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Contrast-induced acute kidney injury (CI-AKI) can occur in 3–25% of patients receiving radiocontrast material (RCM) despite
appropriate preventive measures. Often patients with an atherosclerotic vasculature have to receive large doses of RCM. Thus,
animal studies to uncover the exact pathomechanism of CI-AKI are needed. Sensitive and specific histologic end-points are lacking;
thus in the present review we summarize the histologic appearance of different rodent models of CI-AKI. Single injection of RCM
causes overt renal damage only in rabbits. Rats and mice need an additional insult to the kidney to establish a clinically manifest
CI-AKI. In this review we demonstrate that the concentrating ability of the kidney may be responsible for species differences
in sensitivity to CI-AKI. The most commonly held theory about the pathomechanism of CI-AKI is tubular cell injury due to
medullary hypoxia.Thus, the most common additional insult in rats and mice is some kind of ischemia.The histologic appearance
is tubular epithelial cell (TEC) damage; however severe TEC damage is only seen if RCM is combined by additional ischemia. TEC
vacuolization is the first sign of CI-AKI, as it is a consequence of RCM pinocytosis and lysosomal fusion; however it is not sensitive
as it does not correlate with renal function and is not specific as other forms of TEC damage also cause vacuolization. In conclusion,
histopathology alone is insufficient and functional parameters and molecular biomarkers are needed to closely monitor CI-AKI in
rodent experiments.

1. Introduction

Contrast-induced acute kidney injury (CI-AKI) is defined
as an increase of >25% or >0.5mg/dL (44 𝜇mol/L) serum
creatinine (𝑆Cr) from baseline within 48−72 hours following
intravenous injection of iodine-based radiocontrast material
(RCM) if other causes of renal impairment can be excluded
[1–3]. CI-AKI is the third most common cause of hospital
acquired acute renal failure [2, 4, 5] and is responsible for
about 10–12% of the cases [2, 6–8]. Renal function may
deteriorate after RCM use even in the absence of overt CI-
AKI [9, 10]. CI-AKI was first reported in 1942 [11]. The rise in
the use of intravenous RCM for computer tomography (CT)
and magnetic resonance imaging (MRI) and angiography
[5] (Figure 1) led to the recognition of CI-AKI as the most
important complication of iodinated RCM administration.
Although contrast enhanced X-ray is the most common
indication of RCM use (Figure 1), percutaneous coronary
angiography (in the USA: 1.4–1.3 million/year between 1997

and 2010 [12]) is the primary cause of CI-AKI [4, 5]. Although
hydration is considered to be the most effective preventive
measure [13, 14], CI-AKI may develop in 3–25% of patients
despite appropriate hydration [15] and further preventive
measures such as antioxidants [2, 16] or statins [4, 17]. How-
ever, the affected patient population is much larger consider-
ing subclinical cases [9]. Furthermore, RCM administration
in patients with high risk of CI-AKI such as preexisting renal
problems [18] or the use of large RCM doses [19] is often
unavoidable, which underscores the need for effective pre-
vention strategies.

Although hypoxia of the renal medulla [20–22] due to
reduction of renal blood flow (RBF) especially in peritubular
capillaries [23] and consequent oxidative stress are thought to
be the major effectors of CI-AKI [13, 24–26], the exact path-
omechanism is unknown [15, 20]. Thus CI-AKI is a subject of
intense research. In-depth analysis of molecular pathophys-
iology requires animal models. Therefore, different rodent
models, such as mice, rats, and also rabbits, are commonly
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Figure 1: Use of contrast materials in the USA. The most common
cause of intravenous iodinated contrast media [27] is X-ray (75
million/year) while about 50% of the CT and MRI studies are also
contrast enhanced accounting for another 38 million patients/year.
Thedegree of contrast utilization is expected to increase in the future
[28]. The global market for radiopharmaceuticals is $4.5 billion in
2015 and is projected to reach US$ 6.63 billion by 2017 [29]. The
iodinated, injectable contrast agents segment is expected to account
for the largest share of the contrast agents market [30].

applied in CI-AKI research. Histopathological analysis of the
kidney can provide a definitive end-point in various exper-
imental settings. However, the pathological appearance can
vary between experimentalmodels and a detailed description
of CI-AKI histopathology is not available. Many of the exper-
imental models also involve additional insults beside RCM;
hence it is relevant to differentiate between specific and non-
specific histopathological lesions. In the present review we
summarize the histopathological findings in CI-AKI rodent
models.

