confound
their identification based on AG and bicarbonate level alone
and provides insight regarding the underlying pathology [7].
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Recent studies have used this method to evaluate metabolic
acid-base disorders in critically ill patients under various
conditions [8, 9].

Although the physicochemical theory proposed by Stew-
art has served as the basis for understanding the mechanisms
of metabolic acid-base disorders, it remains unclear how
the physicochemical factors involved in metabolic acidosis
influence mortality in critically ill patients with acute kidney
injury (AKI). In our current study, we evaluated the prognosis
of ICU patients with metabolic acidosis based on their
SimplifiedAcute Physiology Score (SAPS-II) and their results
on the Acute Physiology and Chronic Health Evaluation-
(APACHE-) II and IV, and we examined the influence of the
apparent strong ion difference (SIDa), strong ion gap (SIG),
AG, and corrected anion gap (CAG) onmortality at 24 h, 72 h,
one week, one month, and 3 months post-AKI.

2. Materials and Methods

2.1. Study Population. We performed a prospective obser-
vational cohort study in the nephrology intensive care unit
(ICU) of an urban hospital from February 18 to August
17, 2012. Our study was approved by the local ethics com-
mittee. The requirement for informed consent was waived
because our study did not interfere with routine clinical
measurements. Our study cohort included 78 adult, critically
ill patients with metabolic acidosis, defined as blood pH less
than 7.35 and an SBE of −5 or less, that was present at the time
of ICU admission or developed during their hospitalization.
The APACHE-II and -IV were administered, and the SAPS-
II were recorded for each patient. Patients were grouped into
the AKI and non-AKI groups. Data for the non-AKI group
were compared with those of the AKI group.The data for the
survivors (𝑛 = 20) and nonsurvivors (𝑛 = 20) in the AKI
group were compared to examine the relationship between
the physicochemical parameters and mortality at 24 h, 72 h,
1 week, 1 month, and 3 months following the onset of AKI.
Standard ICU care was provided to each patient to maintain
hemodynamic conditions, and renal replacement therapywas
administered as needed.

2.2. Definition of AKI. We used the RIFLE criteria (risk,
injury, failure, loss, and ESRD) to classify the patients accord-
ing to their creatinine levels [10]. The baseline creatinine
level of each patient was defined as the lowest value recorded
during the 1-month period immediately preceding their ICU
admission. If their preadmission creatinine levels were not
available, the Modification of Diet in Renal Disease equation
[11] was used to define their baseline creatinine level, based
on an estimated lower limit for normal baseline glomerular
filtration rate of 75mL/min. Although some patients have
no recorded creatinine prior to AKI, they all have RIFLE-
injury and failure status at the time of AKI, whichmade them
unlikely to be misclassified by MDRD equation.

2.3. Measurements. All acid-base variables and clinical data
were collected from electronic patient charts. Arterial lactate,
hemoglobin, and serum levels of albumin, creatinine, and

various electrolytes, including Na+, K+, Ca2+, Mg2+, Cl−, and
HPO
4

2−, were recorded for each patient. Blood pH and the
partial pressures of oxygen and carbon dioxide in the blood
(PaO
2
and PaCO

2
) were measured using a RapidLab Blood

Gas Analyzer (Bayer Healthcare, Leverkusen, Germany).The
blood bicarbonate level was calculated by using the Siggaard-
Andersen formula, which is based on the Henderson-
Hasselbalch equation, as pH = 6.1 + log ([HCO

3

−]/[CO
2
]),

where [CO
2
] = 0.0301 × PaCO

2
. The SIDa, SIDe, SIG, AG,

albumin, and albumin corrected CAG were calculated as
follows, with electrolyte concentrations expressed in meq/L:
SIDa = [Na+] + [K+] + [Ca2+] + [Mg2+] − [Cl−] − [lactate];
SIDe = 12.2 × PaCO

2
[(mmHg)/(10pH)] + {[albumin (g/L)] ×

[0.123 × pH − 0.631] + [HPO
4

2−(mmol/L)] × [0.309 × pH −
0.469]}; SIG = SIDa − SIDe; AG = [Na+] − [Cl−] − [HCO

3

−];
and CAG = AG + {(2.5)(4 − [albumin (g/L)]}.

2.4. Statistical Analysis. Data are presented as means and
standard deviations for continuous variables and as a percent-
age for categorical variables. The distributions of continuous
variables were examined by the Shapiro-Wilk test. Student’s t-
test,Wilcoxon rank-sum test, and chi-square test were used to
compare characteristics in those with or without acute kidney
injury and in those who survive or not. Pearson’s correlation
was used to assess the relationship of the parameters with
clinical characteristics and mortality. A two-tailed 𝑃 value
below 0.05 was considered significant. Statistical analyses
were performed using the Statistical Package for the Social
Sciences (SPSS/PC; SPSS, Inc., Chicago, IL, USA).

3. Results

The characteristics of the AKI and non-AKI patients with
metabolic acidosis are summarized in Table 1. The AKI (𝑛 =
40) and non-AKI (𝑛 = 38) patients were similar with respect
to age (72.5 ± 17.9 versus 67.3 ± 10.4, 𝑃 = 0.12), sex
(men/women; 22/18 versus 18/20, resp., 𝑃 = 0.5), blood pH
(7.20 ± 0.15 versus 7.22 ± 0.11, 𝑃 = 0.42), SBE (−13.68 ±
6.31 versus −11.86 ± 3.88, 𝑃 = 0.098), serum albumin level
(2.95 ± 0.60 versus 2.89 ± 0.0.57, 𝑃 = 0.65), and serum lactate
level (67.3 ± 61.7 versus 63.3 ± 42.2, 𝑃 = 0.743). Sepsis was
diagnosed in a majority of the patients.

The levels of BUN, Cr, uric acid, and phosphate; theWBC
count; mortality; the AG, SIDa, and SIG values; and the
APACHE scores of the AKI group were higher than those of
the non-AKI group (Table 1). We evaluated the effects of the
laboratory parameters on survival in patients with metabolic
acidosis who developed AKI (Table 2).The SIDa (37.24±4.78
versus 32.159 ± 8.89, 𝑃 < 0.005), SIG (20.85 ± 6.71 versus
13.35±6.18, 𝑃 < 0.15), AG (23.82±11.31 versus 17.15±5.87,
𝑃 < 0.05), and Cr (7.1 ± 3.7 versus 4.4 ± 2.56, 𝑃 < 0.05)
values were all significantly higher among the AKI survivor,
compared with those of the nonsurvivors (Table 2).

In the AKI group, the SIG value positively correlated
with the serum levels of phosphate, creatinine, and albumin
and negatively correlated with the serum level of chloride
(Figure 2).TheAPACHE IV scores negatively correlated with
the SIG value (𝑟 = −0.403, 𝑃 < 0.05) and the serum level
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Table 1: Characteristics of the ICU patients with metabolic acidosis.

Nonacute kidney injury (n = 38) Acute kidney injury (n = 40) P
Age (y) 67.3 ± 10.4 72.5 ± 17.9 0.120
Sex (M : F)∗ 18 : 20 22 : 18 0.5
WBC count 13152 ± 4364 17496 ± 10664 0.022
Hct 33.71 ± 5.52 32.28 ± 6.94 0.319
BUN 42.1 ± 18.6 91.7 ± 54.8 <0.0001
Cr 2.16 ± 0.91 5.73 ± 3.46 <0.0001
Glucose 213 ± 194 276.7 ± 257.0 0.219
Uric acid 7.39 ± 2.70 9.82 ± 3.56 0.001
Lactate 63.3 ± 42.2 67.3 ± 61.7 0.743
albumin 2.89 ± 0.57 2.95 ± 0.60 0.650
Bilirubin 2.02 ± 2.22 1.75 ± 2.58 0.623
Na (meq/L) 139.41 ± 4.8 142.03 ± 10.05 0.150
K (meq/L) 4.39 ± 0.77 5.04 ± 1.59 0.024
Cl (meq/L) 108.7 ± 6.4 104.4 ± 10.9 0.036
Ca (meq/L) 8.3 ± 0.5 7.8 ± 1.2 0.023
Mg (meq/L) 2.43 ± 0.48 2.81 ± 0.84 0.017
Phosphate (meq/L) 5.2 ± 1.4 7.2 ± 3.4 0.001
pH 7.219 ± 0.110 7.195 ± 0.152 0.417
PaCO2 31.96 ± 5.72 31.71 ± 11.14 0.903
PaO2 174.79 ± 92.57 121.63 ± 61.66 0.004
HCO3 14.73 ± 2.92 12.89 ± 4.66 0.041
SBE −11.68 ± 3.88 −13.68 ± 6.31 0.098
APA II 24.3 ± 4.7 32.1 ± 7.2 <0.0001
APA IV 98 ± 17.7 112.5 ± 30.4 0.013
aSID 28.70 ± 4.94 34.75 ± 7.61 <0.0001
SIG 10.62 ± 3.20 17.15 ± 7.63 <0.0001
AG 15.63 ± 5.01 20.42 ± 9.51 0.007
CAG 11.65 ± 4.96 15.87 ± 9.21 0.015
∗Chi-square test.
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Figure 1: Survival and mortality among AKI patients according to
their blood physiochemical parameters.

of albumin (𝑟 = −0.345, 𝑃 < 0.05; Table 3). The SIG value
and the serum creatinine and albumin levels decreased with
increasing APACHE IV scores, whereas the serum chloride
level increased.We also found a negative correlation between

serum bicarbonate levels with SIG levels (𝑟 = −0.40, 𝑃 <
0.05), AG (𝑟 = −0.63, 𝑃 < 0.01), and cAG (𝑟 = −0.59,
𝑃 < 0.01). cAG and AG are found to be more significantly
correlated with bicarbonate than SIG. The results of the
Pearson correlational analysis of the relationship between
mortality and SIG, AG, and CAG at 24 h, 72 h, 1 week, 1
month, and 3months post-AKI are shown in Table 4.TheAG
was strongly associated with mortality at 1 and 3months after
the onset of AKI. However, SIG was more closely associated
with mortality at 24 h, 72 h, 1 week, 1 month, and 3 months
following the onset of AKI. Thus, SIG was a better predictor
of overall mortality than AG or CAG in acidotic patients with
AKI.

4. Discussion

In our current study, we examined whether blood physic-
ochemical parameters influenced survival in critically ill
patients with metabolic acidosis and AKI. In these patients,
higher plasma Cr, AG, and plasma SIDa and SIG values were
associated with a higher survival rate. The SIG value corre-
latedwith serum levels of phosphate, creatinine, albumin, and
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Table 2: Grouping of acute kidney injury patients by survival and mortality.

Survival (n = 20) Mortality (n = 20) P
Age (y) 68 ± 18.4 77 ± 16.6 0.111
Na (meq/L) 141.15 ± 7.9 142.9 ± 11.9 0.589
K (meq/L) 4.9 ± 1.24 5.2 ± 1.9 0.146
Cl (meq/L) 101.9 ± 10.1 107 ± 11.2 0.139
BUN 105.7 ± 52.9 77.7 ± 54.4 0.107
Cr 7.1 ± 3.7 4.4 ± 2.56 0.011
Glu 287.3 ± 227 278.1 ± 285.2 0.911
Ca (meq/L) 7.97 ± 1.24 7.63 ± 1.21 0.392
Mg (meq/L) 2.69 ± 0.75 2.93 ± 0.93 0.364
P (meq/L) 7.35 ± 4.23 7.14 ± 2.49 0.849
Uric acid 9.26 ± 3.12 7.14 ± 2.49 0.322
Lactate 63.1 ± 70.04 71.4 ± 53.6 0.675
Albumin 3.28 ± 0.48 2.63 ± 0.54 <0.001
Bilirubin 1.5 ± 2.14 2.0 ± 2.99 0.547
pH 7.18 ± 0.18 7.21 ± 0.12 0.481
PaCO2 28.28 ± 10.48 35.14 ± 10.96 0.05
PaO2 124.3 ± 65.18 118.96 ± 59.51 0.788
HCO3 11.63 ± 5.33 14.15 ± 3.57 0.087
SBE −14.99 ± 7.49 −12.37 ± 4.71 0.195
Hct 32.96 ± 7.98 31.59 ± 5.93 0.540
WBC count 18661.5 ± 11337.4 16331.5 ± 10106.4 0.497
APS 80.9 ± 21.5 111.1 ± 23.1 <0.001
APA. II 29.35 ± 7.68 34.8 ± 5.54 0.015
APA. IV 94.4 ± 24.4 130.6 ± 24.8 <0.001
a SID 37.24 ± 4.78 32.15 ± 8.89 0.032
SIG 20.85 ± 6.71 13.35 ± 6.18 0.001
AG 23.82 ± 11.31 17.15 ± 5.87 0.026
CAG 18.6 ± 11.24 13.13 ± 5.65 0.059

chloride in the AKI group. We also found that, while the SIG
value and the levels of creatinine and albumin decreased, the
serum level of chloride increased with increasing APACHE
IV scores. The AG was strongly associated with mortality at 1
and 3 months post-AKI. However, the SIG was the strongest
predictor of mortality at 24 h, 72 h, 1 week, 1 month, and 3
months post-AKI.

In theAKI andnon-AKI groups, blood pH, SBE, albumin,
and lactate were not significantly different. Mortality; WBC
count; APACHE IV score; BUN; serum levels of Cr, potas-
sium, uric acid, and phosphate; and the AG, SIDa, and SIG
values were higher in the AKI group than the non-AKI group
(Table 1). Metabolic acidosis is common in AKI patients and
is associated with higher mortality. The major renal defense
against metabolic acidosis is the net urinary excretion of
strong anions, such as chloride, and the retention of strong
cations [3]. Metabolic acidosis may be related to an impaired
ability to excrete strong anions in the urine [12], resulting in
an accumulation ofmetabolic acids, such as orotic acid, oxalic
acid, and kynurenic acid [13]. Although CAG and AG have
more significant correlation with bicarbonate than SIG, SIG
was also found to be negatively correlated with HCO

3

− levels
(𝑟 = −0.632, 𝑃 < 0.05), since SIG is also affected by other

anions, including uremic toxins and phosphate. We found
that SIG value was associated with serum phosphate levels in
AKI patients (𝑃 < 0.05). Uric acid was significantly higher
in the AKI group than the non-AKI group, which might
have contributed to the SIG values of the AKI patients. We
also observed significant incidences of hypochloremia and
hypocalcemia in the AKI group. Hypochloremia and high
SIDa in the AKI group might have been the result of less
liberal fluid policy in that group, which is consistent with the
findings of a recent study [12].

In our current study, we analyzed how the blood physic-
ochemical parameters influenced the risk of mortality in
critically ill patients with metabolic acidosis at 24 h, 72 h, 1
week, 1 month, and 3 months following the onset of AKI.The
serum level of Cr and the values of SIDa, SIG, and AG were
significantly higher among the survivors in the AKI group,
compared with those of the nonsurvivors (Figure 1; Table 2).
A higher SIDa value was associated with survival in the AKI
group, which is consistent with the findings of a previous
observational study of ICU patients [14]. The increased SIDa
values among our AKI patients may have been the result
of reductions in serum chloride that were not statistically
significant (Figure 2(d)). Such differencesmight be explained
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Table 3: Pearson correlation in acute kidney injury patients.

SIG r (P) AG r (P) CAG r (P) SBE r (P) Lactate acid r (P) Phosphate r (P) Albumin r (P)
Age (y) −0.045 (0.785) −0.134 (0.409) −0.099 (0.544) 0.119 (0.465) −0.084 (0.606) 0.003 (0.986) −0.059 (0.719)
Sex −2.69 (0.093) −0.317 (0.046) −0.341 (0.031) 0.052 (0.750) −0.183 (0.257) −0.187 (0.247) −0.144 (0.374)
WBC count 0.328 (0.039) 0.717 (<0.001) 0.641 (<0.001) −0.476 (0.002) 0.504 (0.001) 0.035 (0.832) 0.002 (0.989)
Hct 0.128 (0.431) 0.208 (0.198) 0.244 (0.129) −0.040 (0.807) 0.285 (0.074) −0.142 (0.383) 0.015 (0.929)
BUN 0.574 (<0.001) 0.123 (0.449) 0.087 (0.593) 0.101 (0.537) −0.472 (0.002) 0.447 (0.004) 0.377 (0.016)
Cr 0.526 (<0.001) 0.199 (0.219) 0.151 (0.353) −0.027 (0.868) −0.326 (0.04) 0.416 (0.008) 0.311 (0.051)
K 0.396 (0.011) 0.110 (0.5) 0.172 (0.288) −0.009 (0.955) −0.137 (0.4) 0.347 (0.028) 0.233 (0.148)
Cl −0.152 (0.348) −0.314 (0.048) −0.252 (0.116) 0.069 (0.671) −0.157 (0.333) −0.183 (0.262) −0.162 (0.318)
APA II −0.013 (0.935) 0.193 (0.234) 0.199 (0.219) −0.156 (0.338) 0.258 (0.108) 0.067 (0.682) −0.072 (0.659)
APA IV −0.403 (0.010) −0.114 (0.485) −0.047 (0.775) −0.027 (0.868) 0.337 (0.034) −0.254 (0.114) −0.345 (0.029)
Phosphate 0.49 (<0.001) 0.261 (0.104) 0.120 (0.461) −0.206 (0.201) −0.122 (0.452) 1 0.281 (0.079)
Uric acid 0.146 (0.368) 0.124 (0.446) 0.107 (0.511) −0.105 (0.520) −0.022 (0.893) 0.423 (0.007) 0.124 (0.446)
Lactate −0.046 (0.777) 0.645 (<0.001) 0.676 (<0.001) −0.532 (<0.001) 1 −0.122 (0.452) −0.060 (0.711)
albumin 0.547(<0.001) 0.392 (0.012) 0.258 (0.108) −0.187 (0.247) −0.060 (0.711) 0.281 (0.079) 1

Table 4: Pearson correlation of mortality with SIG, AG, and CAG.

Nonselected (n = 78) Acute renal failure (n = 40)
SIG AG CAG SIG AG CAG

Day 1 −0.285∗ 0.081 0.097 −0.227 −0.037 −0.017
Day 3 −0.222 −0.126 −0.125 −0.347∗ −0.230 −0.222
1 wk −0.229 −0.087 −0.099 −0.362∗ −0.189 −0.196
1mo −0.292∗ −0.139 −0.122 −0.465∗∗ −0.346∗ −0.310
3mos −0.400∗∗ −0.113 −0.079 −0.512∗∗ −0.355∗ −0.301
Overall Mortality −0.328∗ −0.417∗∗ −0.370∗∗ −0.512∗∗ −0.355∗ −0.301
∗Correlation is significant at P < 0.05.
∗∗Correlation is significant at P < 0.01.

by better chloride excretion among the survivors in the
AKI group. This was consistent with a previous study where
ICU survivors demonstrated a greater ability to progressively
adjust their metabolic acid-base profile through chloride
excretion, compared with that of their counterparts who did
not survive [14]. Since survivors have lower chloride with
higher creatinine level, it may also deduce that an earlier
recognition of fluid status and appropriate fluid restriction
policy have been given in these patients.

The patients in our study who survived AKI had higher
serum creatinine levels and higher SIG values than those of
the nonsurvivors. A positive correlation between SIG and
Cr was also noted (Figure 2(b)) in the AKI patients. The
correlation between a lower serum creatinine level and mor-
tality may be explained by the dilution of serum creatinine
resulting from volume overload or reduced muscle mass in
the nonsurvivors. This positive correlation between serum
creatinine and survival in our study is consistentwith findings
of previous studies [15–17]. Although more strong ions were
observed under septic conditions [18], sepsis was not associ-
ated with a higher SIG value for same level of creatinine [12].
Therefore, a high SIG may be secondarily related to impaired
renal function in patients with an increased level of creatinine
as a result of decreased renal clearance of unmeasured anions,
such as sulfate, rather than chloride or sepsis related anions

[19, 20]. The SIG levels in the AKI patients in our study may
also be influenced by the underlying disease condition and
therapeutic measures. The significantly higher concentration
of serum albumin, which contributed to higher SIG, might
have reduced the alkalinizing effect of hypoalbuminemia
and contributed to acidosis in the surviving AKI patients
(Figure 2(c)).This finding is consistent with those of previous
studies [8, 12]. Although the AG was higher among the AKI
survivors, their albumin corrected AG was not significantly
different from that of the nonsurvivors, which may have
been the result of significant hypoalbuminemia among the
nonsurvivors. With partially compensatory hyperchloremia,
hypoalbuminemic metabolic alkalosis may have contributed
to less acidotic conditions in the nonsurvivors. Therefore,
severe malnutrition and the alkalinizing effect of hypoalbu-
minemiamight havemasked the presence of pathologic acids
and delayed effective interventions in AKI patients who did
not survive.