2. RCM Classes and Their Osmolality
and Viscosity

The type [5, 7] of the contrast material has been suggested as
a risk factor for CI-AKI. The first generation of RCM were
cheaper, ionic, and hyperosmotic (HOCM > 1 000mOsm/L)
(Table 1). Second-generation RCM are more expensive
[18, 38], nonionic, low-osmolality RCM (LOCM: 600–
900mOsm/L) where iodine is covalently bound to an organic
component (Table 1). The newest generation of RCM, intro-
duced in the 80s, is isoosmotic (IOCM: 280–320mOsm/L)
with a dimeric structure. Although the osmolality of the RCM
was held responsible for CI-AKI previously, the withdrawal of
HOCM did not reduce the incidence of CI-AKI [39]. More-
over, clinical studies including a recentmeta-analysis [40] did
not find differences in the incidence of CI-AKI or renal safety
profile between LOCM and HOCM [41, 42]. The osmolality
of tested RCM did not influence the extent of tubular cell
vacuolization in rats [43]. Similarly, our mouse (NMRI)
model did not confirm the hypothesis that higher osmolality
is more deleterious. Functional (survival, plasma urea) and

morphological (tubular damage index) end-points were simi-
lar after LOCM (iomeprol) andHOCM (diatrizoate) (unpub-
lished). A recent study comparing HOCM and IOCM con-
cluded that IOCM was retained longer in the kidneys. The
explanation for longer renal handling was the higher viscosity
of IOCMdue to their dimer structure and the lack of osmotic
diuresis [44]. Resistance to flow is linearly proportional with
the viscosity of the fluid and the length of the vessel and
inversely proportional to the fourth power of the vessel
radius (Poiseuille’s law). Thus, viscosity and not osmolality
determines flow especially in narrow and long peritubular
capillaries [45–47]. In order to reduce toxicity, high viscosity
RCM is warmed up to 37∘C before administration reducing
viscosity with about 50% (Table 1). Despite warming, several
studies suggested that dimer IOCM is more toxic than
monomer LOCM (Table 1) [45–47]. Furthermore, viscosity
increases exponentially in the tubules during the concen-
trating procedure leading to slower tubular flow [46]. Thus,
hydration may be beneficial by reducing urine concentration
and viscosity in tubules [44–46]. Interestingly, the compar-
ison of the highest viscosity iohexol (Omnipaque)� and the
lowest viscosity metrizoate (isopaque) did not support the
role of high viscosity in CI-AKI, as metrizoate caused more
renal damage compared to iohexol [48–50]. A recent meta-
analysis concluded that there is no difference in nephrotox-
icity among various RCM owing to differences in ionicity,
osmolality, or viscosity [51]. High viscosity could be a risk
factor in insufficiently hydrated patients as hydration may
be especially effective in preventing CI-AKI caused by high
viscosity IOCM [45].

3. Differences between Human and
Rodent Kidneys

Anatomically, rodents generally have a one-papilla kidney
compared to the multi-papilla (4–18) human kidneys. The
anatomic zones are similar [52, 53]. Mice have on average
14 000 and rats 22 000–25 000 [54] nephronswhereas humans
can vary from 200 000 to 1.8 [55] or up to 2.7 [53] million
nephrons. The mouse glomerulus is around 70𝜇m, whereas
the human glomerulus is 200𝜇m in diameter [52]. The distal
tubule has a brush border in mice but not in humans [52].
The outer stripe of the outermedulla in rodents is muchmore
developed than in the human kidney (Figure 2).The support-
ing connective tissue is more prominent in humans than in
mice [52]. Importantly, cortical proximal tubular epithelial
cells can be vacuolated in male mice [52]. Furthermore,
nephrogenesis is complete in humans at term birth whereas,
in rodents, the majority of nephrons are formed after birth
[53].

Functionally, the renal concentrating ability is higher in
rodents than in humans, especially in mice (4000mOsm/kg)
[56] but not in rabbits (Table 2). The higher concentrating
ability in mice is due to the complex, large bundles of vasa
recta, which envelop the thin loop of Henle in mice. In
humans, loops of Henle and vasa recta are simple and separa-
ted. Furthermore, the higher ratio (3 : 1 versus 7 : 1 in human)
of long-loop-of-Henle nephrons over short ones contributes
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Table 1: Viscosity and osmolality of the 3 generations of radiocontrast materials (RCM).The iodine/molecule ratio is 1.5 : 1 in high-osmolality
contrast media (HOCM), 3 : 1 in LOCM (tri-iodinated molecules), and 6 : 1 in IOCM dimers [61].

Osmol. group Name Chem struct Viscosity (mPa) Osmolality (m) Year intro.
(intro.) Chemical Brand (20∘C) (37∘C) mOsm/kg H

2
O

Isoosmotic (IOCM) (1990s) Iodixanol Visipaque Nonionic dimer 26.6 11.1 290 1996
Iotrolan Iovist 6.8 9.5 320 1989

Low (LOCM) (1980s)

Ioxaglate Hexabrix Ionic dimer 15.7 7.5 600 1985
Ioxilan Oxilan

Nonionic monomer

16.3 7.8 695 1995
Iomeprol Imeron 15.6 8.1 726 1994
Iopromide Ultravist 22 9.5 770 1995
Iohexol Omnipaque 20.4 11.2 780 1985
Ioversol Optiray 18 8.5 792 1988
Iopamidol Isovue 20.9 9.8 796 1997
Iobitridol Xenetix 21 10 915 1994

High (HOCM) (1950s)
Diatrizoate Crystographin Hypaque

Ionic monomer
18.5 8.4 2000, 1550 1955

Metrizoate Isopaque NA 3.4 2100 1959
Iothalamate Conray NA 9 2400 1962
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Figure 2:Comparison ofmouse andhumankidney.Theone-papillamouse kidney has awell developed outer stripe (a) (ownpicture), whereas
this zone is much less prominent in the multipapilla human kidney (b) (courtesy of Attila Fintha, Semmelweis University, 2nd Department
of Pathology) (magnification: 10x, PAS staining).

to the higher concentrating ability in mice [53]. Also, pro-
teinuria is <150mg/day and is mainly uromodulin (Tamm-
Horsfall protein) in healthy humans, whereas both mouse
(0.6–3.1mg/day) [57] and rat (2–15mg/day) males (but not
females) have considerable proteinuria [58] with an age
dependent increase in glomerular filtration of large proteins,
such as albumin, and decrease in sex dependent proteins
[59]. Age dependent proteinuria is due to age related chronic
progressive nephropathy (CPN) in rats [60].

4. Rodent Models of CI-AKI

A single injection of iodine containing RCM (5 g/kg ioxilan)
induces CI-AKI only in rabbits [87, 88] but does not cause

overt kidney damage in rats and mice [74, 89]. Therefore,
rabbits offermore reliablemodel; however, rabbit facilities are
not as common as mouse or rat facilities as rabbits are much
more expensive to keep. Although tubular epithelial cell vac-
uolization was described in rats following a single injection
of RCM without additional kidney pathology [72, 90, 91],
vacuolization alone is not specific enough as a sole end-point
to demonstrate CI-AKI. Although functional and histological
damage was absent, molecular changes (increased adenosine
receptor expressions) were induced by a single iodixanol
injection even inmice [92]. To induce a clinically relevant and
functionally obvious CI-AKI in rats and mice a combination
of injuries is required (Table 3).
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Table 2:Differences between human and rodent kidney, summarized from [53]with additional data for human [52, 53, 62],mouse [42, 56, 63],
and rabbit and rat [53, 64] species.

Human Rabbit Rat Mouse
Number of papillas 7–9 1 1 1
Number of nephrons 0.2–2 million 30 000 25–35 000 10–14 000
Concentrating ability (mOsmol/kg) 1200 1400 3000 4000
Glomerular diameter (𝜇m) 200 140 120 73

Table 3: Rat and mouse models of CI-AKI.