Multiple scoring systems, including theAPS, APACHE II,
and APACHE IV, have been used widely in clinical practice
to predict outcome in ICU patients [21, 22]. We used the
APS, APACHE II, and APACHE IV to evaluate prognoses
and analyzed the correlation between these clinical variables
and blood physicochemical parameters. Previous studies
have shown that a higher SIG value is a better predictor of
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Figure 2: Association of plasma SIG values with (a) serum phosphate, (b) creatinine, (c) albumin, and (d) chloride in AKI patients.

mortality than SBE, AG, and serum lactate [23–26]. However,
the result of one previous study did not support such findings
[27]. Our non-AKI acidotic patients had lower SIG values
than the AKI patients, whereas other acid-base parameters
were similar between the 2 groups. Higher SIG correlated
with higher APACHE-II and -IV scores in the non-AKI
group. However, in the AKI group, the APACHE-IV scores
negatively correlated with the SIG value (𝑟 = −0.403, 𝑃 <
0.05) and the level of serum albumin (𝑟 = −0.345, 𝑃 <
0.05). We also found that the SIG value and the serum
levels of creatinine and albumin decreased with increasing
APACHE-IV scores, whereas the chloride levels increased
with increasing APACHE-IV scores (Table 3). This finding
indicates that higher Cr, SIG, and albumin and lower chloride
levels are indicative of a better prognosis and survival in
AKI patients. In the correlational analysis of the relationship
between mortality and SIG, AG, and CAG over time, AG
was associated with mortality at 1 and 3 months post-AKI
(Table 4). However, SIGwas associated withmortality at 24 h,
72 h, 1 week, 1 month, and 3 months post-AKI.Thus, SIG was

a better predictor of overall mortality than AG and CAG in
acidotic patients with AKI.

Our findings are subject to certain limitations. First, the
size our cohort was relatively small and included only patients
withmetabolic acidosis at the time of ICUadmission. Second,
the underlying mechanism of AKI was not determined in
our patients. Third, we did not perform an analysis of the
serial physicochemical data because data on fluid, sodium,
and chloride intake and output were not recorded before and
after ICU admission. However, to the best of our knowledge,
this is the first investigation of the prognostic value of blood
physicochemical parameters as predictors of AKI survival in
patientswithmetabolic acidosis at the time of ICUadmission.

5. Conclusions

Weperformed an analysis ofmortality based on Stewart acid-
base parameters in critically ill metabolic acidosis patients
with AKI. Given that the SIG value and the serum levels



BioMed Research International 7

of creatinine, chloride, and albumin correlated with the
APACHE-IV scores and mortality in the AKI patients, their
fluid and nutritional statuses may play a vital role in their
survival. Whether a high or low SIG value correlates with
mortality in patients with metabolic acidosis and acute renal
failure depends on the serum levels of creatinine, chloride,
albumin, and phosphate. The SIG value may be a better
predictor of both short- and long-term mortality from 24 h
to 3 months post-AKI, whereas the AG value may predict
mortality at 1 and 3 months only. Moreover, the SIG value
is a better predictor of overall mortality than the AG and
CAG values in AKI patients. Thus, the evaluation of blood
physiochemical factors should be considered for monitoring
and predicting the prognosis of critically ill patients with
metabolic acidosis and AKI.
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Regional anticoagulation with citrate is an alternative to heparin in continuous renal replacement therapies, which may prolong
circuit lifetime and decrease hemorrhagic complications. A retrospective comparative cohort study based on a prospective
observational registry was conducted including critically ill children undergoing CRRT. Efficacy, measured as circuit survival, and
secondary effects of heparin and citrate were compared. 12 patients on CRRT with citrate anticoagulation and 24 patients with
heparin anticoagulation were analyzed. Median citrate dose was 2.6mmol/L. Median calcium dose was 0.16mEq/kg/h. Median
heparin dose was 15UI/kg/h. Median circuit survival was 48 hours with citrate and 31 hours with heparin (𝑃 = 0.028). 66.6% of
patients treated with citrate developed mild metabolic alkalosis, which was directly related to citrate dose. There were no cases of
citrate intoxication: median total calcium/ionic calcium index (CaT/I) of 2.16 and a maximum CaT/I of 2.33, without metabolic
acidosis. In the citrate group, 45.5% of patients developed hypochloremia and 27.3% hypomagnesemia. In the heparin group, 27.8%
developed hypophosphatemia.Three patients were moved from heparin to citrate to control postoperatory bleeding. In conclusion
citrate is a safe and effective anticoagulation method for CRRT in children and it achieves longer circuit survival than heparin.

1. Introduction

Continuous renal replacement therapies (CRRT) are the
most commonly used renal replacement therapies in crit-
ically ill patients with acute renal failure [1, 2]. Effi-
cacy of these therapies is directly related to the running
time of the circuit. The most common complication is
early clotting of the filter. Prolonged circuit survival is
very important, as filter clotting can have several negative
effects: decreased efficacy of treatment, increased blood
loss (especially in smaller patients), haemodynamic insta-
bility during reconnection, and, of course, increased costs
[1, 2].

Several anticoagulation protocols have been used in
CRRT. Heparin has been normally used for anticoagulation

in Europe. Regional anticoagulation with citrate has been
proposed for critically ill patients for whom systemic anti-
coagulation is discouraged. Regional citrate anticoagulation
(RCA) is associated with a lower incidence of bleeding [2]. It
is a safer alternative than heparin for high risk of bleeding
patients and a good alternative for patients with heparin-
induced thrombopenia (HIT). In addition, available scien-
tific evidence suggests that RCA prolongs circuit survival
[2].

However, few observational studies have been published
about citrate anticoagulation in pediatric patients [3, 4] and
no one has compared the efficacy of heparin and citrate for
anticoagulation in critically ill children on CRRT. This is the
objective of our study.
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Figure 1: Regional citrate anticoagulation figure. (a) Calcium administration in a different central vein; (b) calcium administration in the
circuit return.

2. Material and Methods

A retrospective comparative cohort study based on a
prospective observational registry was conducted includ-
ing critically ill children undergoing CRRT treated with
citrate and heparin. The study was approved by the
local Institutional Review Board. We included all patients
treated with citrate. To improve statistical power each
patient treated with citrate was coupled with two patients
treated with heparin that used the same type of filter.
Patients requiring ECMO at the time of hemofiltration were
excluded.

A Prismaflex device (Gambro, Spain) was used for CRRT
in all patients. Catheters between 4 F and 11 F were used
depending on the age and weight of the child, using the same
criteria for patients treated with citrate and heparin antico-
agulation: 5 F dual-lumen catheters were used in children
weighing less than 5 kg, 6.5 F dual-lumen catheters in patients
between 5 and 15 kg, and 8 F to 11 F catheters in patients
weighing over 15 kg. The femoral vein was catheterized
in 83% of patients and the jugular vein in 17% of them.
Hollow-fibre haemofilters were used, depending on the body
surface area of the patient and on the pump employed.
PolyarylethersulfoneHF20 0.2m2 filters (Gambro) were used
in children weighing less than 5 kg, M60 (Gambro) 0.6m2 in
patients weighing between 5 and 35 kg, and M100 (Gambro)
0.9m2 in children weighing over 35 kg. In both anticoag-
ulation methods, blood flow was programmed between 3
and 6mL/kg/hour according to patient weight, catheter size,
and filter surface. The composition of the solutions used
is presented in Table 1. The commercially prepared citrate
solution (Prismocitrate, Gambro, Spain) was administered
prefilter ahead of the blood pump (Figure 1). Two different

citrate solutions were used: 12mmol/L in the first four
patients and 18mmol/L in the other patients. An initial citrate
concentration of 2.5mmol/L was used for a target postfilter
ionized calcium of 0.25 to 0.35mmol/L. Calcium-free dialysis
solutions were used (PrismOcal, Gambro, Spain). To avoid
deaeration chamber coagulation a low-flow postfilter infu-
sion with a calcium-free solution was also used (Clear-Flex,
Baxter International).

Citrate effect was neutralized using a continuous calcium
infusion, calcium gluconate 10% 50/50 with glucose 5% in a
50mL syringe (0.22mEq/mL; 0.11mmol/mL).An initial infu-
sion rate of 0.5mL/kg/h (0.11mEq/kg/h or 0.06mmol/kg/h)
was used to maintain ionized calcium blood levels between
1.1 and 1.3mmol/L (samples were taken every hour for the
first four hours and every eight hours afterwards; patient
calcium levels were also checked one hour after any change
in blood flow, citrate concentration, or dialysis). Calciumwas
initially infused through the return line of the circuit (in
the first 8 patients), but an increase of catheter malfunction
was observed, so the protocol was changed and calcium
infusion was administered through a different central venous
line (according to some protocols in adult patients [5]), after
which the incidence of catheter malfunction returned to pre-
vious rates (Figure 1(a)). Onlywhen a separate central I.V. was
not available, did we administer a calcium infusion through
the return line of the circuit (Figure 1(b)). In the heparin
anticoagulation protocol a 50UI/kg bolus was administered
during the connection along with a continuous heparin
sodium of 10–20UI/kg/h to achieve a postfilter activated
clotting time (ACT) between 160 and 180. Phoxilium was
used as a substitution and dialysis solution, except in the case
of hyperkaliemia (𝐾 > 5.5) or hyperphosphatemia (𝑃 >
7mg/dL). In those cases Hemosol BO was used. Substitution
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Table 1: Composition of the solutions.

PrismOcal PrismOcal B22 Prismocitrate Hemosol B0 Clear-flex D6 Phoxilium
10/2 18

Volume 5000mL 5000mL 5000 5000 5000mL 3000mL 5000mL
Na mmol/L 140 140 136 140 140 140 140
K mmol/L 0 4 0 0 0 0 4
Cl mmol/L 106 120 106 86 109.5 100 115.9
Ca mmol/L 0 0 0 0 1.75 0 1.25
Mg mmol/L 0.5 0.75 0 0 0.5 0 0.6
CO3H 32 22 0 0 32 40 30
Lactate 3 3 0 0 3 0 0
Glucose mg/dL 0 109.8 0 0 0 0 0
Phosphate mmol/L 0 0 0 0 0 0 1.2
Citrate/citric acid mmol/L 10/2 18/0

Administration route Dialysis Dialysis IV PBP∗ IV PBP∗ Postfilter
substitution

Pre- or postfilter
substitution

Postfilter
substitution

∗PBP: placed in a pump before blood pump.

Table 2: Clinical characteristics of children treated with heparin and citrate.

Citrate Heparin
𝑃

Median (IQR) Median (IQR)
Age (months) 36.0 (5.6–103.7) 33.0 (5.6–84.0) 0.882
Weight 13.4 (6.8–28.8) 9.8 (6.3–19.8) 0.585
PRISM (% of mortality) 12.6 (3.4–20.8) 10.0 (6.4–31.4) 0.716
PIM (% of mortality) 16.6 (6.9–22.6) 10.6 (5.5–20.4) 0.431
MOF 3 (3–3.75) 3 (3-4) 0.681
PELOD (% of mortality) 11 (11–21) 21 (12.25–22) 0.145
Lactic acid 2.5 (1.3–6.8) 1.4 (1.0–2.4) 0.075
Inotropic score 40 (18–54) 38 (4–53) 0.540
Mechanical ventilation 91.7% 81.8% 0.635
Mortality 25% 25% 1.000
IQR: interquartile range. MOF: multiorgan failure.

flow was programmed initially at 20mL/kg/hour and dialysis
flow was added according to the needs of the patient.

Administered dose of heparin and citrate, mean survival
of filter, and secondary effects were recorded. Efficacy, mea-
sured as circuit survival, and secondary effects of heparin and
citratewere compared. Citrate accumulationwas suspected in
the case of metabolic acidosis and low ionized calcium levels
with an increase in the total calcium/ionic calcium index
(CaT/I) ≥ 2.5 [6].

Data are expressed as medians and interquartile ranges
(IQR). A Kaplan-Meier survival analysis was performed so
as to estimate the circuit lifetime probability according to the
different anticoagulation modalities.

3. Results

Between January 2011 and February 2013 regional citrate anti-
coagulation was used in 12 patients. The last 24 patients that
used the same type of filter but used heparin anticoagulation

onCRRTwere analysed.Most patients in both groupswere in
the postoperative period of cardiac surgery (83.3% in citrate
group and 58.3% in heparin group). Other diagnoses were
postoperative period of abdominal surgery, sepsis, and tumor
lysis syndrome.The clinical characteristics of the patients are
shown in Table 2. The median age was 36 months in citrate
group and 33 months in the heparin group (𝑃 = 0.882).

Most patients in both groups had a femoral access (83%
in citrate group and 71% in heparin group) and the most
frequently used catheter was the 6.5 FR. There were no
differences in inotropic score and risk of mortality scores
between the two groups (Table 2). Mortality rate was the
same in both groups: 25%. The median stay in the PICU
for those who survived was 17 days in the citrate group
and 22 days in the heparin group (no significant differ-
ence). Characteristics of CRRT in both groups are shown in
Table 3.

In the citrate group 6 patients used 23 HF20 (0.2m2)
filters; in heparin group 12 patients used 59 HF20 filters. The
M60 (0.6m2) was used in 4 patients in the RCA group (6
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filters) and in 8 patients in heparin group (29 filters). Finally,
the M100 (0.9m2)was used in 2 citrate patients (5 filters) and
in 4 heparin patients (8 filters).

Median treatment duration was not statistically different
(𝑃 = 0.736) between both groups: 155 hours for the citrate
group and 166 hours for the heparin group. The median
dose of citrate was 2.6mmol/L (IQR 2.3–2.9), with a median
flow of 67mL/kg/h for the Prismocitrate 10/2 solution and
28.1mL/kg/h for the Prismocitrate 18/0 solution. The final
citrate dose was 2.9mmol/L (IQR 2.5–3.2). Calcium was
initially infused through the return line of the circuit (in the
first 8 patients), but an increase of catheter malfunction was
observed, so the protocol was changed and calcium infusion
was administered through a different central venous line.
Median final calcium dose was 0.16mEq/kg/h (IQR 0.13–
0.22). Amedian of 2 changes (IQR1-5.5) in calcium doses and
13 hours (IQR 10.25–36) were necessary to achieve the final
calcium dose. Infants (<12 kg) required slightly higher doses
of calcium than older children (0.17mEq/kg/h, IQR 0.16–0.22
versus 0.13mEq/kg/h, IQR 0.10–0.15).

The median anticoagulant dose in the heparin antico-
agulation group was 15UI/kg/hour (IQR 12–25UI/kg/hour).
Total CRRT dose (sum of substitution, dialysis, citrate, and
extraction flows) per kilogramwas higher in the citrate group,
but the difference was not statistically significant (69 versus
59mL/kg/hour; 𝑃 = 0.154).

Median circuit survival was 48 hours (IQR 31.0–93.7)
in the citrate group and 31.0 hours (IQR 15.5–71.0) in
the heparin group (𝑃 = 0.028). In Figure 2 the Kaplan-
Meier circuit survival curve comparing citrate and heparin is
shown.

The 12mmol/L citrate solution had a median filter dura-
tion time of 60 hours (IQR 45–101) which was slightly
higher, but not statistically significant (𝑃 = 0.075), than
the 18mmol/L citrate solution at 44 hours (IQR 24–84). The
causes of circuit replacement in the citrate group compared
to the heparin group are shown in Table 4.

Clotting was the main cause of circuit change in heparin
filters (76.4% versus 18.8% in the citrate group; 𝑃 < 0.01).
On the other hand, regularly scheduled filter change was
more common (31.3%) with citrate anticoagulation than
with heparin (11%; 𝑃 < 0.01). 66.6% of patients treated
with citrate developed mild metabolic alkalosis and it was
directly related to citrate dose (𝑟 = 0.665, 𝑃 = 0.036). In
comparison with heparin, citrate anticoagulation produced
more hypochloremia (45.5% versus 0%; 𝑃 < 0.01) and
hypomagnesemia (27.3% versus 0%;𝑃 = 0.045) than heparin.
In the heparin group there was more hypophosphatemia
(27.8% versus 0%; 𝑃 = 0.06).

There were no cases of citrate accumulation (high anion
gap metabolic acidosis and low ionized calcium levels).
Median total calcium/ionic calcium index (CaI) was 2.16
(IQR 2.08–2.25), and maximum CaI was 2.33, without
metabolic acidosis.

The evolution of platelet levels in both groups during
treatment is presented in Figure 3.

Both groups experienced a nonsignificant drop in platelet
levels in the first 24 hours, but afterwards there was a

Su
rv

iv
al

 d
ist

rib
ut

io
n 

fu
nc

tio
n

1.0

0.8

0.6

0.4

0.2

0.0

Duration (hours)
80h60h40h20h0h

Citrate
Heparin
Censored

Figure 2: Kaplan-Meier circuit survival curve comparing citrate and
heparin.

0
20000
40000
60000
80000

100000
120000
140000
160000
180000
200000
220000
240000
260000
280000

Initial
platelets

Citrate
Heparin

24 hour
platelets

48 hour
platelets

72 hour
platelets

Figure 3: Platelet evolution.

progressive decrease throughout treatment in the heparin
group (median initial platelets: 138.000; IQR 74.000–194.500;
median platelets at 72 hours: 77.000; IQR 32.000–111.000;
𝑃 = 0.09), whereas platelets remained stable in the citrate
group (median initial platelets: 117.000; IQR 75.000–191.000;
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median platelets at 72 hours: 161.000; IQR 38.000–257.000;
𝑃 = 0.602).

Three patients were moved from heparin to citrate
to control postoperatory hemorrhagic complications which
resulted in ceased bleeding.

4. Discussion

The ideal anticoagulant should act selectively in the circuit
withminimal effects on patient homeostasis, it should be safe,
readily available, consistently delivered, easilymonitored, and
reversible, and it should provide prolonged filter lifetime and
good cost-effectiveness. Citrate is an anticoagulant by virtue
of its ability to bindwith calcium. Citrate administered before
the pump reacts with free calcium of the blood; they are
bound together, and thus free calcium levels are lowered.
Ionic calcium returns to normal levels by three mechanisms:
the citrate molecule is small (258.06 g/mol), so it passes
through the filter and is cleared by convection and diffusion,
the effect is neutralized with the administration of calcium
after the filter to ensure normal free calcium levels in the
patient, and the remaining citrate in the return line is diluted
in the systemic circulation and is quicklymetabolized, mostly
in the liver.

The lack of a systemic anticoagulation effect is especially
important in patients requiring CRRT in the postoperative
period of cardiac surgery, with a high risk of bleeding
complications [5]. In addition, citrate does not induce throm-
bopenia, which also reduces bleeding risk.

No randomized controlled trials and very few observa-
tional studies have been carried out in pediatric patients
on CRRT treated with citrate [3, 4]. Only 6 randomized
controlled trials comparing citrate and heparin anticoagula-
tion have been published in adult patients [7–12]. They do
not include high risk bleeding patients for ethical reasons.
Zhang and Hongying performed a systematic review of these
randomized trials [2]. Our study is the first in children that
compared the effect of citrate and heparin in critically ill
children. Comparing our results with those published in adult
patients, the median dose of citrate is lower (2.59mmol/L
versus 3-4mmol/L [2, 5]) and the median dose of calcium is
higher (0.16mEq/kg/h versus only 1.19mEq/h in the study of
Morabito [5]).

Initial infusion rate of calcium had to be changed because
infants require a higher calcium dose than older patients.
Now we administer 0.22mEq/kg/h (0.11mmol/kg/h) in
infants and 0.11mEq/kg/h (0.06mmol/kg/h) in older chil-
dren.

The median circuit survival was significantly higher for
citrate than for heparin with a mean difference of 17 hours
(𝑃 = 0.028), which is consistent with the analysis of
randomized trials in adults, showing a mean difference of 23
hours (IC 95% 0.45–45.61) [2]. Clotting was the main cause
of circuit change in heparin filters (76%) as opposed to only
18% in the citrate group. On the other hand, scheduled filter
change was more common with citrate than with heparin.
Technical issues occurred like incorrect volume balance
caused by movement of the device that caused the pump stop

(8 times) and software crashes which required that the pump
be rebooted (3 times) (which happened when the Prismaflex
machines and software were changed and updated). Initially
we programmed the same blood flow in both methods, but
later we realized that a lower blood flow was required with
citrate anticoagulation, obtaining greater circuit survival with
lower substitution rate and thus with less citrate flow.

The incidence of bleeding was much lower in patients
treated with citrate than with heparin (0% versus 10.3%) [13]
which is consistent with the meta-analysis that showed an
overall risk ratio with citrate of 0.28 (95% CI 0.15–0.50) [2].
In addition thrombopenia has two major disadvantages: it
increases bleeding risk and increases the need for blood prod-
uct transfusions. Platelet count remained stable in patients
treated with citrate, as opposed to heparin patients, who
developed significant thrombopenia.

As a result, healthcare-related costs could be lowered as
patients require fewer blood product transfusions and fewer
circuits are wasted.

The most common metabolic complication related to
citrate is metabolic alkalosis because citrate is metabolized
in the liver, yielding three molecules of bicarbonate for
every molecule of citrate. In our study, metabolic com-
plications were mild in all patients. Adjustments in dial-
ysis and replacement solutions were required because of
hypochloremia in 45.5% of patients and hypomagnesemia
in 27.3% of patients. Low chloride levels were observed
in most of the patients because Prismocitrate solutions
contain only 86mmol/L of chloride. No cases of significant
hypo- or hypercalcaemia, metabolic acidosis, liver failure, or
citrate intoxication were observed. Citrate intoxication has
been reported in patients with liver function impairment,
causing citrate to accumulate in the systemic circulation
and leading to metabolic acidosis and hypocalcaemia (low
ionized calcium levels, as total calcium may remain normal).
Nevertheless, some studies show that it is safe to use citrate
in patients with mild-moderate liver dysfunction [14]. Our
results are comparable to those in the meta-analysis of Zhang
and Hongying [2], where metabolic derangements were mild
without significant clinical consequences. Thus, metabolic
complications in patients treated with citrate should not
be considered a drawback, since they are mild and easily
resolved.