Injury type (besides RCM injection) Species Advantage Disadvantage Ref.

Inhibition of vasodilators Pronounced medullary
hypoxia Multiple insults

Indomethacin (+salt depletion ± UNX) Rat Complex, clin. relevant CPN for all rat models [65–69]
Indomethacin + L-NAME Rat Medullary hypoxia
Indomethacin + L-NAME Mouse pathomechanistic High drug dose needed [70, 71]

Water deprivation (dehydration) Dehydration amplifies
injury

Hydration state affects
CI-AKI progression

Dehydration (24 h) Rat [72, 73]
Dehydration (72 h) Mouse, Rat [35, 74, 75]
Dehydration (24 h) + eNOS deficiency (KO) Mouse [76]
Dehydration (24 h) + Indomethacin + furosemide Rat [34]
Dehydration (24 h) + glycerol rhabdomyolysis Rat [36, 77–80]

Surgical kidney injury models Reliable models Microsurgery
experience

Acute kidney injury (AKI) Short duration Species differences
Ischemia-reperfusion Mouse [81]
Chronic kidney disease (CKD) Clinical relevance Chronic protocol
Diabetes (streptozotocin: STZ) Rat [82, 83]
5/6 nephrectomies + dehydration (48 h) Rat [84, 85]
Long term cholesterol feeding Rat [86]
clin.: clinically, UNX: Uninephrectomy, CPN: chronic progressive nephropathy, and eNOS: endothelial nitrogen monoxide synthase.

The classic rat model of CI-AKI includes inhibition of
vasodilators with nitric oxide synthase (NOS) inhibition by
10mg/kg N𝜔-nitro-L-arginine methyl ester (L-NAME) com-
bined with prostaglandin synthesis (cyclooxygenase (COX)
enzyme) inhibition by 10mg/kg indomethacin [67]. The NO
+ prostaglandin inhibition rat model was reproduced in
mice by Lee et al. [70]. In C57BL/6J [personal communi-
cation] mice, treatment with 10mg/kg L-NAME + 10mg/kg
indomethacin + 1 g/kg iohexol (Omnipaque/viscosity: 11.2,
osmolality: 780, Table 1) induced a tripling of plasma creati-
nine [70]. However, a more recent study by Linkermann et al.
reported that in C57BL/6N mice (Charles River, Germany)
unilateral nephrectomy + indomethacin (100 𝜇g/kg) + L-
NAME (100 𝜇g/kg) + water deprivation (16 h) + iomeprol
(Imeron/viscosity: 8.1, osmolality: 726, Table 1) (250𝜇L) did
not induce any creatinine or urea elevation [81]. For a CI-AKI
model the additional insults should not cause major renal
injury. Higher doses (>100 𝜇g/kg) of indomethacin with L-
NAME induced severe acute renal failure in Linkermann’s
studies and thus aCI-AKImodelwas not used [personal com-
munication]. Finally, Linkermann and colleagues applied

acute ischemia induced by 30 minutes of bilateral renal pedi-
cle clamping +RCM24 h after reperfusion as aCI-AKImouse
model [81]. This model provides a reliable method to induce
CI-AKI; however it requests a staff experienced in microsur-
gical procedures. Mice are resistant to several human renal
diseases contrary to rats [93].The slightly lower viscosity and
osmolality of iomeprol used by Linkermann et al. do not
explain the observed difference between the 2 mouse studies.
However, there are substantial genetic and phenotypic sub-
strain differences [94] between C57BL/6J and N mice [95].
Also in renal disease models C57BL/6J mice were resistant
to different kidney injuries, such as doxorubicin tubulopathy
[96], obesity [97, 98], diet [99], or streptozotocin induced
diabetic nephropathy [100] and hepatic, renal, and cardiac
fibrosis [101]. In the background genetic differences have been
demonstrated [94, 102, 103]. NIH-Swiss [104] or 129/SV [105]
mice are even more resistant to renal ischemia-reperfusion
injury than C57Bl/6 mice. According to our comparison of J
and N C57BL/6 mice, 24 hours after 30min renal ischemia
blood urea was 105 ± 20mg/dL in J versus 150 ± 24mg/dL
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in N mice. Thus, J mice may be less sensitive to renal insults,
including hypoxic injury compared to N mice.

Taken together, it is easier to induce CI-AKI in rabbits
(single injection of RCM without any additional injury) than
in rats and the most severe additional injury is required
in mice (Table 3). As the site of urine concentration is the
medulla, which is also the site of hypoxic injury inCI-AKI, we
hypothesize that high concentrating ability (Table 2) may
protect the renal medulla from RCM-induced hypoxic dam-
age in mice. A hypothetic mechanism of protection may be
preconditioning to hypoxia by the energy demanding process
of establishing the high osmotic gradient between tubular
epithelial cells and the medullary interstitium.

5. Characteristic Histopathological Changes
in CI-AKI

5.1. Tubular Vacuolization Is a Histological Marker of CI-AKI.
Iodinated contrast media are eliminated almost entirely by
glomerular filtration [106]. Filtered RCM becomes concen-
trated in renal tubules during the concentration process of
the primary urine.Thus, tubular epithelial cells are exposed to
an increasing concentration of RCM. Consequently, tubular
epithelial cell damage should be a leading histopathological
event in CI-AKI [25].

A general histopathological feature of CI-AKI is vac-
uolization of tubular epithelial cells [42] (Figures 3(a) and
3(b)). Tubular vacuolization is commonly interpreted as a
sign of drug toxicity [107]. A single injection of RCM to
intact rats induced tubular vacuolization in the absence of
other kidney pathologies [72, 90, 91]. Ultrastructural studies
of these kidneys suggested that the vacuoles weremembrane-
bound lysosomes [42, 65, 90]. Although in one study vacuoles
were absent if the CT contrast gadolinium DTPA was used, a
more recent study did not confirm the absence of vacuoles
by CT contrast materials [106]. These reversible, lysosomal
alterations primarily detected in the proximal tubules are the
earliest signs of RCM toxicity [72].

5.2. Tubular VacuolizationDoesNot Correlate with Renal Fun-
ction. Vacuolization is often reversible even after extremely
high dosages of RCM in rats [86, 106] and functional dete-
rioration is absent or mild. In humans, both anuria without
vacuolization and diffuse vacuolization without loss of renal
functional have been described [107, 108]. Furthermore, vac-
uolization was absent in rats despite 24 h water deprivation +
nephron reduction + high doses of different RCM [107, 108]
but was present in another study on rats deprived of water
24 h before RCM injection. Both studies usedWistar rats.The
vacuolization almost disappeared 48 hours after application
of iobitridol but not after iohexol [73].

Vacuolization does not correlatewith renal function impair-
ment because

(i) tubular vacuolization per see does not cause loss of
renal function,

(ii) tubular vacuolization resolves spontaneously,

(iii) more severe tubular damagemay lead to the shedding
of vacuolated cells into the urinary space. New cells
replace the shed epithelial cells.

This discrepancy between functional andmorphological dete-
rioration poses a problem for the histopathological evalua-
tion. Optimally, CI-AKI histopathology should be evaluated
within 24–72 hours after induction and a serial evaluation is
better than choosing only one time-point.

5.2.1. Possible Other Causes of Tubular Vacuolization

(1) Physiological Finding or Artifact. Vacuolization can be a
physiological finding. In the human kidney, 70% of the jux-
taglomerular cells contain vacuoles mostly in the perinuclear
area, commonly seen by lightmicroscopy. Inmice, vacuoliza-
tion is a common background finding in cortical epithelium
[109] that can indicate a fixation artifact or postmortem
changes [110]. Vacuolization is related to autolysis or poor
fixation and is often observed in survival studies in animals
sacrificed in a moribund state [62].

Vacuolization can be strain or sex dependent as well. In 2-
3% of CD-1mice lysosomal vacuoles were demonstrated [111].
Vacuoles were present only in male but not female Sprague-
Dawley (SD) and Wistar-Han (WH) rats [62].