Our study has several limitations. Although it is the first
comparison study in children between citrate and heparin,
it was not a randomized study and it only included a
small number of patients. It describes our initial experi-
ence with citrate (which partly explains the incidence of
technical problems with the circuit). Another limitation
is that two types of citrate solutions were used (12.0 and
18.0mmol/L).

5. Conclusion

Citrate is a safe and effective anticoagulation method for
continuous renal replacement therapies in children, as it
appears to prolong circuit survival with a lower incidence
of clotting. The other advantage of citrate is its lower
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Table 3: Characteristics of CRRT in children treated with heparin and citrate.

Citrate Heparin
𝑃

Median (IQR) Median (IQR)
Blood flow (mL/min)/weight
(kg) 3.2 (2–3.8) 5.0 (3.8–5.6) 0.008

Citrate dose (mmol/L) 2.6 (2.3–2.9) — —
Citrate flow (citrate 12mmol/L)
(mL/kg/h) 67 (50.9–73.7) — —

Citrate flow (citrate 18mmol/L)
(mL/kg/h) 28 (21.3–30.8) — —

Final citrate dose (mmol/L) 2.9 (2.5–3.2) — —
Heparin (UI/kg/h) — 15 (12–25) —
Extraction rate (mL/h) 75 (50–97.5) 60 (50–90) 0.526
Dialysis (mL/h) 325 (50–600) 400 (200–750) 0.289
Postfilter substitution (mL/h) 50 (0–50) 300 (140–500) 0.026
Total CRRT doses (mL/kg/h) 69 (52–85) 59 (44–70) 0.154
CRRT duration (h) 155 (92–204) 166 (92–271) 0.736
IQR: interquartile range.

Table 4: Causes of circuit replacement.

Causes Citrate (𝑛; %) Heparin (𝑛; %)
Clotting 6 (18.8%) 68 (76.4%)
Scheduled/medical
procedures 10 (31.3%) 10 (11.2%)

Catheter malfunction 5 (15.6%) 10 (11.2%)
Technical issues∗ 11 (34.3%) 1 (1.1%)
∗Incorrect scale balance caused the pump to stop and the software to crash
which required that the pump be rebooted.

incidence of bleeding complications as it does not have
systemic anticoagulation effects and it does not induce
thrombopenia.

The main disadvantages of citrate are the need for close
monitoring of electrolyte and acid-base equilibrium, an
additional venous central line for calcium infusion, and a
well-trained nursing staff.
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Genetic variations in TGF-𝛽 and IFN-𝛾 may interfere with proinflammatory cytokine production and, consequently, may be
involved with inflammatory diseases, as acute kidney injury (AKI). We considered that genetic polymorphisms of these cytokines
may have a crucial role in the outcome of critically ill patients. To investigate whether the genetic polymorphisms of rs1800470
(codon 10 T/C), rs1800471 (codon 25 C/G) from the TGF-𝛽, and rs2430561 (+874 T/A) from IFN-𝛾 may be a risk factor for ICU
patients to the development of AKI and/or death. In a prospective nested case-control study, were included 139 ICU patients who
developed AKI, 164 ICU patients without AKI, and 244 healthy individuals. We observed a higher frequency to T/A genotype
for IFN-𝛾 (intermediate producer phenotype) and higher frequency of TT GG and TC GG genotype (high producer) for TGF-𝛽
polymorphism in overall population. However, these polymorphisms have not been shown as a predictor of risk for AKI and death.
We found an increased prevalence of high and intermediate producer phenotypes from TGF-𝛽 and IFN-𝛾, respectively, in patients
in ICU setting. However, the studied genetic polymorphism of the TGF-𝛽 and IFN-𝛾 was not associated as a risk factor for AKI or
death in our population.

1. Introduction

Critically ill patients in the intensive care unit (ICU) have
a high incidence of acute kidney injury (AKI) [1, 2] and
consequently high mortality rates. AKI occurrence is a
consequence of the pathophysiology complex of systemic
inflammatory response syndrome (SIRS). In SIRS there is
the activation of leukocytes, which produce oxidative stress,
high adhesion molecules expression, and high serum levels
of proinflammatory cytokines as TNF-𝛼 and IL-6. These
cytokines have been associated with poor outcome [3, 4]
and some inflammatory mediators have also been reported
to contribute to the renal vasculature injury and may conse-
quent development the AKI [5].

IFN-𝛾 is a proinflammatory cytokine. It has been reported
that ischemic kidney injury triggers production of several
cytokines, such as TGF-𝛽, IFN-𝛾, IL-6, TNF-𝛼, and IL-1𝛽 in
the inflamed kidney [6–9].

Roedder et al. have been reported in a renal transplant
model that lower IFN-𝛾 gene expression causes less infiltra-
tion of leukocytes and allograft rejection, demonstrating that
this cytokine is associated with inflammation process and
kidney injury [10].

TGF-𝛽, another inflammatory cytokine, has been
reported to induce chemotaxis for neutrophils, T cells, mon-
ocytes, and fibroblasts to the site of the injury. Thus, this bio-
logic effect of TGF-𝛽1 suggests that this cytokine may also
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contribute to inflammation and a central role in chronic
kidney fibrosis [11–14].

In fact, some authors observed that increased TGF-𝛽
activity in vivo results in glomerular extracellular matrix
accumulation, proteinuria, tubule-interstitial fibrosis, and the
onset of chronic renal failure, suggesting that its activity in
promoting the synthesis of extracellularmatrix plays a crucial
role in fibrotic deposition and the decline in renal function
[15, 16].

Kopp et al. also related that increased levels of circulating
TGF-𝛽1 induced progressive renal disease characterized by
mesangial expansion, accumulation of glomerular immune
deposits and matrix proteins, and interstitial fibrosis in this
transgenic mouse model suggesting that chronically elevated
circulating levels of TGF-𝛽1 induce progressive glomeru-
losclerosis [15]. Therefore, it appears that renal diseases may
also result from the inflammation and from inappropriate
regulation of TGF-𝛽 expression [17]. However, until this
moment there is no data about the role of IFN-𝛾 and TGF-
𝛽 in critically ill patients as risk markers to AKI. Recently, the
study of polymorphisms of genes involved in host immune
response, including cytokines and other modulators of the
inflammatory response, has been a subject of interest, since
these genetic markers may be potential determinants of
susceptibility to or severity of acute events such as AKI [18,
19].The reasonwhy some patients with SIRS developAKI and
others do not is still unclear. So, it is possible that polymor-
phisms of inflammatory cytokines genes, in particular IFN-𝛾
and TGF-𝛽, may be involved in the pathophysiology of AKI
in critically ill patients.

Thereby, the aim of this study was to investigate the
frequency of rs1800470 (codon 10 T/C), rs1800471 (codon 25
C/G) from the TGF-𝛽, and rs2430561 (+874 T/A) from IFN-𝛾
polymorphisms genotypes in critically ill ICU patients and to
analyze the possible impact of these polymorphisms on AKI
and death.

2. Materials and Methods

2.1. Subjects. This study was a prospective, nested case-
control which included three hundred and three patients
(𝑛 = 303) from Hospital Israelita Albert Einstein, Sao Paulo,
Brazil, who had been in the ICU for at least 48 hours ago
and two hundred forty-four (𝑛 = 244) healthy individuals
from Hypertension and Cardiovascular Metabolism Center,
UNIFESP, Sao Paulo, Brazil, were included (Control group).
Overall individuals were over 18 years old. Of the 303
ICU patients, 139 patients developed AKI (AKI group) and
164 patients did not (No AKI group). AKI was confirmed
by the Acute Kidney Injury Network (AKIN) and Risk,
Injury, Failure, Lesion Renal and End-stage-Renal Disease
(RIFLE) [20] criteria defined as an increase of three times of
serum creatinine compared with a baseline serum levels of
creatinine or the creatinine clearance <60mL/min/mm3 that
was calculated by Levey equation (MDRD—Modification of
Diet in Renal Disease) according to K/DOQI [21].

Patients who developed AKI were matched for age and
gender to the No AKI and Control group. The criteria of

exclusion at moment of selection of patients were patients
who are not considered for resuscitation, kidney transplant
patients, patients in dialysis treatment (acute or chronic), and
patients who had previously participated in this study.

This study was approved by the Research Ethics Com-
mittee of the Universidade Federal de São Paulo (UNIFESP),
reference number: CEP 1520/05, and by the Ethics Committee
of the Hospital Israelita Albert Einstein, reference number
06/381.

2.2. Materials. 30mL of blood in ethylene diamine tetra
acetic acid anticoagulant (EDTA) was collected from each
individual for renal function analysis (urea and creatinine,
Labtest, Lagoa Santa, MG, Brasil and Jaffe modified method
[22], resp.), lipid profile (cholesterol, HDL and LDL choles-
terol, automated method equipment Cell-Dyn Ruby Abbott
Diagnostics), and markers of SIRS (CRP and albumin,
Immulite 1000 immunoassay system, IL, USA, and colori-
metric method in automated equipment Olympus AU400,
Dallas, TX, USA, resp.) and DNA extraction was performed
in order to study the polymorphisms of TGF-𝛽 and IFN-
𝛾 (Genotyping tray, One Lambda, Inc., 21001 Kittridge, St,
Canoga Park, CA, USA).

2.2.1. Analysis of Codons 10 and 25 of TGF-𝛽 and +874 IFN-𝛾
Polymorphisms. Genomic DNA was prepared from periph-
eral blood using standard techniques andwas extracted by the
DTAB/CTAB method [23]. The polymerase chain reaction
(PCR) sequence specific primer (SSP) technique was used to
analyze two SNPs.

The polymorphisms may result from the substitution
of a single nucleotide (single nucleotide polymorphisms or
SNPs). Most polymorphism of genes of cytokines are of
the type microsatellite and SNP and they are located in the
promoter region, the introns and untranslated regions (UTR
of untranslated region). Polymorphisms located in introns
of genes can have significant effects on transcription that
may be related to changes in the structure of binding sites
of promoters or facilitators structure segments (“enhancers”)
or blocking (“silencers”) within introns. Consequently, the
polymorphismmay alter the rate of transduction, influencing
the amount of protein produced by the cell [24].

The detection of genotypeswas performed on the purified
DNA using a commercially available cytokine genotyping
tray (One Lambda, Inc., 21001 Kittridge St, Canoga Park,
CA, USA). The bands were separated by 2% agarose gel elec-
trophoresis, visualized under ultraviolet, and photographed
using a gel electrophoresis image documentation system
(Kodak Digital Science Electrophoresis Documentation and
Analysis System 120). Quality checks to ensure correctness
of the genotypes were carried out by independent rating of
the results by two investigators. Patients were grouped into
the predicted high, intermediate, or low producer phenotypes
according to their genotypes as defined previously [25]: for
TGF-𝛽 phenotypes were classified as high producers (TT GG
and TC GG genotypes), intermediate producers (TC GC, CC
GG, and TT GC genotypes), and low producers (CC GC, CC
CC, TT CC, and TC CC genotypes). Of the possible nine
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Table 1: Biochemical and epidemiological data according to the development for acute kidney injury (AKI) (𝑛 = 303) and healthy individuals
(Control) (𝑛 = 244).

AKI Control (𝑛 = 244) 𝑃
Yes (𝑛 = 139) No (𝑛 = 164)

Age (years) 67 ± 17 65 ± 18 60 ± 10 0.67
Gender (male) 91 (66%) 97 (60%) 154 (61%) 0.26
APACHE II score 20 ± 7∗ 17 ± 6 — <0.05∗

MDRD 70 ± 51∗ 100 ± 49 81 ± 13 <0.05∗

Creatinine (mg/dL) 1.07 ± 1.20∗ 0.40 ± 0.70∗ 1.00 ± 0.2 <0.05∗

Albumin (mg/dL) 3.06 ± 0.25 3.24 ± 0.54 4.5 ± 0.3 0.22
CRP (mg/dL) 7.89 ± 8.61 7.20 ± 8.47 0.56 ± 0.69 0.48
Vasoactive drug 24 (17%)∗ 6 (4%) — <0.05∗

Mechanical ventilation 29 (21%)∗ 11 (7%) — <0.05∗

Sepsis 44 (32%)∗ 35 (21%) — 0.04∗

Coronary arterial disease 26 (19%) 31 (19%) — 0.96
Stroke 7 (5%) 13 (8%) — 0.31
Hypertension 54 (39%) 68 (40%) 73 (29%) 0.80
Diabetes mellitus 25 (18%) 31 (19%) 32 (13%) 0.83
Chronic kidney disease 1 (0.01%) 3 (0.02%) — 0.60
Mortality rate (%) 12 (9%) 7 (4%) — 0.12
∗

AKI compared to No AKI-Student’s 𝑡 and chi-square test; ANOVA when appropriate.

combinations of codon 10 and codon 25 genotypes, only one
genotype was not present (TC/CC) in these study groups.

IFN-𝛾 phenotypes were classified as high producers (TT
genotype), intermediate producers (TA genotype), and low
producers (AA genotype).

2.2.2. Statistical Analysis. Data were analyzed using the
statistical software SPSS (version 20.0, Chicago, IL). The
results were expressed as mean and standard deviation while
the distribution of genotypes and phenotypes was given
as percentages. Clinical characteristics and cytokine gene
polymorphisms were compared using the chi-squared test
and Fisher’s exact test when needed. To compare the differ-
ences between the groups, 𝑡 test was used for independent
samples. To examine whether the genotype frequencies were
in Hardy-Weinberg equilibrium, goodness-of-fit 𝜒2-test was
used. Allele frequencies were compared by a 2×2 contingency
table using Fischer’s exact test. All results were considered
significant at 𝑃 < 0.05.

3. Results

3.1. Biochemical and Epidemiological Data. The AKI patients
had a lower initial renal function (calculated by MDRD
equation) compared to No AKI and Control group (70 ±
51 versus 100 ± 49 and 81 ± 13; 𝑃 < 0.001, resp.) and
higher serum levels of creatinine (Table 1). AKI patients were
classified as follows: 59 (41%) as injury, 25 (17%) as failure,
22 (15%) as loss, 33 (23%) as end stage, APACHE score II
(20±7 versus 17±6;𝑃 = 0.001), vasoactive drug use (23 (17%)
versus 5 (4%), 𝑃 = 0.0001), mechanical ventilation (29 (21%)
versus 9 (7%), 𝑃 = 0.0001), and sepsis (44 (32%) versus 29
(21%), 𝑃 = 0.04). Age, gender, coronary artery disease, heart

failure, stroke, hypertension, and diabetes mellitus were not
significantly different between the studied groups (Table 1).
In the univariate analysis, only APACHE II score (O.R. 1.07
C.I. 1.04–1.10; 𝑃 = 0.0001) and mechanical ventilation (O.R.
0.53 C.I. 0.31–0.90; 𝑃 = 0.02) were risk factors for AKI.

3.2. Biochemical and Epidemiological Data according toDeath.
With respect to death, an association was observed between
a higher APACHE II score (27 ± 7 versus 18 ± 6; 𝑃 = 0.0001),
higher serum creatinine (1.66 ± 1.49 versus 0.64 ± 0.95;
𝑃 = 0.0001), higher CRP (13.7 ± 12.5 versus 7.1 ± 8.0;
𝑃 = 0.001), use of vasoactive drug (42% versus 8%, 𝑃 =
0.0001),mechanical ventilation (53%versus 11%,𝑃 = 0.0001),
sepsis (68% versus 23%; 𝑃 = 0.0001), and higher death rates
(Table 2).

3.3. Genotype Polymorphisms Frequency of TGF-𝛽 and IFN-
𝛾 in Patients with and without AKI and Death. Genotype
frequencies for TGF-𝛽 and IFN-𝛾 were similar to previous
reports in the Caucasian population and observed Hardy-
Weinberg equilibrium.

Regarding the frequency of genotypes/alleles of the poly-
morphisms of the cytokines TGF-𝛽 and IFN-𝛾, we observed
a higher prevalence expression of C/C from the TGF-𝛽 and
T/A from the IFN-𝛾 genotypes in both groups (AKI and
No AKI patients) (Table 3). However, this prevalence was no
significant for to develop in AKI or death.

Also, we did not observe any association between geno-
type profile and gender, renal function initial (measured by
MDRD), specific underlying diseases, or clinical conditions
occurring after ICU admission that might contribute to the
course of AKI. Besides, we did not observe differences in
genotypes of the TGF-𝛽 and IFN-𝛾 polymorphisms with
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Table 2: Biochemical and epidemiological data according to death
(𝑛 = 303).

Death
𝑃

Yes (𝑛 = 19) No (𝑛 = 284)
Age (years) 74 ± 14∗ 65 ± 18 0.04∗

Gender (male) 10 (52%) 178 (62%) 0.38
APACHE II score 27 ± 7∗ 18 ± 6 <0.05∗

Creatinine (mg/dL) 1.66 ± 1.49∗ 0.64 ± 0.95 <0.05∗

Albumin (mg/dL) 3.00 ± 0.02 3.18 ± 0.46 0.43
CRP (mg/dL) 13.7 ± 12.5∗ 7.1 ± 8.0 <0.05∗

Vasoactive drug 8 (42%)∗ 22 (8%) <0.05∗

Mechanical ventilation 10 (53%)∗ 30 (11%) <0.05∗

Sepsis 13 (68%)∗ 66 (23%) <0.05∗

Coronary artery disease 4 (21%) 53 (19%) 0.80
Stroke 1 (5%) 19 (7%) 0.80
Hypertension 4 (21%) 116 (41%) 0.08
Diabetes mellitus 5 (26%) 51 (18%) 0.36
∗

Death compared to No Death-Student’s 𝑡 and chi-square test.

Table 3: Frequency of allele (%) of TGF-𝛽 and IFN-𝛾 polymor-
phisms in ICU patients according to acute kidney injury (AKI or
No AKI) and control group.

Allele AKI (146) No AKI (82) Control (98) P
TGF-𝛽

Codon 10
C/C 21 (14.3%) 11 (13.4%) 15 (15.3%)

0.30C/T 75 (51.3%) 43 (52.4%) 50 (51.1%)
T/T 50 (34.4%) 28 (34.2%) 33 (33.6%)

Codon 25
C/C 3 (2%) 1 (1.2%) 3 (2%)

0.30G/C 53 (36.3%) 30 (36.5%) 36 (36.7%)
G/G 90 (61.7%) 51 (62.3%) 60 (61.3%)

IFN-𝛾 (+874 T/A)
A/A 89 (36.5%) 29 (20.9%) 41 (25%)

0.13T/A 117 (48 %) 85 (61.2%) 97 (59.1%)
T/T 34 (13.9%) 24 (17.3%) 23 (14%)

Chi-square test and 𝑃 < 0.05.

respect to death (Table 4) and sepsis (data not shown).We did
not observe any association of haplotypes TGF-𝛽 and IFN-𝛾
polymorphisms with AKI (Tables 5, 6, and 7).

4. Discussion

This is the first study aimed to investigate the prevalence
of polymorphisms of TGF-𝛽 and IFN-𝛾 in leukocytes of
patients with SIRS and to investigate its possible associations
as a risk factor for development of AKI and death. As
expected, AKI patients had a high APACHE score II and high
incidence of sepsis. However, in respect to these cytokines
polymorphisms, we did not show it as risk factors to AKI or
death in our population.

We observed a higher prevalence expression of genotype
C/C from the TGF-𝛽 in both groups (AKI and No AKI

Table 4: Frequency (%) of genotypes of polymorphism fromTGF-𝛽
and IFN-𝛾 in patients according to death.

Genotype Death P
Yes (14) No (279)

TGF-𝛽 (codon 10 e 25)
TT GG — 73 (26%) n.s.
TC GG 4 (28%) 76 (27%) n.s.
TC GC 8 (57%) 75 (26%) n.s.
CC GG 1 (7%) 19 (6%) n.s.
TT GC 1 (7%) 18 (6%) n.s.
CC GC — 13 (4%) n.s.
CC CC — 0 (0.7%) n.s.
TT CC — 3 (1%) n.s.

IFN-𝛾 (+874)
TT 3 (21%) 43 (15%) n.s.
TA 7 (50%) 173 (62%) n.s.
AA 4 (28%) 63 (22%) n.s.

Chi-square test and 𝑃 < 0.05 or Fisher.
n.s. = not significant.

Table 5: Frequency (%) of haplotypes codon 10 from the TGF-𝛽 in
patients in AKI and No AKI.

Alleles TGF-𝛽 AKI (158) No AKI (135) P
Codon 10

TT 59 (20%) 38 (12%) 0.30
TC 78 (26%) 84 (28%) 0.25
CC 21 (7%) 13 (4%) 0.48
T 197 (67%) 158 (53%) 0.50
C 121 (41%) 109 (37%) 0.50

Hardy-Weinberg equilibrium.

Table 6: Frequency (%) of haplotypes codon 25 from the TGF-𝛽 in
patients in AKI and No AKI.

Alleles TGF-𝛽 AKI (158) No AKI (135) P
Codon 25

GG 95 (32%) 75 (25%) 0.30
GC 61 (21%) 55 (19%) 0.30
CC 2 (0.6%) 3 (1%) 0.25
G 253 (86%) 206 (70%) 0.20
C 65 (22%) 62 (21%) 0.20

Hardy-Weinberg equilibrium.

patients), but this prevalence was not associated with AKI
in ICU patients. The high serum levels of TGF-𝛽 and high
TGF-𝛽 producer genotype have been associated with diabetic
nephropathy, inflammation, and fibrosis process in chronic
kidney disease [26–28]. In fact, Coll et al. described that
renal fibrosis, mediated by TGF-𝛽, is a common pathology
implicated in all forms of kidney disease mainly in end stage
renal disease (ESRD) [28]. Also, Karimi et al. reported that,
in inflammatory process, the proximal tubule epithelial cell
expresses high levels of TGF-𝛽, which could contribute to
AKI. Additionally, authors have reported in transgenicmouse
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Table 7: Frequency (%) of haplotypes +874T/A from IFN-𝛾 in
patients in AKI and No AKI.

Alleles IFN-𝛾 AKI (158) No AKI (135) P
(+874)

AA 42 (14%) 28 (9%) 0.65
AT 94 (32%) 84 (28%) 0.48
TT 22 (7%) 23 (7%) 0.60
A 178 (60%) 139 (47%) 0.45
T 137 (47%) 130 (44%) 0.30

Hardy-Weinberg equilibrium.

model that an activation of TGF-𝛽 signaling in the tubular
epithelium alone is sufficient to cause AKI [15].

In our study, we investigated expression of TGF-𝛽 poly-
morphisms from DNA extracted from circulating leukocytes
from critically ill patients who developed AKI. AKI’s patients
did not show more prevalence of TGF-𝛽 compared to No
AKI. The literature describes that patients with chronic
kidney diseases have more fibrosis and it is associated with
high TGF-𝛽 serum levels. However, the acute mechanism of
this cytokine in AKI is unclear. So, to demonstrate whether
TGF-𝛽 could have a direct effect on kidney function in
patients with SIRS, it would be necessary to investigate this
in renal cells from these patients.

Regarding IFN-𝛾, we observed a predominant frequency
of genotype T/A in the general population. However, these
genotypes were not statistically different between groups and
it was not associated as a risk marker for AKI and death.

In contrast, Karimi et al. reported an association between
the TT homozygote for IFN-𝛾 (high producer) and acute
rejection renal transplantation [29]. These authors suggest
that these conditions are associatedwith renal injury andmay
contribute to evolution for AKI [7, 9]. However, in our study
only 13.7% of AKI patients were high producer phenotype
carriers.

Finally, our study had some limitations as follows. (1)The
probability to detect polymorphisms is <1% in the overall
population; therefore the inclusion of a higher number of
patients should be necessary. We included 400 consecutive
patients with SIRS in the ICU from a single center, where
303 were eligible for this analysis. Thus, it is possible that
the sample size may have accounted for the poor correla-
tion analysis of these polymorphisms and their associations
with outcomes. (2) We investigated the main polymorphism
described in the literature for each cytokine, but there are
several different polymorphisms for these cytokines that
could be involved in AKI pathophysiology.

Some authors have described associations between TGF-
𝛽 and IFN-𝛾 and poor prognosis such as renal fibrosis and
inflammation in chronic kidney disease [30, 31]. However,
there is still no data about these polymorphisms with AKI.
Thus, it is possible that the measure of serum levels of
these cytokines and the investigation of their polymorphisms
together could have contributed to a better understanding
of the molecular control and respective protein synthesis,
clarifying the possible associations with outcomes.

Therefore, in the present study we concluded that the
genetic polymorphisms of codons 10 T/C and 25 C/G of the
TGF-𝛽 and +874 T/A of the IFN-𝛾were not associated as risk
factors for AKI or death in our population. To validate if these
studied polymorphismsmay induce a renal injury in critically
ill patients in ICU setting, a multicentric study with a larger
sample size should be conducted.
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Hypoxia preconditioning has been confirmed as an effective strategy to enhance the therapeutic potentials of mesenchymal stem
cells (MSCs), such as for myocardial ischemia. However, whether hypoxia preconditioning would produce beneficial effects on
MSC-based renal repair has not been demonstrated. In the study, we aimed to determine the feasibility and efficacy of hypoxia
preconditioning to enhance MSC-based therapy of acute kidney injury (AKI). MSCs were isolated from human adipose tissues.
The paracrine effects of MSCs under normoxia and hypoxia were determined in vitro. Rats of AKI were induced by kidney I/R
surgery and randomly divided into three groups: I/R control receiving PBS injection; MSC group receiving normal MSC injection;
hypoMSC group receiving hypoxia-preconditioned MSC injection. It was demonstrated in vitro that paracrine effects of MSCs
were significantly enhanced, especially angiogenic factors. Dihydroethidium (DHE) staining showed that antioxidative activities of
MSCs were significantly enhanced by hypoxia stimulation. Vascularization, apoptosis, and histological injury were all significantly
improved in hypoMSC injected group compared with that in control andMSC injected groups. Finally, the renal function was also
significantly improved in hypoMSC injected group compared with that in the other two groups as assessed by the serum creatinine
and BUN levels.

1. Introduction

Acute kidney injury (AKI), one of the serious nephropathy,
is severely threatening human health [1, 2]. Multifactors
may lead to AKI, including arterial occlusion, shock, and
organ transplantation. It is reported that AKI is common in
critically ill patients, affecting up to 7% of all hospitalized
patients [3]. AKI usually lead to great apoptosis/necrosis of
renal cells and even renal failure. In those hospital acquired
AKI, the mortality rate ranges from 30 to 80% [4]. Though
increasing studies have been done during the past decades,
there is yet no specific therapy that has significant impact on
overall mortality of the disease [5].

Ischemia-reperfusion (I/R) injury is an important cause
of AKI [6]. I/R of kidney or renal tissue would result in
damage to renal cells via a complex cascade of events, which
finally affects the structure and function of kidney [7], such as
loss of blood supply, local inflammatory response, and mass

production of reactive oxygen species (ROS) [6, 8, 9]. More
importantly, kidney could not compensate for these adverse
effects by endogenous mechanism [10, 11].

In recent years, transplantation of stem cells has been
proposed as a promising strategy for protection of kidney
after AKI [4, 10, 12]. Different studies have demonstrated that
transplanted stem cells would exert beneficial effects on the
ischemic tissues [2, 13, 14]. Among a variety of stem cells,
mesenchymal stem cells (MSCs) were investigated the most
widely due to their ease of isolation, abundant distribution,
low immunogenicity, and so forth [15–17]. Despite various
mechanisms for stem cells-based tissue repair (cell fusion,
differentiation), secretion of cytokines has been considered
as the most important one. It has been demonstrated that
cytokines released fromMSCs could play multiple roles after
ischemia, including scavenging ROS (antioxidative factor),
promoting vascularization (bFGF, VEGF), and inhibiting
fibrosis (HGH) [13, 18]; all of them could contribute to the
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repair of ischemic tissues. However, it was also demonstrated
that the paracrine effects may be limited under normal
condition or have a delay after transplantation in ischemic
tissues, during which lots of engrafted cells may die [19],
severely impairing their therapeutic potential.Therefore, sev-
eral strategies have been explored to improve the paracrine
effects of MSCs pretransplantation, such as preconditioning
and gene modification [20, 21]. Hypoxia preconditioning has
been confirmed as a promising one to activate the paracrine
capacities of MSCs, especially the angiogenic factors [22, 23].
The strategy has been extensively investigated in therapy
of several ischemic diseases and encouraging effects have
been achieved [24, 25]. However, whether hypoxia-pre-
conditioning could also exert beneficial effects onMSC-based
repair for AKI is still not documented.

In present study, we aimed to determine whether hypoxia
preconditioning could exert beneficial effects on MSC-based
therapy of AKI. Rats of AKI were induced by kidney I/R
surgery. Then, MSC or hypoxia-preconditioned MSC was
injected into the left kidney cortex; PBS was used as control.
The production of ROS in I/R renal tissues was determined
by dihydroethidium (DHE) staining. Vascularization, apop-
tosis, tissue damage, and function of ischemic kidneys were
evaluated by multimodality methods.

2. Materials and Methods

2.1. Animals and Experimental Design. Male adult SD rats
were housed in cages andwere fed a standard laboratory chow
and water ad libitum. All procedures were consistent with the
guidelines and policies of the Hospital Animal Care and Use
Committee. Each procedure was optimized to minimize the
pain of animals.

A total of 75 rats were used in the study (𝑛 = 25 for each
group). Animals were randomly divided into four groups:
animals receiving 100 𝜇L saline injection after AKI; animals
receiving 2 × 106 human adipose-derived MSCs (in 100 𝜇mL
saline) injection after AKI; animals receiving 2×106 hypoxia-
preconditioned human adipose-derived MSCs (in 100 𝜇mL
saline) after AKI. During the experiment, two rats died before
the end. Two other rats were used so that each group still has
25 animals.

2.2. Cell Isolation, Cultivation, and Characterization. Adi-
pose tissues were obtained from raw human lipoaspirates.
Human adipose-derived MSCs were isolated as the previous
report [16, 26]. Briefly, lipoaspirates were washed with PBS to
remove contaminating debris and red blood cells. Then, the
tissues were digested with 0.1% collagenase I (Sigma) in
serum-free 𝛼MEM for 45min. After that, the digestion was
terminated by adding equal volume of 𝛼MEM/10% fetal
bovine serum (FBS, Gibco). The liquid was filtered by 80 𝜇m
mesh and then centrifuged at 800 g for 8min. The cell pellet
was resuspended in 𝛼MEM supplemented with 10% FBS.The
cells were seeded onto tissue culture plates and cultured in
37∘C, 5% CO

2
incubator.

The immunophenotype of MSCs was determined by flow
cytometry according to previous reports [2]; CD29, CD90,

CD45, CD34, and CD31 were analyzed. The multipotency
was confirmed by osteogenic and adipogenic differentiation
according to the previous report [16].

2.3. Determination of the Paracrine Factors. 106 MSCs were
seeded on culture plates and cultured in normoxic (21% O

2
)

or hypoxic (1% O
2
) conditions for 24 h. Then, the medium

was collected for growth factor assay; bFGF, VEGF, and HGF
were determined by ELISA array. Data was expressed as
mean ± SEM pictograms (pg) of the factor per 106 MSCs.

2.4. Cell Viability Analysis. Cell viability after hypoxic treat-
ment was detected by flow cytometry. Briefly, cells were col-
lected and incubated with propidium iodide (PI) solution.
After that, cells were analyzed by flow cytometry.

2.5.The Induction of AKI and Cell Transplantation. The acute
renal ischemia/reperfusion (I/R) injurywas induced by trans-
iently clamping bilateral renal pedicles as previously reported
[2]. Briefly, rats were anesthetized with intraperitoneal injec-
tion of sodium pentobarbital (30mg/kg). Laparotomy was
performed and kidneys were exposed. Bilateral renal pedicles
were clamped with atraumatic vascular clamps for 40min
followed by reperfusion. To prepare hypoxia-treated MSCs
(hypoMSCs), MSCs were cultured under normal condition.
When they reached 80% confluence, cells were then trans-
ferred into hypoxic conditions (1% O

2
) and incubated for

24 h. After that, cells were collected for the following trans-
plantation surgery.

At the time of reperfusion, 100 𝜇L saline or 2 × 106MSCs
or 2×106 hypoxia-preconditionedMSCs (𝑛 = 25/group)were
injected into the left kidney cortex using a 28-gauge needle.
The abdomen was then closed and rats were allowed to
recover with cautious care.

2.6. Dihydroethidium Staining. Animals were sacrificed at
day 1 after surgery (𝑛 = 5 for each group). Kidneys were
rapidly excised and frozen in optimal cutting temperature
freezing medium for preparation of cryosections. Dihy-
droethidium (DHE) staining was performed on the cryosec-
tions to determine the ROS levels according to the previous
report [2]. Poststaining sections were examined under flu-
orescence microscopes (Olympus). The intensity of DHE
staining was quantified according to the previous report [2].

2.7. Histological Analysis. The kidney samples were collected
at 3 days and 1 week (𝑛 = 5 for each group) after surgery
and fixed in 4% paraformaldehyde. 4𝜇m paraffin-embedded
sectionswere preparedwith standard protocols. Hematoxylin
and eosin (H&E) staining was performed for tubular injury
analysis. The examination and scores of the sections were
carried out by an experienced technicianwhowas blind to the
experiment [12]. The tubular injury was graded based on the
degree of tubular necrosis, loss of brush border, cast forma-
tion, and tubular dilatation, as in previous reports [2, 6].
The score standard was as follows: 0, normal kidney; 1, mini-
mal injury (<5% involvement); 2, mild injury (5∼25%
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involvement); 3, moderate injury (25∼75% involvement); and
4, severe injury (>75% involvement).

2.8. Immunohistochemistry. For analysis of vascular density,
immunohistochemical staining was performed on paraffin-
embedded kidney sections using anti-vWF antibodies
(Sigma) according to previous reports [2]. Then, the vascular
structures were counted under microscope; 5 random fields
on each section were counted. The vascular density was
expressed as vessels/field.

2.9. TUNEL Staining. At oneweek, the apoptosis of renal cells
was assessed based on terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay. As described above,
4 𝜇m paraffin-embedded sections were prepared for assay.
TUNEL staining was performed according to manufacturer’s
guideline. Then, TUNEL-stained sections were observed
under light microscopy; the positive-stained cells were
counted and compared among different groups.

2.10. RT-PCR. Total RNAwas extracted using RNAprep pure
Cell/Bacteria Kit (TIANGEN) according to manufacturer’s
instruction. Reverse transcription was performed using stan-
dard procedures to synthesize first-strand cDNA. The gene-
specific primers were designed using primer3.0 and used in
the PCR amplification. PCR product was detected by agarose
electrophoresis.

2.11. Western Blotting. Kidney samples were obtained and
homogenized with a rotor stator. Then, tissues were lysed
in Laemmli sample buffer (Bio-Rad). Proteins were collected
and concentrations were determined using the BCA Protein
Assay Kit (Thermo Scientific). Proteins were loaded on
a 12–15% sodium dodecyl sulfate polyacrylamide gel for
electrophoresis. Then, proteins were transferred to a PVDF
membrane (Roche). After blockingwith 5%nonfat driedmilk
(in TBST), the primary antibody was added and incubated
overnight at 4∘C. Unconjugated antibodies were removed by
washing with TBST; the membrane was further incubated
with horseradish peroxidase-conjugated secondary antibod-
ies for 1 h at room temperature (Cell Signaling Technology).
The protein bands were detected by enhanced chemilumines-
cence reagent (Applygen).

2.12. Renal Function Assay. To assess the renal function,
blood was taken at 1 d, 3 d, 14 d, and 28 d after the surgery for
each rat (𝑛 = 10 for each group). Serum levels of creatinine
and blood urea nitrogen (BUN) were measured and com-
pared between the four groups. Measurement of creatinine
and BUN level was performed with standard protocol in our
hospital.

2.13. Statistical Analysis. All data are expressed as mean ±
SD. Statistical analyses were performed with SPSS 17.0 soft-
ware. Comparison between four groups was performed using
Student’s 𝑡-test. A value of 𝑃 < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Characteristics of Human Adipose-Derived MSCs. After
three passages, flow cytometry analysis demonstrated that
most MSCs were positive for CD29 and CD90 and negative
for CD31, CD34, and CD45 (Figure 1(a)). This is consistent
with previous report [16]. In normal culture (37∘C, 5% CO

2
),

human adipose MSCs exhibited fibroblast-like morphology
(Figure 1(b)). When cultured in adipogenic and osteogenic
differentiation medium, MSCs differentiated into adipose
and osteoplastic cells that were positive to oil red O staining
and von Kossa staining, respectively.

After hypoxic treatment, cell viability analysis by flow
cytometry showed that MSC viability was maintained at a
high level. No significant cell death was found between
hypoxia-treated MSCs and normal MSCs (Figure 1(c)). The
paracrine effects of MSCs were compared under normaxia
andhypoxia condition. RT-PCRdemonstrated that transcrip-
tion of angiogenic factors, bFGF and VEGF, was significantly
higher in hypoxia-preconditioned MSCs (hypoMSC) than
control MSCs (cultured under normaxia condition), but
HGF, an antifibrotic factor, was not influenced by hypoxia.
Elisa assay obtained consistent results with RT-PCR that the
secreted bFGF and VEGF from MSCs under hypoxia were
significantly higher than that under normoxia, but antifi-
brotic factor HGF (Figure 2(a)). The results demonstrated
that hypoxia preconditioning selectively unregulated the
expression of angiogenic factors. In addition, we also ana-
lyzed the hypoxia marker HIF-1𝛼 (hypoxia inducible factor-
1𝛼) expression by RT-PCR, but the factor was not upregulated
in mRNA level (Data not shown). As is known, oxygen
regulation of HIF-1𝛼 is essentially produced at protein level.
Prolyl hydroxylases (PHD) modify HIF-1𝛼 proteins for their
rapid degradation. Hypoxia leads to inhibition of PHDs and
allows for the presence of HIF-1𝛼 proteins. Therefore, we
further analyzed the HIF-1𝛼 expression by western blotting
and found that it was increased in protein level (data not
shown).

3.2. Influences of MSCs on the Oxidative Level and Vascu-
larization after Renal I/R Injury. The increase in superoxide
production after I/R is associated with augmented oxidative
stress, which is a main cause of I/R injury. It has been demon-
strated that factors released from stem cells could signifi-
cantly scavenge superoxides in ischemic tissues [14]. There-
fore, the superoxide levels were determined 24 h after MSC
transplantation. According to previous reports [26], dihy-
droethidium (DHE) is a reagent tomeasure superoxide levels.
In the study, we repeated the DHE staining to determine the
superoxide levels after renal I/R injury. The results demon-
strated that the intensities of DHE staining in kidney receiv-
ingMSC transplantation were significantly lower than that in
control (𝑃 < 0.01, Figure 2(b)). Importantly, hypoMSCs were
more effective than control MSCs in superoxide scavenging,
suggesting that antioxidative capacity of MSCs was enhanced
due to improved activated paracrine effects by hypoxia.

To determine the effects of hypoMSCs on angiogenesis in
ischemic kidney tissues, paraffin-embodied kidney sections
were prepared 4w after MSC transplantation. As shown in
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Figure 1: Isolation, cultivation, and characterization of human adipose-derived MSCs. (a) Flow cytometry analysis of immunophenotypes
of human adipose-derived MSCs. Most MSCs expressed CD29 and CD90 and do not express CD45, CD31, and CD34; (b) morphology and
multidifferentiation ofMSCs.Human adipose-derivedMSCs demonstrated fibroblast-likemorphology in culture, and they could differentiate
into adipogenic and osteogenic lineages when cultured in differentiation medium. Adipogenic differentiation was confirmed by oil red O
staining and osteogenic differentiation was confirmed by von Kossa staining (Bar = 100 𝜇m). (c) Flow cytometry analysis of cell viability after
PI staining.
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Figure 2: Effects of hypoxia preconditioning on the angiogenic and antioxidative capacities of MSCs in vitro and in kidney. (a) RT-PCR
demonstrated that the transcription of angiogenic genes in MSCs was increased when cultured in hypoxia, while Elisa assay obtained
consistent results from protein level; (b) DHE staining showed that hypoMSCs exhibited higher antioxidative activity than control MSCs
after transplantation in I/R kidney; (c) angiogenic effects in I/R kidney by hypoMSCs. ∗∗𝑃 < 0.01 compared with normaxia or PBS group;
##
𝑃 < 0.01 compared with control MSCs. HypoMSC indicates hypoxia-preconditioned MSCs. Bar = 50𝜇m.

Figure 2(c), transplantation of MSCs significantly improved
vascular densities in ischemic kidney tissues compared with
saline, while the vascular density in kidney receiving hypoM-
SCs injection was higher than that receiving MSC injection,
indicating that activation by hypoxia precondition signif-
icantly enhanced angiogenic effects of MSCs in ischemic
kidney tissues.

3.3. Apoptosis of Renal Cells. After I/R and MSC injection,
we performed TUNEL staining to determine apoptosis in I/R
kidney. After TUNEL staining, kidney sections were
observed under light microscopy and positively stained cells
were quantified in each group. As shown in Figures 3(a) and
3(b), apoptotic cells were abundantly distributed in control
group, while in MSC injection group, the apoptotic cells
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Figure 3: Antiapoptotic and histopathological analysis of kidney injury after I/R. (a) TUNEL staining 3 days and one week after surgery; (b)
quantification of apoptotic cells in renal tissues; (c) western blotting analysis of cleaved caspase 3 and p-Akt in renal tissues one week after
surgery.

were significantly decreased compared with that in control
(𝑃 < 0.01). Furthermore, compared with MSC injection
group, apoptotic cells were further decreased in hypoMSCs
injection group (𝑃 < 0.01).