(2) Hydropic Vacuolization (“Osmotic Nephrosis”). Tubular
vacuolization or hydropic degeneration [112] is a histological
sign of the so-called “osmotic nephrosis.”The name “osmotic
nephrosis” comes from the initial description byAllen in 1951.
He observed large vacuoles in tubular epithelial cells follow-
ing hypertonic sucrose infusion in rabbits [113] and humans
[114, 115] and interpreted the vacuolization as the result of an
osmotic gradient between the tubular lumen and tubular
cells [116]. Hydropic vacuolization develops after intravenous
injection of substances eliminated by the kidney, such as
RCM [72, 114], polyethylene-glycol- (PEG-) conjugated pro-
teins [117], hydroxy-ethyl-starch (HES) [118–120], dextran
[121, 122], sucrose [43], mannitol [123], glucose [124], glycerol
[125], sorbitol [126], inulin [127], or sugar (sucrose [128–
130] ormaltose [131]) stabilized intravenous immunoglobulin
(IVIG) solutions. According to our experience (Figures 3(c)
and 3(d)) different concentrations and repeated intraperi-
toneal doses of sucrose ormaltose induced tubular vacuoliza-
tion dose dependently. Sucrose-stabilized IVIG had a similar
effect [32].

Although the condition was named after the swelling of
tubular epithelial cells, the reason for this swelling is not
osmotic pressure but the formation of vacuoles [114]. Ultra-
structural studies demonstrated that the vacuoles are lyso-
somes. The agents causing hydropic vacuolization are taken
up by tubular epithelial cells through pinocytosis [107, 108]
already 5min after injection and appear as small vesicles on
electron microscopy [72]. Pinocytotic vesicles fuse together
and fuse with lysosomes forming the larger vacuoles, detec-
table by light microscopy [114, 132]. Thus, there is consensus
about the rejection of the osmotic hypothesis [106–108], but
the misleading term [107] is still in use [114].

Hydropic vacuolization is reversible [43] and renal func-
tion loss is often missing [32, 43, 117]. Initially fine apical
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(e) (f)
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Figure 3: Vacuolization in different rodent models of CI-AKI. (a, b) Tubular cell vacuolization in a CI-AKI rat (Sprague-Dawley) model.
(a) Indomethacin + L-NAME + ioversol. (b) Normal rat kidney cortex (PAS, 400x, [31]). (c, d) Hydropic degeneration in mice. (c) Sucrose-
induced hydropic degeneration of tubular cells in mouse (NMRI mouse, three ip. injections of 5% sucrose). (d) Normal histology of an intact
mouse (PAS, 400x, [32]). (e–h) Vacuolization induced by calcineurin toxicity versus ischemia. (e–g) Isometric vacuolization in calcineurin
inhibitor (CNI) toxicity (courtesy of Professor Michael A. Nalesnik, MD, University of Pittsburg, Division of Transplantation Pathology). (h)
Coarse, irregular vacuolization following ischemia (HE, 400x, (h) from [33], with permission). Scale bar represents 100 𝜇m.
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vesicles become large by fusion and dislocate the nucleus at
advanced stages, which can be accompanied by functional
deterioration. N-Acetyl-𝛽-D-glucosaminidase (NAG) and
lactate dehydrogenase (LDH) are damage markers of proxi-
mal tubular epithelial cells [133–135]. RCM injection induced
a dose-dependent vacuolization with an increase in urinary
NAG and LDH excretion that correlated with vacuolization
suggesting a pathophysiological role for vacuoles in CI-AKI
[106].

Osmotic diuresis (e.g., induced by mannitol) has been
even suggested as a protective mechanism against CI-AKI
by accelerating elimination of the contrast material from the
tubular lumen [136]. Our experience in mice did not support
any beneficial effects of mannitol. In a mouse model, 22-
minute renal ischemia + Omnipaque (8mL/kg) was followed
by a 3.2% mannitol infusion at 12mL/kg per hour but did
not provide any functional (urea retention, NGAL excretion)
or morphological protection against CI-AKI (unpublished).
Similarly, a recent meta-analysis concluded that intravenous
mannitol did not have additional benefits over hydration in
AKI patients and mannitol was even detrimental in CI-AKI
patients [137].