Western blotting analysis was performed to provide
additional evidence for cell apoptosis. Detection of apoptotic
protein caspase 3 (Csp3) and prosurvival protein Akt was
performed at 1 week and we obtained consistent results with
TUNEL staining. As shown in Figure 3(c), I/R surgery
induced high level expression of cleaved caspase 3, which was
accompanied with low level phosphorylation of Akt. The
results suggested that I/R induced significant apoptosis to
renal cells. Compared with I/R control, the expression of
cleaved csp3 was significantly lowered in MSC injection
group (𝑃 < 0.01) while the phosphorylation of Akt was sig-
nificantly raised (𝑃 < 0.01), indicating that injection of MSC

significantly protected renal cells against apoptosis.Then, the
antiapoptotic effects were further compared between MSC
injection group and hypoMSCs injection groups. The results
showed that injection of hypoMSCs further lowered cleaved
csp3 expression while it improved Akt phosphorylation
compared with normal MSCs (𝑃 < 0.01).

3.4. Histology of I/R Kidney Tissue. Three days and one week
after renal I/R surgery, kidney tissue specimens from each
groupwere obtained.The tissue sectionswere stained byH&E
staining and then assessed. Under light microscopy, signifi-
cant tubular cell necrosis, cytoplasmic vacuoles, loss of brush
border, and tubular dilatation could be observed in PBS
injection group (Figure 4(a)), indicating that marked renal
injury was induced by I/R. Compared with PBS control,
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Figure 4: H&E staining of kidney tissues. (a) The microscope observation of tissue injury at 3 days and 1 w after surgery (Bar = 50𝜇m). (b)
Scores of renal injury in different groups after surgery. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

injection of MSCs after surgery significantly attenuated I/R
induced renal injury. Under microscopy, less tubular cell
necrosis and loss of brush border were observed, tubular
dilatation was of lower grade than that of I/R control too.
Quantitative analysis showed that histological scores for
renal injury in MSC injection (including normal MSCs and
hypoMSCs) groups were significantly lower than that in I/R
control group (both 𝑃 < 0.01, Figure 4(b)). Likewise, we
further compared the histology scores between normalMSCs
injection and hypoMSCs injection. Further improvement of
histological morphology could be observed in hypoMSCs
group compared with that in MSCs group. The histological
scores of renal injury in hypoMSCs group were also signifi-
cantly lower than MSCs group (𝑃 < 0.01).

3.5. Renal Function. At 3 days, 1 w, 2 w, and 4w after surgery,
the effects ofMSC injection on renal functionwere evaluated.
The serum levels of creatinine and BUN in each group were
measured. As shown in Figure 5, a high level of creatinine
and BUN was detected in PBS group, indicating that I/R

surgery has induced the renal I/R injury. In comparison,
both creatinine and BUN levels were significantly lowered in
MSC injection group at each time point (including MSC and
hypoMSC injection). Injection of hypoMSCs especially was
more effective than MSCs.

4. Discussion

Acute kidney I/R is associated with significant renal injury,
which may be partially attributed to the lack of blood
supply, mass production of superoxides, and so forth [27, 28].
Different groups have demonstrated that transplantation of
MSCs could exert beneficial effects on injured kidney tissues
[10, 12]. However, delayed paracrine effects of transplanted
MSCs were one of main limitations for their therapeutic
potential [19]. Hypoxia preconditioning was confirmed by
several groups as an effective strategy to activate MSCs and
enhance their therapeutic efficacy for ischemic disease [20].
In the study, we firstly investigated whether hypoxia pre-
conditioning could enhance MSC-based therapy of AKI.
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We demonstrated that hypoxia preconditioning signifi-
cantly enhanced secretion of angiogenic factors from MSCs,
which significantly contributed to the superoxide scavenging,
angiogenesis, and antiapoptosis of MSCs in injured kidney.
The study confirmed the feasibility and efficacy of hypoxia
preconditioning to enhance MSC-based therapy for AKI.

In previous reports, several strategies have been investi-
gated to enhance the therapeutic potential ofMSCs, including
(1) gene modification, that is, making MSCs overexpress
cytokine genes or antiapoptotic genes, which significantly
improved their therapeutic capacities or survival in ischemic
tissues [21, 29]; (2) cotransplantation with adjuvant, such
as adjuvant drugs or biomaterials, which may significantly
enhance the retention or survival of transplanted cells [2,
26]; (3) preconditioning before transplantation with drugs,
cytokines, or culture condition [30]. Gene modification is
accompanied with risks to activate cancer genes and thus
should be very cautious about in vivo application; cotrans-
plantation with adjuvants is promising in future application;
it could improve the ischemic microenvironment assisting
the retention and survival of stem cells, but it fails to stimulate
the therapeutic potentials of stem cells. Preconditioning
before transplantation is effective to stimulate the therapeutic
potentials of stem cells. Combined application of adjuvants
and preconditioning would exert more beneficial effects on
stem cell therapy and deserved in-depth investigation.

This study demonstrated that angiogenic factors, such
VEGF and bFGF, were significantly enhanced in MSCs by
hypoxia treatment. This may explain the in vivo finding that
revascularization in hypoMSC-treated kidneys was the most
significant (Figure 2(c)). We also found that the antioxidative
capacity of MSCs was also improved by hypoxia precondi-
tioning; this is novel in the study. We supposed that this
may be attributed to the increased secretion of antioxidative

cytokines by hypoxia stimulation. However, we failed to
reveal these factors in the study. In terms of antiapoptotic
capacity, the study showed that hypoMSCs further inhibited
apoptosis of renal cells compared with normal MSCs as
detected by TUNEL staining. To further confirm the anti-
apoptotic effects of hypoMSCs, we detected the expression of
apoptosis-related proteins. Akt is a prosurvival factor for cells.
Activated Akt (p-Akt) plays an important role in antiapopto-
sis; caspase 3 is a proapoptotic protein; a lot of cell death was
mediated by cleaved caspase 3 (activated caspase 3). In the
study, we demonstrated that transplantation of hypoMSCs
significantly increased the level of p-Akt, while it decreased
the level of cleaved caspase 3 comparedwith the other groups,
indicating that hypoMSCs may upregulate the prosurvival
signals and downregulate apoptotic signals in ischemic kid-
ney. This is consistent with the results from TUNEL staining.
Our explanation for this included the following: (1) hypoxia
preconditioning may also activate the antiapoptotic capacity
ofMSCs, resulting inmore antiapoptotic cytokine release; (2)
the enhancement of antioxidative and angiogenic capacities
of transplanted MSCs contributed to the survival of renal
cells. Collectively, antioxidative, antiapoptotic, and angio-
genic capacities, all of them, contributed to the I/R kidney
protection of hypoMSCs and thus better histological (H&E
staining) and functional consequences (biochemical data,
serum creatinine, and BUN) were observed after hypoMSC
transplantation.

Different mechanisms may exist underlying the observa-
tion that transplantedMSCs couldmodify all kidney effects of
I/R, such as cell differentiation and paracrine effects. How-
ever, it has been demonstrated by independent groups that
rare MSCs would differentiate into target cells in vivo,
and significant therapeutic effects could also be obtained
with MSC-conditioned medium without MSCs [29, 31–33].
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Therefore, we supposed that the paracrine effects should be
themainmechanism through whichMSCsmodify all kidney
effects of I/R as observed in the present study.

In conclusion, the study revealed that hypoxia precon-
ditioning significantly enhanced the therapeutic effects of
human adipose-derived MSCs on AKI. Further, we con-
firmed that these enhanced therapeutic potentials by hypoxia
preconditioning were, at least partially, attributed to the
enhanced antioxidative, antiapoptotic, and angiogenic capac-
ities of MSCs by hypoxia stimulation. The study confirmed
the feasibility and efficacy of hypoxia preconditioning in
MSC-based therapy for AKI and provided promising strategy
in application of MSCs after renal injury.
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The current study evaluates the impact of high fructose feeding in ratmodel of gentamicin induced nephrotoxicity. Sprague-Dawley
rats weighing 180–200 g were randomized into four groups; (C) received standard rodents chow with free access to ad libitum
drinking water for 8 weeks and was considered as control, (F) received standard rodents chow with free access to drinking water
supplemented with 20% (W/V) fructose for the same abovementioned period, (FG) was fed as group F and was given 80mg/kg
(bodyweight)/day gentamicin sulphate intraperitoneally during the last 20 days of the feeding period, and (G)was given gentamicin
as above and fed as group C. Renal function was assessed at the end of the treatment period through measuring serum creatinine,
uric acid and albumin, creatinine clearance, absolute and fractional excretion of both sodium and potassium, twenty-four-hour
urinary excretion of albumin, and renal histology. For metabolic syndrome assessment, fasting plasma glucose and insulin were
measured and oral glucose tolerance test was performed throughout the treatment period. Results showed that gentamicin enhances
progression of fructose induced metabolic syndrome. On the other hand, fructose pretreatment before gentamicin injection
produced a comparable degree of renal dysfunction to those which were given fructose-free water but the picture of nephrotoxicity
was somewhat altered as it was characterized by higher extent of glomerular congestion and protein urea. Overall, more vigilance
is required when nephrotoxic drugs are prescribed for patients with fructose induced metabolic syndrome.

1. Introduction

Gentamicin is an aminoglycoside antibiotic used to treat var-
ious Gram positive andGram negative infections. Its nephro-
toxic action is attributed to its aptitude to damage proximal
convoluted tubules (PCT) and glomerular basement mem-
brane [1]. Oxidative stress is the main causative factor of its
nephrotoxicity [2, 3].

Ingestion of high amount of fructose in the form of sweet
beverages or foodstuffs has a negative impact on the ability of
the body to cope with various pathophysiological conditions
[4]. In spite of that, they are used extensively in food industry
due to their high sweetening capacity. Fructose induces
metabolic changes characterized by hyperinsulinemia [5],
hypertriglyceridemia, dyslipidemia, visceral obesity [6], and
glucose intolerance [7].
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Table 1: Food and calories composition of the standard rodent chow.

Constituents Standard chow diet
Wt. (g) Calories

Protein 0.20 0.8
Carbohydrates 0.77 2.38
Fat 0.03 0.12
Cholesterol — —
Cholic acid — —
Calcium 0.012 —
Phosphate 0.012 —
Sodium 0.021 —
Potassium 0.007 —
Total 1 3.3

Our study aimed to find the impact of combining of
both fructose induced metabolic syndrome and gentamicin
induced nephrotoxicity models on progression of both renal
damage and deterioration of glucose homeostasis.

2. Materials and Methods

2.1. Animals and Diet. Male Sprague-Dawley rats, weighing
190 ± 4.7 g and obtained from animal house of Universiti
Putra Malaysia, were used in the study. They were housed
at the animal transit room with 4 animals per cage at room
temperature with 12 : 12 h light-dark cycle. All the procedures
were performed according to guidelines of the Malaysia
Animal Ethics Committee for the use of animals in research.

Time dependent effect for nephrotoxicity induction and
the required sample size were estimated according to a pre-
liminary study, in which 80mg/kg/day gentamicin sulphate
was injected intraperitoneally for 30 days with continuous
monitoring of body weight and urine flow rate. Serum
and urine samples were collected throughout the treatment
period to assess progression of renal dysfunction. Maximum
nephrotoxicity was obtained on day 16 and sustained up to
the end of the treatment period (Figure 1). Then, twenty days
were chosen as the treatment period to all the treatment
protocols.

Before starting the experiment, rats were left for habitua-
tion and fed the standard commercial rodents chow with free
access to water ad libitum.Theywere divided into four groups
(10 animals each), such thatC received standard rodents chow
with free access to drinking water ad libitum for 8 weeks,
F was fed with standard rodent chow with free access to
20% W/V fructose solution for the same abovementioned
period, FG was fed like F group and received gentamicin
sulphate intraperitoneally in a dose 80mg/kg/day during
the last 20 days of the feeding period, and G received the
standard rodents chow and was given gentamicin sulphate
as mentioned above. During the study, fructose solution was
changed daily to avoid problems related to its fermentation.

2.2. Animals Monitoring. Body weight, water or fructose
water, and food intake (corrected for spillage) were moni-
tored continuously during the treatment period. Daily energy

uptake was calculated from the amount of calories obtained
from ingested fructose (4 Kcal/gm) and standard rodents
chow (Table 1 shows composition and amount of calories
in one gm of the standard rodents chow). Twenty-four hr
urine and fasting tail vein serum samples were obtained
on days 40 and 60 of the high fructose water treatment
period which corresponds to days 0 and 20 of the gentamicin
treatment period. At the end of the treatment period, I.V.
glucose and insulin tolerance tests were performed while the
animal was under phenobarbital anesthesia (60mg/kg BW
of phenobarbital was injected intraperitoneally). Eventually,
animals were sacrificed, abdominal incision was performed,
and each of epididymal, epirenal, and mesenteric fats was
collected in order to calculate obesity index. Obesity index
is the ratio of abdominal fat depot to total body weight [8].

2.3. F2 Group. Results of metabolic studies for F group
showed that water uptake and urine flow rate were dropped
after 8 weeks of fructose feeding. Gentamicin coadminis-
tration during the last 20 days of the feeding period (FG
group) has raised urine flow rate. This polyurea urged FG
group rats to drink more fructose enriched water making
the total amount of fructose ingested by them higher than
that of F group (Table 2). Metabolic study showed that total
amount of daily energy uptake was comparable in both F
and FG groups but the percentage of energy obtained from
fructose was higher in FG group (Table 2). So accordingly,
this suggests that any difference in the metabolic status of FG
as compared to F is not merely attributed to the intervention
of gentamicin therapy but it can be attributed to the higher
amount of fructose that was ingested by FG group. To settle
this confusion, we behooved to set another group of rats
(F2 group). F2 group was fed with high fructose water in a
mode similar to that of F group (high fructose water treated
rats) till day 38, the time when gentamicin therapy had been
commenced. Aftermath, in order tomimic fructose ingestion
in FG group, the amount of fructose in the drinking water
was gradually increased in F2 group throughout the next
20 days in an amount that make its ingestion comparable
to what had been taken by FG. By this way, we could
have overridden the impact that the exuberant fructose had
been ingested by FG group and traced the precise effect of
gentamicin on fructose induced metabolic disorders. The
average amount of ingested fructose and water uptake for
F and FG groups rats was measured weekly during the last
20 days of the fructose feeding period. We found that the
amount of fructose ingested by each of the two groups in
g/day was 3.33 ± 0.42, 3.42 ± 0.38, and 3.87 ± 0.41 for F group
rats versus 3.74 ± 0.38, 5.05 ± 0.44, and 6.55 ± 0.43 for FG
group rats within the first, second, and third trimesters of the
abovementioned period, respectively, while water uptake in
mL/daywas 17.8±1.3, 18.7±2.1, and 19.2±2.2 for F group and
21.4±1.78, 25.5±1.88, and 32.76±1.9 for FG groupwithin the
first, second, and third trimesters of that period, respectively.
In order to make fructose ingestion by F2 comparable to that
of FG group, during each trimester of gentamicin treatment
period, fructose solution containing the average amount of
fructose ingested by FG group was prepared in a volume
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Figure 1: Serum creatinine in 𝜇mol/L during gentamicin treatment during the preliminary study. “∗” indicates statistical significance (𝑃 <
0.05) as compared to day 0.

Table 2: Metabolic study parameters.

Parameter Time Control F F2 FG G

Percent of weekly increment in body weight
W1 3.3 ± 0.26 4.2 ± 0.39 4.3 ± 0.34∗ 4.3 ± 0.34∗ 3.6 ± 0.31
W2 3.6 ± 0.28 4.4 ± 0.31∗ 4.7 ± 0.27∗ 4.7 ± 0.27∗ 3.0 ± 0.34
W3 3.7 ± 0.29 4.3 ± 0.33∗ 5.1 ± 0.23 4.5 ± 0.26 3.1 ± 0.29

Energy uptake Kcal/day/100 g (BW)
W1 23 ± 1.4 26 ± 1.2 26 ± 1.2 26 ± 1.2 23 ± 1.4
W2 21 ± 1.3 28 ± 1.6 33.2 ± 1.5@ 32.2 ± 1.4@ 18 ± 1.1#,$

W3 20 ± 0.9 27 ± 1.6 35.1 ± 1.9∗ 33.9 ± 1.7∗ 19 ± 1.2

Energy taken from fructose Kcal/day/100 g (BW)
W1 0 9.31 ± 0.39 10.18 ± 0.38 10.18 ± 0.38 0
W2 0 8.92 ± 0.38 14.64 ± 0.68‡ 15.24 ± 0.68‡ 0
W3 0 8.78 ± 0.26 15.25 ± 0.54‡ 16.15 ± 0.54‡ 0

Water uptake 𝜇L/min
W1 15.2 ± 1 12.8 ± 0.6 12.4 ± 0.53 11.4 ± 0.48 15.3 ± 1
W2 14.3 ± 1.2 13.6 ± 0.8 13.4.4 ± 1.93 22.4 ± 1.32∗,‡,#, 21.6 ± 2.95
W3 15.4 ± 1.1 12.4 ± 0.65 11.1 ± 1.8 23.1 ± 1.9∗,‡,# 24 ± 2.1∗,‡,#,

UFR 𝜇L/min/100 g (BW)
W1 2.18 ± 0.2 1.70 ± 0.1 1.53 ± 0.1 1.44 ± 0.1∗ —
W2 2.09 ± 0.18 1.62 ± 0.10$ 1.49 ± 0.12$ 5.42 ± 0.5∗,‡,# 4.30 ± 0.60
W3 2.16 ± 0.12 1.55 ± 0.08$ 1.43 ± 0.06∗$ 4.95 ± 0.7∗,‡,#, 4.06 ± 0.27∗

Percentage of increment of body weight was performed weakly while calories and water uptake and urine flow rate were measured in the 1st, 2nd, and 3rd
weeks of gentamicin treatment which correspond to the last 3 weeks of the high fructose water treatment period. Results are expressed in mean ± SEM. ∗, ‡,
#, $, and @ indicate statistical significance as compared to control, F, F2, FG, and G groups, respectively (𝑃 < 0.05).

of water corresponding to the amount of water taken by F
group during the correspondent period. According to this,
we found that it was imperative to give fructose solution in
a concentration of 20%, 26%, and 34% w/v during the first,
second, and trimesters of the mentioned period.

2.4. Serum and Urine Biochemical Analyses. Serum was
collected to measure urea, creatinine, albumin, total protein,
oxidative stress markers (MDA and glutathione), uric acid,
triglyceride, cholesterol, glucose, insulin, and both sodium
and potassium concentrations. Urine samples were used to
measure urine pH using pHmeter and the twenty-four-hour
excretion of sodium, potassium, and albumin. Creatinine
clearance (Cr c) and both absolute and fractional excretions
of the electrolytes were calculated using the conventional
equations.

2.5. Renal Homogenate Study. One kidney from each rat was
homogenized using 1mL for each gram of kidney tissue of
ice chilled 100mM potassium chloride solution containing

0.3mmEDTAusing tissue homogenizer (HomogenizerMSE,
England) [9]. TBARS (thiobarbituric acid reactive substance)
level and glutathione were measured according to the estab-
lished method.

2.6. Histology Study. Tissues were fixed using formalin
solution. Then, they were subjected to the conventional
histology procedures: procession, sectioning, staining, and
slidemounting.Hematoxylin and eosinwere used to stain the
slides.

2.7. Data Analysis. Results were expressed as mean ± SEM.
One-way ANOVA followed by Tukey’s test was used for
statistical analysis at 95% confidence level using students pack
SPSS program version 16.

3. Results

3.1. Metabolic Study. Eight weeks of high fructose water
uptake (F and F2 groups) resulted in a noticeable increase
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Figure 2: Oral glucose tolerance curve (OGTC) for C, F, FG, and G groups. Glucose level was measured at times 0, 5, 15, 30, and 45min after
giving 2 g/kg BW of glucose orally. (a) OGTC of the test groups on day 38 of the fructose treatment period or when gentamicin cotreatment
was commenced. (b) OGTC of the test groups at the end of the treatment period. (c) OGTC of FG group on days 38 and 58 of fructose
treatment or days 0 and 20 of gentamicin injection. Results are expressed as mean ± SEM. ∗, #, ‡, and@ indicate statistical significance as
compared to control, F, F2, FG, and G groups, respectively (𝑃 < 0.05). § indicates statistical significance as compared to G group (𝑃 < 0.05).
@ indicates statistical significance as compared to day 0 of gentamicin treatment or day 36 of the fructose feeding.

in the body weight, obesity index, and total amount of
daily energy uptake with some statistical significance
in comparison to control group (Table 1). On the other
hand, I.P. injection of 80mg/kg/day gentamicin sulphate
to both high fructose and fructose-free water treated
groups during the last 20 days of the treatment period
did not produce any statistically significant change on
these parameters as compared with their respective
controls (Table 1). Furthermore, obesity index was a
little bit higher in FG group as compared to F2 group
(Table 2).

3.2. Metabolic Syndrome Parameters. Eight weeks of high
fructose water ingestion (F and F2 groups) resulted in a
condition characterized by metabolic syndrome as indicated
by the prominent increase in fasting serum glucose, serum
triglyceride, serum cholesterol, and serum insulin which
showed some significance at some time points (Table 3,
Figure 2). Furthermore, there was a noticeable shift in both
oral glucose tolerance curves. Both F and F2 groups did not
show any difference in these parameters indicating that the
excessive fructose which was ingested by F2 group was not
enough to change the metabolic status of the animal.
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Figure 3: Kidney histology slides. Slides I-a and I-b belong to control (C), slides II-a and II-b belong to gentamicin treated group (G), and
slides III-a, III-b, III-c, and III-D belong to the group that was treated with gentamicin along with high fructose water (FG). A indicates
glomerular congestion and glomerular leucocytes infiltration. B indicates mesangial hyperproliferation. C indicates proximal convoluted
tubule damage.D indicates interstitial inflammation and leucocytes infiltration. E indicatesDCTectasia by protein cast. F indicates glomerular
basement membrane thickening.