(3) Further Causes of Tubular Vacuolization. A special form
of tubular epithelial cell vacuolization is phospholipidosis
(PLD): a reversible accumulation of polar phospholipids
in different organs such as the kidney, liver, lung, brain,
and lymphoid tissues [91]. PLD can be caused by certain
drugs (such as antibiotics (e.g., aminoglycosides [138]) or
tricyclic antidepressants). These cationic drugs accumulate
in lysosomes [72, 91]. The morphological hallmark in PLD
is the lamellar structure of the lysosomes (lamellar bodies).
Functional deterioration is usually absent in PLD [125] as it
is in other forms of hydropic vacuolization.

Calcineurin inhibitors (CNI) such as cyclosporine A
(CsA) or tacrolimus (Tac) also cause vacuolization of tubular
cells [107], which appear similar to the previous patholo-
gies, although more isometric (Figures 3(e)–3(h)) [112, 114].
However, isometric vacuoles were described after RCM or
mannitol administration as well [107, 139]. The vacuoles in
CNI toxicity are not lysosomes but are dilated endoplasmic
reticulum due to immune mediated tubular injury [107] as
verified by electron microscopy [114, 140]. In contrast to the
causes of tubular vacuolization described above, CNI toxicity
is accompanied by loss of renal function [141] due to renal
vascular injury and/or thrombotic microangiopathy.

5.2.2. Pathomechanism of Contrast-Induced Tubular Vacuoli-
zation. CI-AKI vacuoles were located primarily in the proxi-
mal tubules and are lysosomes [44, 142]. Iodine was retained
in the renal cortex [44] and the RCM was abundant in
vacuoles 7 days [143, 144] and was still present 28 days
[143] after administration, besides normal renal function
[44, 144]. Thus, CI-AKI vacuoles are a consequence of RCM
reabsorption.

Despite high RCM doses, vacuoles were absent in healthy
kidneys and no tubular necrosis or atrophy developed unless
there was some concomitant or predisposing renal damage

[108]. RCM induced AKI in transplanted kidneys during an
acute rejection episode but not during a rejection-free period
[108]. Functional impairment can be absent as long as proxi-
mal tubular vacuolization may be within the kidney’s func-
tional reserve capacity [144]. The duration of vacuoles’ pre-
sence depends on the digestibility of the pinocytosed sub-
stance [114, 132]. Preexisting (e.g., hypoxic or diabetic) kidney
damage can substantially delay lysosomal digestion [114] and,
thus, prolong the presence of the vacuoles.

In summary, tubular vacuolization is a consequence of
pinocytosis of theRCMand lysosomal fusion. Tubular vacuo-
lization is an early sign of CI-AKI but without comorbidities
it does not progress to tubular cell necrosis [114]. Although
tubular vacuolization is a direct consequence of the RCMpre-
sent in the tubular lumen, it is not specific—as several other
pathologies can cause it and it is not sensitive—as there is
little correlationwith renal function [18]. Taken together, vac-
uolization is the earliest marker of CI-AKI. However, its lack
of specificity, the lack of correlation with renal function, and
its tendency to disappear prevent the use of tubular vacuoliza-
tion as a sole hallmark of CI-AKI.