Table 3: Metabolic syndrome assessment parameters.

Parameter Time Control F F2 FG G

F glu mmol/L d0 3.8 ± 0.18 5.6 ± 0.25∗ 5.5 ± 0.30∗ 5.8 ± 0.22∗ 3.7 ± 0.19
d20 4.4 ± 0.18 5.9 ± 0.16∗ 6.1 ± 0.23∗ 6.7 ± 0.19∗ 4.2 ± 0.18

Serum cholesterol mmol/L d0 0.87 ± 0.08 1.17 ± 0.05 1.18 ± 0.09 1.24 ± 0.09 0.84 ± 0.08
d20 0.92 ± 0.07 1.19 ± 0.07 1.24 ± 0.06 1.37 ± 0.13∗ 0.77 ± 0.09

Serum triglyceride mmol/L d0 0.65 ± 0.1 1.27 ± 0.15∗ 1.30 ± 0.12∗ 1.32 ± 0.11∗ 0.84 ± 0.08
d20 0.70 ± 0.13 1.24 ± 0.10∗ 1.29 ± 0.14∗ 1.67 ± 0.14∗ 0.77 ± 0.09

Serum insulin 𝜇 I.U/mL d0 24.2 ± 1.9 23.3 ± 1.9 25.2 ± 1.7 25.2 ± 1.7 26.4 ± 1.9
d20 26.2 ± 2.1 29.4 ± 2.3 31.3 ± 1.9∗ 38.3 ± 1.9∗ 24.1 ± 2.1

Obesity index d20 2.04 ± 0.13 2.75 ± 0.22∗@ 2.74 ± 0.21∗@ 3.14 ± 0.21∗@ 2 ± 0.16‡,#,$

Serum parameters measurements were taken on days 0 and 20 of gentamicin therapy which correspond to the 38th and the 58th days of the high fructose water
treatment period. Obesity index was measured at the end of the treatment period. Results are expressed in mean ± SEM. ∗, ‡, #, $, and @ indicate statistical
significance as compared to control, F, F2, FG, and G groups, respectively (𝑃 < 0.05).

Gentamicin coadministration along with the fructose has
worsened the metabolic syndrome as indicated by the higher
increase in the abovementioned parameters in comparison
to the high fructose water treated group (F2 group). On the
other hand, gentamicin injection to rats given fructose-free
water did not produce any effect on these parameters (Table 2,
Figure 2).

3.3. Renal Failure Parameters. Results of renal function study
showed a comparable decline in renal function for FG
as compared to G group except for presence of relatively
stronger glomerular damage in FG group. According to
Griffin classification of renal failure, mild to moderate degree
of renal failure was observed in both of the renal failure
groups as indicated by results of tubular and glomerular
functions (Table 4) and histology study (Figure 3). Tubular
dysfunction, as indicated by both absolute and fractional

excretion of sodium, was comparable in both fructose fed
and unfed rats but glomerular function and the potential
of glomeruli to retain proteins were more deteriorated in
the former group (Table 4). Histology slides revealed similar
pattern of PCT (proximal convoluted tubule damage) in both
FG and G rats but mesangial hyperproliferation, glomerular
congestion, and distal convoluted tubules ectasia by protein
cast were more pronounced in FG group as compared to
G group (Table 6, Figure 3). Furthermore, 24 hr urinary
excretion of proteinwasmarkedly elevated in the renal failure
rats given high fructose water indicating that the glomerular
damage was stronger in this group (Table 4).

High fructose water treatment for 8 weeks did not
produce any significant change in the results of renal function
assessment study except for a prominent increase in tubular
function which is indicated by reduction of urine flow rate
and both absolute and fractional excretions of potassium.
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Table 4: Renal function assessment parameters (tubular and glomerular functions) along with uric acid level and kidney index (ratio of
kidney weight to total body weight).

Parameter Time Control F2 FG G
Glomerular function

Serum urea mmol/L d0 18 ± 2.9 22.1 ± 3.4 26 ± 2.9 17.8 ± 2.8
d20 21 ± 2.8 32.2 ± 3.5 52.8 ± 2 24.7 ± 2.4

Serum creatinine d0 79 ± 5.1 88 ± 4.1 78.6 ± 4 —
d20 86 ± 5.8@,$ 91 ± 4.8@,$ 199 ± 11∗,‡ 182 ± 12∗,‡

Creatinine clearance mL/min/100 g (B.W) d0 0.16 ± 0.02 0.16 ± 0.03 — —
d20 0.14 ± 0.02@,$ 0.12 ± 0.01@,$ 0.075 ± 0.029∗,‡ 0.09 ± 0.03∗,‡

Urinary protein excretion mg/hr d0 0.055 ± 0.008 0.045 ± 0.007 0.051 ± 0.006 0.049 ± 0.007
d20 0.052 ± 0.006 0.039 ± 0.007 0.094 ± 0.009∗@‡ 0.059 ± 0.007

Serum sodium and potassium

Serum Na+ d0 136 ± 2.1 134 ± 2.1 135 ± 1.4 137 ± 1.8
d20 139 ± 1.8 141 ± 2.8 133 ± 2.3 135 ± 1.7

Serum K+ d0 5.7 ± 0.2 5.6 ± 0.22 5.6 ± 0.18 5.5 ± 0.21
d20 5.6 ± 0.23 5.9 ± 0.24 5.3 ± 0.27 5.7 ± 0.23

Tubular function

Abs. Na+ excretion ×10−3mmol/hr d0 17 ± 1.60 11 ± 1.00∗ 9 ± 1.10∗ —
d20 18 ± 1.70 10 ± 0.90@ 34 ± 5.20 34 ± 2.80∗,‡

UFR 𝜇L/min/100 g (BW) d0 2.18 ± 0.2 1.70 ± 0.1 1.53 ± 0.1 1.44 ± 0.1∗

d20 2.16 ± 0.12 1.55 ± 0.08 1.43 ± 0.06∗ 4.95 ± 0.76∗,#

Abs. K+ excretion mmol/hr d0 0.07 ± 0.01 0.05 ± 0.01∗ 0.04 ± 0.00∗ —
d20 0.07 ± 0.01 0.05 ± 0.01$ 0.27 ± 0.03∗,‡ 0.17 ± 0.015∗

FE Na+ d0 0.51 ± 0.06 0.37 ± 0.034 0.33 ± 0.031 —
d20 0.49 ± 0.03 0.39 ± 0.021$@ 2.33 ± 0.12∗‡ 2.03 ± 0.155∗‡

FE K+ d0 61 ± 5.94 39 ± 3.7 48 ± 6.94 —
d20 67 ± 6.87$ 49 ± 3.21@$ 396 ± 44.5∗,#,@ 195 ± 33.77∗‡

Kidney index
Kidney index d20 0.67 ± 0.01 0.67 ± 0.02 0.69 ± 0.05 0.7 ± 0.03

Uric acid

Uric acid 𝜇mol/L d0 11.3 ± 1.37 17.1 ± 1.44∗@ 16.4 ± 1.38∗@ 11.8 ± 1.35‡,$

d20 2.7 ± 1.32 19.6 ± 1.43∗ 13.9 ± 1.40 12.9 ± 1.29

Urine pH d0 6.7 ± 0.34 5.3 ± 0.54 5.5 ± 0.61 6.4 ± 0.29
d20 6.9 ± 0.33 4.9 ± 0.56 5.9 ± 0.55 7.2 ± 0.2.8

The measurements were taken on days 0 and 20 which correspond to 38th and 58th days of the high fructose water treatment period. Kidney index was
measured at the end of the treatment period. Results are expressed in mean ± SEM. ∗, ‡, $, and @ indicate statistical significance as compared to control, F2,
FG, and G groups, respectively (𝑃 < 0.05).

Furthermore, the treatment causes a significant increase in
uric acid level which was accompanied with a reduction in
urine pH (Table 3).

Gentamicin injection to normal rats did not produce any
change in uric acid level. On the other hand, surprisingly,
gentamicin coadministration during the last 20 days of the
high fructose water treatment period did not produce any
change in uric acid level in comparison to the positive
control (F2 group) in spite of more deterioration in the
metabolic syndrome parameters after induction of renal
failure (Table 4).

It is worthy to note that serum concentrations of both
sodium and potassium were not affected in all the treat-
ment groups. In spite of having a comparable absolute and
fractional excretion of sodium in both of the fructose-free

and high fructose water treated renal failure rats, potassium
excretion was higher in the group treated with high fructose
water as indicated by results of absolute and fractional
excretion of potassium.There was a noticeable increase in the
fractional excretion of potassium (Table 4).

3.4. Oxidative Stress. Oxidative stress assessment study in
serum shows that fructose feeding produced some increase
in serum oxidative stress as indicated by reduction of glu-
tathione level and higher MDA production. Gentamicin
coadministration along with fructose has raised the oxidative
stress to its upmost level in comparison to that of the groups
which are treated with gentamicin or high fructose water
alone (Table 5).
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Table 5: Oxidative stress parameters (malondialdehyde (MDA) and glutathione) in both serum and renal homogenates.

Parameter Control F2 FG G
Oxidative stress in serum at the end of the treatment period (day 24)

SerumMDA nmol/mL 2.735 ± 0.16 3.46 ± 0.32 5.783 ± 0.31∗ 2.86 ± 0.19
Serum glutathione (GSH) mL/L 167 ± 5.23 145 ± 5.8 103 ± 4.9∗ 159 ± 6.3

Oxidative stress in kidney homogenate at the end of the treatment period
MDA in nmol/g kidney tissue 65.4 ± 2.3 67.1 ± 2.6 83.2 ± 3.7 79.4 ± 5.8
GSH glutathione mg/g kidney tissue 98.5 ± 3.1 97.5 ± 2.8 89.5 ± 3.2 91.2 ± 2.6

The measurements were done at the end of the treatment period. Results are expressed as mean ± S.E.M. ∗, ‡, $, and @ indicate statistical significance as
compared to control, F2, FG, and G groups, respectively (𝑃 < 0.05).

Table 6: Histological changes grading for the FG and G groups at the end of the treatment period.

Histological
change/rat

Glomerular
congestion

Mesangial
hyperproliferation PCT damage Interstitial PMNs

infiltration
DCT ectasia by
protein cast Final decision

FG 1 ++ ++ + Nill + Moderate
FG 2 + + + + Nill Mild
FG 3 ++ ++ + + ++ Moderate
FG 4 Nill Nill Nill Nill Nill Normal

FG 5 + + + Nill + Mild to
moderate

FG 6 + + + + + Mild to
moderate

FG 7 ++ + Nill + ++ Moderate
FG 8 + + Nill + Nill Mild
G1 + Nill Minimal Nill Nill Very mild
G2 Nill Nill + Nill Nill Mild

G3 + Nill ++ Nill Nill Mild to
moderate

G4 Nill Nill + Nill Nill Mild
G5 Nill Nill Nill Nill Nill Normal
G6 + Nill Nill Nill Nill Mild
G7 + Nill + Nill Nill Mild
G8 + Nill + Nill + Mild
G9 + Nill ++ + + Moderate
G10 + Nill ++ + Nill Moderate

Gentamicin administration produced a comparable
increase in renal homogenate level of oxidative stress
markers of rats fed with both normal and high fructose diet.
Eight weeks of fructose feeding (F2 group) did not produce
any change in the renal homogenate content of the oxidative
stress markers (Table 5).

4. Discussion

Gentamicin is well documented as a nephrotoxic drug [3].
Pattern and lag time for its maximum nephrotoxicity rely on
the animal status, feeding behavior, and the conditions of the
experiment, such as the dosing profile [10]. Our preliminary
study showed that nephrotoxicity increased progressively
throughout the treatment period and reached its upmost
level on day 16 and remained constant up to the end of the
treatment period.

Glomerulonephritis (GN) and proximal convoluted
tubules (PCT) tubulonephritis are the most characteristic
features of gentamicin induced nephrotoxicity. The former
is attributed to the aptitude of the drug for binding
to glomerular basement membrane while the latter is
due to its accumulation inside the lining epithelium of
PCT. Gentamicin induces oxidative stress in the tubular
epithelium resulting in loss of tubular function [1, 2]. Renal
function study showed that daily injection of gentamicin
intraperitoneally for 20 days to Sprague-Dawley rats
has reduced glomerular filtration rate, increased serum
urea and creatinine, decreased tubular reabsorption of
both potassium and sodium, and produced histological
changes characterized by mild PCT damage and interstitial
infiltration along with glomerular congestion and hyalini-
zation. This points out to development of tubular damage
and drop in glomerular function.
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High fructose water uptake for 8 weeks induced (F and
F2 groups) metabolic changes characterized by metabolic
syndrome as indicated by a noticeable increase in the obesity
index, serum insulin, lipid profile, and the upward shifting of
the glucose tolerance curve. The changes were comparable in
both F and F2 indicating that the exuberant fructose that had
been added to the drinking water in F2 group during the last
2 weeks of the treatment period was not enough to induce
significant changes in metabolic syndrome parameters. Pre-
vious studies indicated that fructose can replenish glycolysis
pathway extensively through passing phosphofructokinase
step, the rate limiting step of the pathway. This reduces
glucose uptake and triggers the uncontrolled flow of fructose
derived carbons into lipogenesis pathway [11]. Furthermore,
previous studies indicated that high fructose feeding inhibits
tyrosine phosphorylation of insulin receptor after being
exposed to insulin without affecting insulin binding to the
receptors or their expression level [7]. This adversely affects
the sequential flow of secondary signaling pathway that
follows receptor activation. These observations were clearly
seen in our results as lipid profile was obviously deteriorated
after fructose treatment.

High fructose water ingestion produced changes in glu-
cose homeostasis characterized by a prominent increase
in basal insulin secretion and moderate change in insulin
tolerance curve along with a pronounced change in glucose
tolerance curve (Table 2, Figure 2). Unlike glucose, fruc-
tose induced metabolic syndrome is attributed mainly to
the effect of fructose on insulin receptor phosphorylation
while glucose induced metabolic syndrome is attributed
to the higher insulin release and development of insulin
resistance [12, 13]. Furthermore, fructose induced dyslipi-
demia and engorgement of fats in the visceral adipose
tissue are also among the attributable factors that enhance
fructose induced glucose intolerance [6]. Visceral fat does
not merely act as a fat depot, but it acts also as an endocrine
gland secreting inflammatory cytokines and macrophage
chemotactant factors which can indirectly deteriorate insulin
sensitivity and glucose tolerance [14]. Furthermore, it was
found that fructose reduces insulin sensitivity through trig-
gering release of the inflammatory cascade components,
namely, tumor necrosis factor (TNF-𝛼), c-Jun amino ter-
minal kinase (JNK), nuclear factor-𝜅B, and STAT-3 (signal
transducer and activator of transcription-3) [15–18]. On the
other hand, it was found that fructose suppresses peroxi-
somes proliferation activated receptor-𝛼 (PPAR-𝛼) activity
in skeletal muscles and hepatocytes resulting in obvia-
tion of fatty acid oxidation and more lipid accumulation
[19].

The inability of fructose to behave as glucose in eliciting
a surge in leptin level made its impact on metabolic status
more vicious [11]. Leptin is associated with satiety as it plays
a role in regulation of food uptake. One study revealed
that high fructose diet induces leptin resistance through
inhibiting the hypothalamic signal transducer and activator
of transcription-3 phosphorylation. It was found that this
effect occurs before appearance of the other fructose high
diet related phenomena, namely, body weight gain, hyper-
lipidemia, and glucose intolerance [20]. This interprets the

noticeable increase in body weight, total daily energy uptake,
and obesity index after fructose treatment.

Our results show that, in the high fructose water treated
rats, urine flow rate, electrolyte excretion, and urine pH
were significantly reduced in comparison to control. It is
well known that hyperinsulinemia activates Na+/H+ pump in
PCT resulting in increased uptake of Na+ and shedding more
H+. This is accompanied by higher reabsorption of water,
potassium, and bicarbonate [21, 22].

Urine acidification reduces uric acid seep with urine and
augments hyperuricemia [23]. This interprets the significant
development of hyperuricemia in the rats treated with the
high fructose water. Hyperuricemia is culminated in enhanc-
ing progression of metabolic syndrome and oxidative stress.
Uric acid increases oxidative stress in adipose tissue directly
through activation of NADH oxidase enzyme and release of
reactive oxygen species. On the other hand, uric acid can
reduce endothelial capacity to produce nitric oxide [24].

High fructose feeding enhances release of methylglyoxal
as a secondary intermediate product. The latter accumulates
in tissues and is associated with higher emergence of reactive
oxygen species and oxidative stress [25]. This augments
insulin resistance in hepatocytes and skeletal muscles, lipoge-
nesis, and engorgement of visceral adipose tissue with lipids
[26]. Our results showed that there had been an increase in
oxidative stress and reduction of total antioxidant status in
the fructose fed rats.

Renal function study revealed that fructose feeding has
changed the picture of gentamicin induced nephrotoxicity
through producing a stronger glomerular damage. This was
seen obviously through results of histology study and protein
urea. Nevertheless, tubular function as indicated by tubular
reabsorption of sodium was not affected. In spite of the
observed higher glomerular damage in the renal failure group
that received high fructose water in comparison to that which
received ad libitum fructose free water, creatinine clearance
was slightly affected. Protein urea was the most prominent
biochemical change that accompanied this glomerular dys-
function. High fructose water treatment could not enhance
tubular, although previous studies had pointed out the role
of fructose induced metabolic syndrome in overactivation of
the tubular function and increase of electrolytes reabsorption
[25]. On the other hand, fructose can induce glomerular
dysfunction through triggering more mesangial hyperprolif-
eration and glomerular congestion [27]. Glomerular changes
in metabolic syndrome are attributed to increased formation
of advanced glycation end products AGE. Previously, it
was found that fructose induced produces 10 times more
AGEs than the glucose induced one. AGEs have the aptitude
to cross-link glomerular membrane proteins causing the
mentioned changes [27]. Our results showed higher protein-
uria and DCT ectasia by protein cast in the group given
gentamicin along with high fructose water as compared to
that injected with gentamicin along with ad libitum feeding
(Figure 3, Table 4).This is a natural consequence of the higher
degree of glomerular damage in rats given gentamicin along
with high fructose feeding.

Distal convoluted tubules (DCT) ectasia by protein cast is
one of the prominent features of glomerular damage. It results
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from leakage of low g.m.wt proteins, like albumin. Proteins
in the tubular filtrate precipitate the glycoproteins that line
DCT (Tamm-Horsfall protein) resulting in creation of casts
that block DCT. This observation was closely related to the
observed protein urea in the renal failure rats fed with the
high fructose treatment [28].

On the other hand, renal oxidative stress, as represented
by measuringMDA (malondialdehyde) and glutathione con-
tent in renal homogenate, was significantly increased after
gentamicin coadministration along with fructose treatment.
In spite of its increase in the groups treated with gentamicin
or fructose alone, the increase was higher in rats given the
combined treatments. This may be attributed to the higher
oxidative stress status or mesangial hyperproliferation that
these rats experience.

Metabolic studies showed a significant increase in urine
flow rate and water uptake in renal failure rats. Fructose
uptake is directly proportional to the amount of water
ingested in the groups treated with high fructose water. So
gentamicin coadministration resulted in higher ingestion
of fructose. In this group, the thrive to ingest standard
rodents chow was decreased making the amount of energy
uptake comparable to that of rats given ad libitum fructose-
free water. Consequently, higher amount of fructose had
been ingested by these animals. This can be controlled
by limiting the amount of water uptake but this leads to
water imbalance which is an important factor that affects
the metabolic status. This case mimics the situation of
drinking lots of fructose enriched beverages in patients
who are under high dose of gentamicin treatment. This
factor had raised a suggestion that metabolic abnormalities
in the group given gentamicin along with high fructose
water might have been attributed to the intervention of
gentamicin or the higher amount of ingested fructose. Fur-
ther studies are recommended to use high fructose chow
diet instead of adding it in drinking water along with
gentamicin so as to get a clearer picture of the direct
intervention of gentamicin along with high fructose diet.
This factor has behooved us to run F2 group which was
designed to ingest the same amount of fructose taken by FG
group.

Metabolic syndrome assessment study shows that the
combined therapy was associated with higher deterioration
in both glucose and lipid homeostasis as compared with
fructose treatment model. This was indicated by results of
fasting serum glucose, I.V. glucose and insulin tolerance tests,
lipid profile, and obesity index in both F2 and FG groups.
This change is more attributed to the plausible intervention
of gentamicin on progression of fructose induced metabolic
changes. Although FG rats consumed higher amount of
fructose as compared to F rats, metabolic changes after gen-
tamicin coadministration cannot be attributed to the higher
fructose ingestion. Our results showed that there was not any
significant change in progression of the metabolic disorders
even after topping up the exuberant amount of fructose that
was ingested by FG group. Gentamicin induced metabolic
changes in the fructose induced metabolic syndrome rats
might have been developed due to higher oxidative stress that
gentamicin exerts as a part of its toxicity mechanism. This

highlights the danger of providing more fructose sweetened
beverages to patients who receive gentamicin therapy.

Interestingly, uric acid has increased significantly after
fructose feeding. There was not any further increase in
hyperuricemia in the combined model of fructose induced
metabolic syndrome and gentamicin induced nephrotoxicity.
Renal failure induction in FG group was supposed to worsen
hyperuricemia. Its failure to do so suggests that mild to
moderate gentamicin induced nephrotoxicity, which was
observed in FG group, was not enough to further deteriorate
uric acid homeostasis as compared to F or F2 group. On
the other hand, it was suggested that gentamicin induced
PCTdamage reduces the tubular capacity to reabsorbHCO

3

−

which is required to push uric acid out [1]. This improves
uric acid excretion and halts hyperuricemia progression.
Gentamicin intervention along with fructose treatment did
not intensify PCT damage but it opposed the conventional
hyperinsulinemia induced PCT overactivity. Thence, it has
reduced PCT aptitude to acidify urine and hindered uric acid
exodus with urine.

In spite of the changes in urine flow rate, serum con-
centrations of both sodium and potassium were unaffected
in all the treated groups. This may be due to the loss of
equimolar amount of water along with the lost amount
of sodium and the elaborate mechanism the body uses to
maintain K+ concentration constant through regulation of
cellular Na+-K+ pump and renal excretion of potassium [29].
Results of absolute and fractional excretion of potassium
show a tendency of FG group kidneys to expel more K+ as
compared to thatwhichwas given fructose-freewater.During
insulin resistance, K+ pumping into the cell ceases resulting
in its leakage into the extracellular fluid [30]. Kidneys help
the body to expel any exuberant K+ to maintain its level
within narrow range [29]. On the other hand, gentamicin
induced PCT damage results in seeping of more potassium
into DCT and collecting tubules. The excessive sodium is
reabsorbed there in replacement of potassium resulting in
higher excretion of potassium with urine [31].

5. Conclusion

Feeding behavior affects the ability of the body to cope with
different pathophysiological conditions and development of
drugs toxicity. More precaution measures should be taken
when drugs are prescribed for metabolic syndrome patients
as they may enhance progression of metabolic syndrome
and metabolic syndrome enhances progression of the drug
toxicity.
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Acute kidney injury (AKI) is associated with significant morbidity and mortality in hypertensive surroundings. We investigated
superoxide radical molecules influence on systemic haemodynamic and kidney function in spontaneously hypertensive rats (SHR)
with induced postischemic AKI. Experiment was performed in anesthetized adult male SHR. The right kidney was removed, and
left renal artery was subjected to ischemia by clamping for 40 minutes. The treated group received synthetic superoxide dismutase
mimetic TEMPOL in the femoral vein 5 minutes before, during, and 175 minutes after the period of reperfusion, while the control
AKI group received the vehicle via the same route. All parameters were measured 24 h after renal reperfusion. TEMPOL treatment
significantly decreased mean arterial pressure and total peripheral resistance (𝑃 < 0.05) compared to AKI control. It also increased
cardiac output and catalase activity (𝑃 < 0.05). Lipid peroxidation and renal vascular resistance were decreased in TEMPOL
(𝑃 < 0.05). Plasma creatinine and kidney morphological parameters were unchanged among TEMPOL treated and control groups.
Our study shows that superoxide radicals participate in haemodynamic control, but acute superoxide scavenging is ineffective in
glomerular and tubular improvement, probably due to hypertension-induced strong endothelial dysfunction which neutralizes
beneficial effects of O

2

− scavenging.

1. Introduction

Acute kidney injury (AKI), commonly caused by an obstruc-
tion of renal blood flow (renal ischemia) and characterized by
a rapid decline in glomerular filtration rate (GFR) [1], is fre-
quently associated with significant morbidity and mortality,
the latter in the range of 30–60%, depending on the clinical
setting and presence or absence of nonrenal organ failure
[2]. Unfortunately, therapeutic approaches to prevent or treat
ARF are extremely limited, as the majority of interventional
trials in AKI have failed in humans [3, 4]. Therefore, the

search for novel therapeutic modalities to prevent or treat
AKI represents an area of intense investigation.

There are several factors involved in the initiation and
maintenance of the AKI: decrease of glomerular capillary
permeability, backleak of glomerular filtrate, tubular obstruc-
tion, and intrarenal vasoconstriction [1], but their causal-
ity has never been selective or rarely preventable. On the
other hand, long-lasting hypertension damages medium-size
and small-size renal blood vessels, disables adequate tubu-
loglomerular responses, and predisposes nephroangioscle-
rosis patients to AKI [5]. Also, patients with preexisting
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hypertension are at a particular risk of fatal outcome during
AKI [6, 7].

Oxidative stress appears as a main mechanism causing
tissue ischemia-reperfusion injury. Reperfusion injury gen-
erates a significant amount of free reactive oxygen species
(ROS), the effect of which could not be “buffered” by
endothelial cells exposed to ischemia [8]. Many studies have
shown that ROS could induce lipid peroxidation, increase
plasma membrane permeability [9], modulate both enzyme
and membrane pump activity [10], and induce damage of
DNA molecule [11, 12]. Study of Paller [13] has shown that
antioxidants, including allopurinol, exert protective effects on
postischemic kidney in rats, dogs, mice, rabbits, and pigs.
On the other hand, study of Scaduto et al. [14] showed that
allopurinol is ineffective in ischemic model of AKI. There
are controversies related to efficacy of other antioxidative
molecules in ischemic injury. Glutathione, normally present
in tubulocites, expresses antioxidative properties, but its con-
centration markedly drops after renal ischemia [15]. Besides,
glutathione therapy has shown opposite effects in ischemia-
reperfusion injury [16, 17].

Therefore, in the present study, by using oxidative scav-
enging therapy, we sought to determine whether superoxide
radical molecules influence haemodynamic, lipid peroxida-
tion and kidney function in spontaneously hypertensive rats
(SHR) with induced postischemic AKI.

2. Materials and Methods

Male adults SHR, 24 weeks old, weighing about 300 g, were
bred in the Institute for Medical Research, Belgrade, Serbia,
and fedwith a standard chow for laboratory rats (Veterinarski
Zavod, Subotica, Serbia).

All animal experiments were conducted in accordance
with local institutional guidelines for the care and use of
laboratory animals. The investigation also conformed to the
principles and guidelines of Conseil de l’Europe (published
in the Official Daily N. L358/1-358/6, 18 December, 1986), the
US National Institutes of Health (Guide for the Care and Use
of Laboratory Animals, NIH publication number 85-23), and
the Canadian Council on Animal Care (CCAC).

2.1. Experimental Protocol. All experiments were performed
in anaesthetized (35mg/kg b.m. sodium pentobarbital;
intraperitoneal (i.p.)) rats.

2.2. ExperimentalGroups andDesign. Hypertensionwas con-
firmed in all rats by indirect measurement on tail artery
(Narco Bio Systems Inc., Houston, TX, USA), and the
animals were divided into the following experimental groups:
sham operated rats (SHAM); rats with induced postischemic
AKI (AKI control); group AKI + TEMPOL, which received
superoxide dismutase (SOD)mimetic TEMPOL (4-hydroxy-
2,2, 6,6-tetramethylpiperidine-1-15N-oxyl; Sigma Chemical
Co., USA) during ARF induction.

AKI was induced by surgical removal of right kidney
followed by atraumatic clamp occlusion of the left renal artery
for 40 minutes. Control rats received vehicle (saline), while

AKI + TEMPOL group received SOD mimetic TEMPOL
(40mg/kg/h b.w.), in the femoral vein 5 minutes before and
175 minutes after the clamp removal. After infusion, the
wound abdominal incision was surgically closed and SHR
were placed individually into metabolic cages for 24 hours,
with free access to water and chow.

2.3. Haemodynamic Measurements 24 Hours after Reperfu-
sion. Haemodynamic parameters were measured in anaes-
thetized rats, through a femoral artery catheter (PE-50, Clay-
Adams Parsippany, NY, USA), connected to a physiologi-
cal data acquisition system (9800TCR Cardiomax III-TCR,
Columbus, OH, USA). A jugular vein was cannulated with
polyethylene tubing PE-50 for the injection of cold saline.
The left carotid artery was catheterized with PE-50 tubing
and attached to a Thermo Sensor, which was coupled to
the Cardiomax III for the determination of cardiac output
(CO). The other end of thermocouple was placed in cold
saline. Following 20min for stabilization after surgery, cold
saline (0.2mL) was supplied through the jugular vein and
mean arterial pressure (MAP), heart rate (HR), and CO were
recorded. Total peripheral vascular resistance (TPVR) was
calculated from MAP and CO (assuming that mean right
atrial pressure is zero) and expressed as mmHg min kg/mL.

After abdominal incision, left renal artery preparation
was utilized and an ultrasonic flow probe (1RB, internal
diameter = 1mm) was placed around the artery for the mea-
surement of renal blood flow (RBF), using a Transonic T106
Small Animal Flowmeter (Transonic System Inc., Ithaca,
NY, USA). Vascular resistance in renal artery (RVR) was
calculated by dividing MAP by RBF, normalized for the body
weight and expressed as mmHg ×min × kg/mL.

2.4. Biochemical Measurements 24 h after Reperfusion. After
haemodynamic studies, blood samples were taken for deter-
mination of creatinine (PCr) and urea (PU) in plasma.
Lithium-heparin (Li-heparin, Sigma, USA) was used as an
anticoagulant. 24 h urine samples were used for determina-
tion of urine creatinine (UCr) and urea (UU) concentrations
in urine. All biochemical parameters were measured using
an automatic COBAS INTEGRA 400 plus (Hoffmann-La
Roche, Germany) analyzer. Creatinine (CCr) and urea (CU)
clearances were calculated according to standard formula and
normalized to body weight. After blood samples collection,
animals were sacrificed by pentobarbital overdose injection.

Further, blood samples were centrifuged at 3000 rpm
at 4∘C for 15 minutes and erythrocytes were separated.
Hemoglobin (Hb) content was estimated by the method of
Drabkin and Austin [17]. Spectrophotometric analyses of
plasma or erythrocytes were performed in Ultrospec 3300
pro UV/Visible spectrophotometer, Amersham Biosciences
Corp., USA.

Activity of catalase (CAT) in erythrocytes was deter-
mined according to the procedure of Beutler [18] by following
the absorbance of hydrogen peroxide at 230 nm. The activity
of this enzyme was expressed as unit per gram of hemoglobin
(U/gHg)where one unit of CAT activity was defined asmmol
of H
2
O
2 per minute per gram of hemoglobin.
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Figure 1: Mean arterial pressure and heart rate in experimental group 24 hours after reperfusion.

Thiobarbituric acid reactive substances (TBARS), as a
marker of lipid peroxidation, were measured by using 2-
thiobarbituric acid (2,6-dihydroxypyrimidine-2-thiol; TBA).
An extinction coefficient of 156000M-1 cm-1 was used for
calculation [19] and level of TBARS was expressed as nmol
per milliliter of plasma.

2.5.Histological Examination. For determination ofmorpho-
logical changes, the left kidney was removed immediately
after sacrificing and than prepared for light microscopy. The
renal tissue was fixed in 10% buffered formalin solution.
Later, the kidney was dehydrated in alcohol and blocked
in paraffin wax, and 5 𝜇m thick sections were sliced and
stained by periodic acid-Schiff (PAS) reaction. By light
microscopy the following parameterswere semiquantitatively
evaluated on the scale from 0 to 4 according to the degree
of lesions: intensity and spread of tubular necrosis, number
of intraluminal cast formations, swelling and vacuolization
of cells, loss of luminal membrane or brush borders, tubular
dilatation, interstitial oedema, and separation of cells from
tubular basal membrane. The severity of congestion, that is,
the accumulation of red blood cells in glomeruli, peritubular
capillaries, and intrarenal veins, was graded on a scale from
1 to 3, as described by Mandal et al. [20]. The sum of
these changes represented the histopathological score for
comparison between groups. Two independent investigators
made histological evaluations; consensus was reached by

discussion, whereas for the pathohistological score the mean
value was calculated for each group.

2.6. Statistical Analysis. The results are expressed as mean ±
SEM. For results processing, we used the single-sided Stu-
dent’s 𝑡-test for two samples of equal variance (Microsoft
Excel 2010).This test was used for comparingAKI control and
SHAM, as well as AKI + TEMPOL and AKI control groups.
𝑃 values < 0.05 were considered significant.

3. Results

3.1. Haemodynamic Measurements. Both MAP and HR were
reduced in TEMPOL treated animals in comparison to AKI
control (𝑃 < 0.001 and 𝑃 < 0.05; Figure 1). Furthermore,
TPVR was significantly decreased (𝑃 < 0.05) and CO was
significantly increased in SOD mimetic treated group versus
control (𝑃 < 0.05) (Figure 2).

AKI induction significantly reduced RBF and increased
RVR in comparison to sham operated animals. TEMPOL
infusion significantly increased RBF and reduced RVR (𝑃 <
0.05) in AKI + TEMPOL group in comparison to AKI control
(Figure 3).

3.2. Biochemical Parameters. After AKI induction plasma
creatinine was significantly increased in AKI control group as
compared to sham operated animals (𝑃 < 0.001). TEMPOL
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Figure 2: Cardiac output and total vascular resistance in experimental group 24 hours after reperfusion.

0

5

10

15

20

25

Re
na

l b
lo

od
 fl

ow
 (m

L/
m

in
/k

g)

∗∗

#

Experimental groups

SHAM (n = 7)

AKI control (n = 9)

#
P < 0.05 versus AKI control

AKI + TEMPOL (n = 8)

∗∗
P < 0.01 versus SHAM

(a)

0

4

8

12

16

20

24

28

Re
na

l v
as

cu
la

r r
es

ist
an

ce
 (m

m
H

g m
in

 kg
/m

L)

Experimental groups

SHAM (n = 7)

AKI control (n = 9)

∗∗

#

#
P < 0.05 versus AKI control

AKI + TEMPOL (n = 8)

∗∗
P < 0.01 versus SHAM

(b)

Figure 3: Renal blood flow and renal vascular resistance in experimental group 24 hours after reperfusion.
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Table 1: Biochemical parameters in experimental groups 24 hours after reperfusion.

Plasma creatinine
(𝜇mol/L)

Plasma urea
(mmol/L)

Creatinine
clearance

(mL/min/kg)

Urea clearance
(mL/min/kg)

Plasma
phosphates
(mmol/L)

Catalase activity
(U/gHb)

TBARS
(nmol/mL)

SHAM
(𝑛 = 7) 32.71 ± 3.94 12.37 ± 1.70 6.50 ± 0.99 2.38 ± 0.28 2.39 ± 0.39 22.15 ± 6.05 7.28 ± 0.76

AKI control
(𝑛 = 9) 242.71 ± 20.24∗∗∗ 61.90 ± 3.93∗∗∗ 0.29 ± 0.13∗∗∗ 0.11 ± 0.04∗∗∗ 5.57 ± 0.61∗∗∗ 14.32 ± 2.91 10.54±0.92∗∗

AKI + TEMPOL
(𝑛 = 8) 225.63 ± 22 57.36 ± 3.17 0.32 ± 0.06 0.11 ± 0.02 4.25 ± 0.60 27.57 ± 6.36# 7.24 ± 0.37##

∗∗

𝑃 < 0.01 compared to SHAM; ∗∗∗𝑃 < 0.001 compared to SHAM; #𝑃 < 0.05 compared to AKI control; ##𝑃 < 0.01 compared to AKI control.
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Figure 4: Histopathological score in experimental group 24 hours
after reperfusion.

treatment had no influence on this glomerular filtration
marker. Also, TEMPOL infusion changed neither Pu nor
Pphos levels in postischemic SHR (Table 1). Similar relation
was observed in both clearances. AKI induction significantly
reduced CCr and CU, while TEMPOL treatment had no
influence on glomerular filtration improvement (Table 1).

Enzyme catalase activity dropped after AKI induction,
while TEMPOL treatment significantly elevated its activity
(𝑃 < 0.05) 24 hours after ischemia (Table 1).

TBARS level was significantly increased in AKI group.
TEMPOL treatment significantly reduced lipid peroxidation
(𝑃 < 0.01) (Table 1).

3.3. Histological Studies. Histological examination of the
kidney specimens obtained 24 hours after AKI revealed that
rats treatedwith TEMPOLhadminormorphological changes
in comparison to AKI control group (Figure 4).

Figure 5(a) shows the normal appearance of glomeruli,
interstitium, tubules, and blood vessels in SHAM operated
animals. Only in a few kidney specimens were observed a less
number of PAS positive casts in the tubular lumen.

The kidneys of animals with AKI showed dilatation of
certain segments of the proximal and distal tubules, with or
without loss of brush border. The most notable changes were
present in the corticomedullary zone where the broad areas
of necrosis of tubules and a large number of PAS positive
casts in the collecting ducts were observed. The intensity of
interstitial edema in this group varies from sample to sample
(Figure 5(b)).

In TEMPOL treated animals, similar damage is noticed
in comparison to kidneys of control AKI animals. Tubu-
lar dilatation is noticeable. In the corticomedullary zone,
tubular necrosis is slightly reduced and infarct fields have
similar intensity as AKI control animals. Interstitial edema is
observed. In addition, the number of tubular casts in the renal
medulla is comparable to AKI control animals (Figure 5(c)).

4. Discussion

In this study we examined the role of ROS in experimental
genetically induced hypertension during postischemic AKI
development. After AKI induction we noticed both mild
MAP and HR reduction, similar to the results of Bowmer
et al. [21] performed in the model of glycerol induced
AKI. These authors considered high uremia (plasma urea
was significantly elevated in AKI group in our study as
well) influence on autonomic nervous system (diminished
𝛼
1
adrenoreceptors sensitivity) as a cause of both MAP and

HR reduction after AKI. Many studies have shown that
superoxide radical scavenging reduces blood pressure in SHR
[22–24]. Nishiyama et al. [25] have shown reduction of
both blood pressure and TPVR due to O

2

− scavenging in
Ang II induced hypertension. In our experimental setting,
TEMPOL treatment resulted in blood pressure lowering,
followed by CO increasing and concomitant TPVR reduction
in comparison to control AKI animals. Considering these
results, it is reasonable to conclude thatO

2

− generation affects
blood pressure regulation in the presented postischemic
kidney hypertensive model.

Renal vasoconstriction is one of the major pathogenetic
mechanisms of AKI development; therefore control of
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(a) (b) (c)

Figure 5: (a) Normal appearance of glomeruli, interstitium, tubules, and blood vessels in SHAM operated animals. Very rare PAS positive
casts in the lumen of the tubules. (b) Massive corticomedullary tubular necrosis (solid arrow). Intensive interstitial edema. Numerous PAS
positive casts in the collecting ducts and dilatation of certain segments (dash arrow) of the proximal and distal tubules (with or without loss
of brush border) in AKI control group. (c) AKI + TEMPOL group. Noticeable tubular dilatation. Slightly reduced tubular necrosis in the
corticomedullary zone, with interstitial edema. Tubular casts in the renal medulla is comparable to AKI control animals.

the renal haemodynamic is essential for this disorder.
Schnackenberg et al. [22] have shown that TEMPOL
(12.4mg/kg t.m.) significantly reduced RVR without influ-
encing RBF in SHR. Also, study of de Richelieu [26] showed
chronic treatment with TEMPOL (1mM, 15 days) towards
effective RVR reduction in SHR. Furthermore, Li et al.
[27] suggest that TEMPOL normalizes the RBF in SHR.
Results of our study are in accordance with these studies,
indicating that ROS scavenging is beneficial in reduction of
postischemic induced renal vasoconstriction in SHR. Majid
and Kopkan [28] showed that TEMPOL increased blood flow
after angiotensin II induced oxidative stress in hypertensive
rats. It is well known that postischemic AKI induces massive
production of O

2

− radicals [29], which have important role
in human and animal hypertension [30–35]. Besides, there
is increased production of NADPH oxidase iRNA in renal
tissue of SHR, which is responsible for O

2

− generation
[35]. Cai and Harrison showed [36] that overproduction
of O
2

− is closely related to endothelial dysfunction and
vasoconstriction. Therefore, we can conclude that, in our
experimental model, both blood pressure lowering and renal
artery vasodilatation in TEMPOL treated animals are mainly
due to O

2

− scavenging.
In the present study, there was a sevenfold increase of

both plasma creatinine and urea and otherwise dramatically
dropping of creatinine and urea clearance after AKI induc-
tion. The former indicates detrimental glomerular filtration
after ischemia-reperfusion injury. TEMPOL treatment did
not affect these parameters of kidney function. Chatterjee
[37] reported plasma creatinine lowering due to TEMPOL
treatment after kidney injury in Wistar rats. By our opinion,
discrepancies among these studies could be explained by
hypertensive postischemic milieu in SHR, which causes
strong renal endothelial dysfunction and therefore abolishes
positive effects of O

2

− scavenging 24 hours after reper-
fusion. Hyperphosphatemia frequently occurs after AKI,
due to diminished expression of tubular sodium dependent
phosphate cotransporter [38]. In our experimental model,

TEMPOL treatment did not change phosphatemia, indicat-
ing O

2

− scavenging ineffective in tubular injury ameliora-
tion. This observation was confirmed by morphologically
unchanged tubular structure in AKI + TEMPOL group, in
comparison to AKI control. There is evidence that ischemia-
reperfusion injury results in decreased erythrocyte catalase
activity [39], what is also noticed in our experimental study.
Hence, TEMPOL treatment induced twofold increasing of
CAT activity; this should diminish oxidative stress during
postischemic AKI development in our study. Besides, Yuan
et al. [40] showed CAT activity positively correlated with
elevated antioxidant superoxide dismutase enzyme. Another
study [41] showed CAT mimetic property of TEMPOL. On
the other hand, lipid peroxidation is closely related to cell
structure damage.There were many studies showing elevated
lipid peroxidation in plasma, erythrocytes, and kidney tissue,
after renal ischemia [13, 42, 43]. TEMPOL treatment in
our hypertensive rats decreased plasma lipid peroxidation
which correlates with results of Zhang et al. [44]. They
showed TEMPOL (10mg/kg and 30mg/kg b.w.) effective
in TBARS lowering at Sprague-Dawley Ang II hypertensive
rats. Considering that NAD(P)H oxidase is one of the main
sources generating ROS [45] and that superoxide scavenging
in our study resulted in bothCAT activity increasing and lipid
peroxidation decreasing, we could be free to conclude that
TEMPOL treatment probably diminished activity of NADPH
oxidase as well. Our results show that morphological changes
in the kidney of TEMPOL treated animals were similar to
control AKI rats. Although some data [37] showed TEMPOL
treatment successful against postischemic kidney injury in
normotensive conditions, our results indicate that hyperten-
sive milieu in the kidneys of SHR suppresses morphological
renal recovery after superoxide radical scavenging.

Taken together, results of our study show that acute
TEMPOL treatment can diminish hypertension and improve
systemic haemodynamic parameters after postischemic renal
injury, suggesting that postischemic induced superoxide
anions at least in one part participate in blood pressure
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and haemodynamic control in this condition. On the other
hand, presented results indicate that acute superoxide scav-
enging is ineffective in general kidney function improvement,
despite renal haemodynamic improvement 24 hours after
reperfusion. In our opinion, this is due to strong renal en-
dothelial dysfunction induced by hypertension, which neu-
tralizes beneficial effect of acute O

2

− scavenging. Thus, tu-
bular injuries as main targets of postischemic episode remain
mostly unaffected. Beyond this disappointment, there is a
fact that TEMPOL treatment did not additionally decline
glomerular function in postischemic SHR, so it could be
effective in blood pressure therapy in hypertensive AKI
patients. On the other hand, there are many open questions
related to efficacy of long lasting TEMPOL treatment after
postischemic kidney injury in hypertension or to protective
influence of superoxide scavenging in recovery phase of AKI
which could be topic for more complex studies.
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Tacrolimus, a calcineurin inhibitor, is clinically used as an immunosuppressive agent in organ transplantation, but its use
is limited due to its marked nephrotoxicity. The present study investigated the effect of olmesartan (angiotensin receptor
blocker) on tacrolimus-induced nephrotoxicity in rats. A total of 24 rats were divided into four groups, which included control,
tacrolimus, tacrolimus + olmesartan, and olmesartan groups. Tacrolimus-induced nephrotoxicity was assessed biochemically and
histopathologically. Tacrolimus significantly increased BUN and creatinine level. Treatment with olmesartan reversed tacrolimus-
induced changes in the biochemical markers (BUN and creatinine) of nephrotoxicity. Tacrolimus significantly decreased GSH level
and catalase activity while increasingMDA level. Olmesartan also attenuated the effects of tacrolimus onMDA, GSH, and catalase.
In tacrolimus group histological examination showed marked changes in renal tubule, mitochondria, and podocyte processes.
Histopathological and ultrastructural studies showed that treatment with olmesartan prevented tacrolimus-induced renal damage.
These results suggest that olmesartan has protective effects on tacrolimus-induced nephrotoxicity, implying that RAS might be
playing role in tacrolimus-induced nephrotoxicity.

1. Introduction

Tacrolimus (TAC) is Food and Drug Administration
approved immunosuppressant used clinically to reduce the
rejection rate in organ transplantation. Prolonged treatment
with TAC results in several adverse effects, with the most
significant being nephrotoxicity [1, 2]. It has been shown
previously that TAC significantly increases blood urea
nitrogen (BUN) and serum creatinine level while decreasing
endogenous creatinine clearance which is inversely pro-
portional to plasma renin activity (PRA) [3, 4]. Similarly
renin mRNA levels are also increased in the renal cortex in
TAC-treated rats [5]. Long-term use of TAC produces
histological changes which include arteriolar hyalinosis, tub-
ular atrophy, interstitial fibrosis, thickening and fibrosis of

Bowman’s capsule, and focal or global glomerular sclerosis
[6].

The mechanism of TAC-induced nephrotoxicity is still
not well understood. Several factors may contribute to the
underlying mechanisms of nephrotoxicity, which include
increased production of vasoconstriction factors, such as
endothelin or thromboxane, and a decrease in vasodilation
factors like prostacyclin, prostaglandin E2, and nitric oxide.
TAC also has the ability to produce reactive oxygen species
(ROS) via activation of NADPH oxidase pathway and cause
disturbance in antioxidant defense which may be responsible
for nephrotoxicity [7]. It has been reported that treatment
with TAC leads to impairment in renin-angiotensin system
(RAS) which may mediate nephrotoxicity [8–10].
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Clinical as well as animal experimental studies support
the fact that angiotensin II plays a key role in pathophysiology
of glomerular damage [11–13]. It has been established earlier
that inhibition of Ang II may be an effective way to reverse
chronic renal damage [14, 15]. For example, overexpressing
renin transgenicmice shows perivascular and periglomerular
inflammation in kidney and these changes are reversed by
treatment with AT1 receptor antagonist [16].

Olmesartan (OLM) is an orally active angiotensin II
receptor (type AT1) antagonist. Since Ang II-dependent
cellular responses are mediated through ROS [17, 18], it may
be possible that renoprotective effects of angiotensin receptor
blockers (ARBs) aremediated through inhibition of glomeru-
lar ROS generation in chronic kidney disease [19]. Therefore
we hypothesized that OLM may reduce/attenuate TAC-
induced renal damage and oxidative stress through AT1
receptor antagonism. Our study focuses on the effect of OLM
on TAC-induced nephrotoxicity in rats using biochemical
markers of oxidative stress, renal function, and histopatho-
logical measures of cellular damage.

2. Materials and Methods

2.1. Animal Model. Male Wistar albino rats weighing 150–
200 g (10–12 weeks old) were used in this study. The animals
were obtained from Experimental Animal Care Center, Col-
lege of Pharmacy at King Saud University. They were kept
under ideal laboratory conditions (12 h light/12 h darkness
cycle, 45–55% relative humidity, and temperature at 23–25∘C)
and maintained on standard pellet diet and water ad libitum
during the experimental period. All experimentswere carried
out according to the guidelines of the Animal Care and Use
Committee at King Saud University.

2.2. Drugs and Chemicals. TAC obtained from Sigma
Aldrich, USA, and OLM obtained from Ranbaxy Research
Laboratory, INDIA, were used in the study. Biochemical
parameterswere done using kits (Dimension, Siemens,USA).
All the other chemicals used were of analytical grade.

2.3. Experimental Protocol. Rats were randomly divided into
four groups: group 1, control group received normal saline
for 14 days. Group 2, toxic group received TAC (2mg/kg,
intraperitoneally [i.p.]) for 14 days [20]. Group 3, treatment
group first received TAC (2mg/kg, i.p.) for 14 days with the
same schedule as group 2 and also OLM (2mg/kg, dissolved
in distilled water and administered p.o.) for 28 days. Group 4,
drug per se group received OLM (2mg/kg, dissolved in
distilled water and administered p.o.) for 28 days.

Rats were sacrificed by decapitation under ether anesthe-
sia, as per the protocol. Blood sample was collected and the
serum was separated by centrifugation at 3000 g for 10min
and frozen at −20∘C for estimation of renal function param-
eters.

The kidneys were isolated and washed in ice-cold physio-
logical saline andwere used for assessment of oxidative stress,
histopathology, and ultrastructural changes.

2.4. Biochemical Estimation. Biochemical estimations were
done by autoanalyzer (Dimension RXL MAX, Siemens,
USA).

2.5. Determination of Lipid Peroxides, Measured as Malondi-
aldehyde (MDA). MDA level, a product of membrane lipids
peroxidation, was estimated by reacting it with thiobarbi-
turic acid (TBA), by the method of Ohkawa et al., [21]
using the standard calibration curve prepared from tetra-
ethoxypropane. MDA was expressed as nmoles of MDA per
milligram of protein. Protein was estimated by the method of
Lowry et al. [22].

2.6. Determination of Reduced Glutathione (GSH). GSH con-
tent was estimated by the method of Sedlack [23]. The
absorbance of reaction mixture was read within 5min of
addition of 5,5-dithiobis(2-nitrobenzoic acid) at 412 nm
using UV spectrophotometer, against a reagent blank.

2.7. Determination of Catalase (CAT). Kidney tissue was
homogenized and PMS was used to assay CAT activity. CAT
activity was estimated using the method of Clairborne [24].
The reactionmixture consisted of 1.95mL of phosphate buffer
(0.1M, pH 7.4), 1.0mL of hydrogen peroxide (0.019M), and
0.05mL of PMS in a final volume of 3mL. Changes in
absorbance were recorded at 240 nm every minute for 5
minutes. The enzyme activity was calculated as nmoles of
H
2
O
2
consumed/min/mg protein.

2.8. Histopathological Studies. Kidneys were harvested from
the rats and fixed in 10% buffer formosaline. Paraffin sections
of thickness of 3-4 𝜇mwere prepared and stained with hema-
toxylin and eosin (H&E) for histopathological examination
under light microscopy.

2.9. Ultrastructural Studies. Immediately after removal of
kidney from the dissected rats, tissues were sliced into small
size (1mm3) and fixed in 3% buffered glutaraldehyde. Tissue
specimens were then postfixed in 1% osmium tetroxide
(OsO
4
) for 90min. Dehydration of the fixed tissue was

performed using ascending grades of ethanol followed by
transfer of tissue to epoxy resin via propylene oxide. After
impregnation with the pure resin (SPI resin), tissue spec-
imens were embedded in the same resin mixture [25].
Ultrathin sections of silver shades (60–70 nm) were cut using
an ultramicrotome (Leica, UCT, Tokyo, Japan) with a dia-
mond knife; sections were then placed on copper grids and
stained with uranyl acetate (20min) and lead citrate (5min).
Stained sections were observed under transmission electron
microscopy (JEOL JEM-1011, Tokyo, Japan) operating at
80 kV [25, 26].

2.10. Statistical Analysis. All results are expressed as mean +
SEM. Data of groups were compared with the analysis of
variance (ANOVA), followed by the Tukey-Kramer multiple
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Figure 1: Effect of olmesartan on tacrolimus-induced changes
in BUN and creatinine levels in serum of different experimental
groups. The data are expressed as mean ± SEM (𝑛 = 6). ∗𝑃 < 0.05
versus control group; ∗∗𝑃 < 0.05 versus toxic group. ANOVA
followed by the Tukey-Kramer multiple comparison tests.

comparison tests to identify significance among groups. Val-
ues were considered statistically significant when 𝑃 < 0.05.
Statistical analysis was carried out usingGraph pad prism 3.0.

3. Results

3.1. Effect of OLM on TAC-Induced Changes in Parameters of
Renal Function in Serum. Serum creatinine and BUN are
biomarkers for kidney function. Treatment of rats with TAC
caused renal damage as evidenced by a significant (𝑃 < 0.05)
increase in serum creatinine and BUN levels compared to
control group. Treatment with OLM significantly (𝑃 < 0.05)
decreased both serum creatinine and BUN levels caused
by TAC (Figure 1). Treatment of rats with TAC also caused
significant decrease in total protein and albumin levels in
serum (𝑃 < 0.05) compared to control group, which was
reversed by OLM treatment (Figure 2). However, OLM per se
group did not have any significant changes in any of the above
parameters compared to control group (Figures 1 and 2).

3.2. Effects of OLM on TAC-Induced Changes in Parameters of
Oxidative Stress in Kidney. Two-week treatments of rats with
TAC resulted in a significant (𝑃 < 0.05) increase in kidney
MDA contents compared to the control group. Treatment
with OLM showed a significant (𝑃 < 0.05) decrease in
TAC-induced kidney MDA level (Figure 3). Consequently, a
significant (𝑃 < 0.05) decrease in kidneyGSH level (Figure 3)
and catalase activity (Figure 4) was found in TAC-treated
group compared to control group. Treatment with OLM
showed a significant improvement in TAC-induced kidney
GSH level (𝑃 < 0.05) and catalase activity (𝑃 < 0.05). OLM
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Figure 2: Effect of olmesartan on tacrolimus-induced changes in
total protein and albumin levels in serum of different experimental
groups. The data are expressed as mean ± SEM (𝑛 = 6). ∗𝑃 < 0.05
versus control group; ∗∗𝑃 < 0.05 versus toxic group. ANOVA
followed by Tukey-Kramer multiple comparison tests.
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Figure 3: Effect of olmesartan on tacrolimus-induced changes in
glutathione and lipid peroxidation in kidney of different experi-
mental groups. The data are expressed as mean ± SEM (𝑛 = 6).
∗

𝑃 < 0.05 versus control group; ∗∗𝑃 < 0.05 versus toxic group.
ANOVA followed by the Tukey-Kramer multiple comparison tests.

per se group did not have significant changes compared to
control group.

3.3. Effects of OLM on TAC-Induced Histopathological
Changes in Kidney. Renal tissues showed normal morpho-
logical structures in control group (Figure 5(a)). However
treatment with TAC showed significant hypertrophy of
epithelial cells and renal tubules epithelia degeneration. Renal
glomeruli and epithelial cells enlargement in the cortical part
of the kidney were also observed. In few renal tubules, single
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Figure 4: Effect of olmesartan on tacrolimus-induced changes in
catalase activity in kidney of different experimental groups.The data
are expressed as mean ± SEM (𝑛 = 6). ∗𝑃 < 0.05 versus control
group; ∗∗𝑃 < 0.05 versus toxic group. ANOVA followed by the
Tukey-Kramer multiple comparison tests.

epithelial cells desquamated from the lumen were also noted
(Figure 5(b)). Four-week treatment with OLM ameliorated
TAC-induced damage in renal tissue compared to that
observed in normal tissue (Figure 5(c)). No morphological
changes were observed in OLM per se group (Figure 5(d)).

3.4. Effects of OLM on TAC-Induced Parameters of Ultra-
structural Changes in Kidney. Ultrastructural changes in
cellular structure were further visualized by transmission
electron microscopy. At ultrastructural level, normal struc-
tures of kidney were seen in control group (Figure 6(a)). By
contrast, nephropathic changes were observed in the corti-
comedullary region of toxic group characterized by glomeru-
lar damage, including dilatation of glomerular blood vessels,
exfoliation and shedding of proximal tubular cells into the
tubular lumen, thickened basement membrane, and intersti-
tial inflammation (Figure 6(b)). The dilatation of capillaries
filled with erythrocytes was the most advanced change
all over the kidney. Cellular damage was accompanied by
“scarring” of some glomeruli (focal glomerular sclerosis) and
tubules (tubular interstitial fibrosis), as well as by tubular
regeneration (Figure 6(b)). We also noticed degenerated
mitochondria, number of multivesicle bodies, glomerular
epithelial injury, and cell debris. Under normal conditions,
tubular regeneration serves to restore the loss of damaged
cells by a transient increase of cell proliferation. However, in
OLM-treated rats, kidneys demonstrated massive and sus-
tained regenerative renal cell proliferation, resulting in simple
tubular hyperplasia, indicated by increased number of cells
and multilayered tubules. OLM treatment was associated
with normalization of cellular structure and reversal of the
TAC-induced renal cell damage (Figure 6(c)). Normal cel-
lular structures were observed in OLM per se group
(Figure 6(d)).

4. Discussion

The present study aimed to evaluate the effect of OLM
on TAC-induced nephrotoxicity in rats using biochemical

markers of oxidative stress, renal function, and histopatho-
logical measures of damage at cellular levels. The protective
effects of angiotensin receptor blockers on nephrotoxicity
were reported in various studies using other animal models
[16, 27–30].

Previous reports have shown that TAC-induced
nephropathy is manifested by elevation in the serum levels
of creatinine and BUN [31–34]. In the present study, TAC-
treated rats showed elevated levels of serum BUN and
creatinine. However, treatment with OLM caused a
significant reduction in BUN and creatinine levels whichmay
be due to reduction in glomerular filtration damage induced
by TAC. In previous study, it has been shown that concen-
tration of creatinine and BUN depends on the glomerular
filtration rate (GFR). Renal dysfunction reduces glomerular
filtration of creatinine and BUN, and thus creatinine and
BUN rise. If the serum creatinine and BUN levels double, the
GFR is considered to have been halved [34, 35]. These results
are in agreement with an earlier report [36].

Hypoalbuminemia is a characteristic feature of the
nephrotic syndrome [37]. In this study serum albumin and
total protein levels were found to be low in TAC-treated rats
similar to previous studies [38–40]. Treatment with OLM
reversed TAC-induced hypoalbuminemia and total protein
levels. In a clinical trial it is reported that valsartan (ARBs)
deceases the urinary albumin excretion rate to a greater
extent than amlodipine, while BP was reduced to the same
level. Therefore, it is suggested that OLM improves renal
function by counteracting TAC-induced nephropathy.

In our study,we observed a significant increase in the con-
centration of MDA level in renal tissues of TAC-treated ani-
mals compared to control group. The elevated level of MDA
may be due to enhanced production of ROS (superoxide
radicals, hydrogen peroxide, and hydroxyl radicals). Ibrahim
et al. [34] also reported a significant increase in kidney MDA
content in rats with a cumulative dose of TAC [36]. Similar
studies were also reported by other authors [41, 42]. Zhou
et al. [4] reported that TAC leads to cell death via ROS
production. In this study, treatment with OLM significantly
decreased renal MDA level which suggests its role in combat-
ing oxidative stress generated by TAC. Angiotensin II plays
an important role in induction and upregulation of ROS pro-
duction in renal injury. Therefore OLM may have decreased
TAC-induced renal damage by reduction in ROS/oxidative
stress.

Decreased GSH levels and CAT activity in renal tissue
may be due to excess production of ROS/lipid peroxides. In
the present study, treatment with OLM reversed TAC-
induced decrease in renal GSH content and CAT activity.
Increased intracellular GSH content and CAT activity might
be due to upregulation of enzymatic/nonenzymatic antioxi-
dants or a decrease in oxidative stress in OLM-treated group.
OLM has been shown to decrease oxidative stress in earlier
studies [28, 43]. However these studies did not investigate the
nephroprotective effects of OLM on TAC.

In histopathological examination, renal tubules epithelia
degeneration with infiltration of mononuclear cells and
dilation of glomeruli as well as hyperaemia of medullary and
cortical parts was seen in toxic group.The dilatation of capil-
laries filled with erythrocytes was the most advanced change
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Figure 5: Effect of olmesartan on tacrolimus-induced changes histopathology in kidney of different experimental groups. (a) Control group;
(b) toxic group; (c) treatment group; and (d) drug per se group (𝑛 = 6 per group). Magnification at 40x.
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Figure 6: Effect of olmesartan on tacrolimus-induced ultrastructural changes in kidney of different experimental groups. (a) Control group;
(b) toxic group; (c) treatment group, and (d) drug per se group (𝑛 = 6 per group). Podocyte foot process and mitochondrial integrity were
assessed using transmission electron microscopy (magnification = ×10000).
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all over the kidney. Further, the present study showed tubular
vacuolization in toxic group. Examination of renal cellular
ultrastructure showed round, oval mitochondria within the
tubular epithelium in TAC-treated rats. Further ultrastruc-
tural analysis shows disturbances in podocytes foot process,
that is, podocyte foot injury and podocyte foot process
effacement. Similar histopathological and ultrastructural
changes associated with TAC-related nephrotoxicity, includ-
ing tubular vacuolization, arteriolar hyalinosis, interstitial
fibrosis, and juxtaglomerular hyperplasia, have been reported
earlier [7, 36, 44–46]. TAC-induced histopathological and
ultrastructural changes were reversed by treatment with
OLM. There was restoration of podocyte architecture along
with epithelial integrity after treatment with OLM. Tubu-
lar vacuolization induced by TAC was also attenuated by
treatment with OLM. Earlier studies have shown that RAS
blockade leads to preservation of podocytes architecture,
mitochondrial function, and epithelial integrity [27, 28].

Treatment with OLM ameliorated TAC-induced nephro-
toxicity implying that angiotensin receptor antagonist leads
to improvement in renal function. The protective effect of
OLM was accompanied by a significant attenuation of oxida-
tive stress in kidney and improvement in renal function as
well as restoration of renal structures.Thus, the current study
suggests that RAS inhibitionmay be beneficial in case of renal
damage caused by chronic use of immunosuppressant.
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