6. Further Pathological Markers of CI-AKI

6.1. Hypoxic Damage. It is generally accepted that hypoxia
plays an important role in the development of CI-AKI
[124]. In healthy rabbits, a single injection of RCM induced
medullary hypoxia due to reduction of renal bloodflow (RBF)
as demonstrated by magnetic resonance studies [145–148].
Already in the 70s it has been described that RCM injec-
tion was associated with a 30–50% decline of para-amino-
hippurate (PAH) extraction in dogs [149, 150] and humans
[151] suggesting a reduction in RBF [18, 149]. Measurements
with electromagnetic flow meters allowed a more detailed
analysis and demonstrated an initial transient (<30 sec)
vasodilation before the prolonged (5–15min) vasoconstric-
tion [152] with substantial decrease in RBF and glomerular
filtration (GFR). Vasoconstriction of peritubular capillaries
causes prolongedmedullary hypoxia [21, 146–148, 152]. How-
ever, themechanism of vasoconstriction is not clear. Previous
theories about osmotic injury or high viscosity are not sup-
ported by recent studies. Similarly, a central role of the renin-
angiotensin-aldosterone system (RAAS) is not supported by
the facts that the decrease in RBF preceded the increase in
plasma renin activity (PRA) and angiotensin-II antagonists
did not inhibit the RCM-induced vasoconstriction [46, 152].
On the other hand, nitric oxide and prostanoids protect
fromRCM-induced vasoconstriction [67]. Inhibition of these
systems is often used in CI-AKImodels [65, 66, 68, 69].Thus,
reduction of dilator prostanoids and the NO system may be
involved in RCM-induced medullary hypoxia.

6.1.1. Endothelial Damage. The contribution of reactive oxy-
gen species (ROS) to CI-AKI pathology is widely accepted.
ROS contribute to intrarenal vasoconstriction by scavenging
NO. Endothelin also contributes to the vasoconstriction
[20]. Vascular endothelial injury has been suggested in the
background of contrast-induced vasoconstriction [25]. The
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endothelial cells are the first to come in contact with intra-
venously injected RCM [25]. Direct endothelial cell damage
was observed by electronmicroscopy in rat aortic endothelial
cells [153]. Endothelial damage in peritubular capillaries by
RCM directly or through ROS can be an important driving
force of the medullary hypoxia.

6.2. Patchy Nature of Hypoxic Damage. Tubular epithelial
cells are the most sensitive to hypoxia. However, there are
substantial regional differences in the severity of hypoxia.
As detailed below, there is an inverse relationship between
oxygen supply and need from outer cortex to inner medulla.
Furthermore, with increasing distance from vasa recta oxy-
genation is decreasing. Due to these regional differences of
oxygen supply and demand, histological changes are often
focal or patchy and inhomogeneous in the postischemic or
CI-AKI kidney. This inhomogeneity may explain negative
biopsy results despite severe functional deterioration in
humans and point to the necessity of systemic evaluation of
whole kidney cross sections in rodent experiments.

6.2.1. Tubular Hypoxia. Renal tubular epithelial cells are
the most sensitive to hypoxia due to their high metabolic
demand. Furthermore, due to the countercurrent circulatory
system of the kidney, the oxygen supply decreases towards
the medulla as the oxygen demand increases. Thus, tubular
epithelial cells are the first to suffer from hypoxic damage.
Despite many papers describing hypoxia as an important
contributor to CI-AKI, tubular cell necrosis is usually absent,
despite the presence of proximal tubule vacuolization [72,
106, 154, 155]. RCMper see do not cause necrosis (Figures 4(a)
and 4(b)). Necrosis was present only if RCM was combined
with other hypoxia triggers (Figures 4(c) and 4(d)). Thus,
direct toxic injury of RCM to TEC is not likely in healthy
kidneys; however, the primary targets of renal hypoxia are
TEC; thus a hypoxic injury may sensitize TEC to RCM
toxicity.

6.3. Tubular Toxicity. Direct tubular toxicity of RCM is con-
sidered to participate in the pathomechanism of CI-AKI [5,
14, 156]. However, most of the direct toxicity data are based
on in vitro studies, reporting about reduced cell viability in
animal [157–162] or human cell cultures [33, 163]. In sus-
pended rabbit tubular epithelial cells [164] or isolated prox-
imal tubule segments [165] RCM toxicity was observed only
with concomitant ischemia [18]. Furthermore, in different
tubular cell cultures RCM induced mitochondrial swelling
[65] and DNA fragmentation and/or apoptosis [46, 163, 166–
169]. Also, in human CI-AKI patients, tubular cells were
found in the urine [170]. However, incubation with RCM at
therapeutic concentrations did not induce cell death, despite
rapid uptake of RCM in cultured primary or immortalized
tubular epithelial cells or isolated mouse tubules [81]. There-
fore, the suggested mechanism of RCM-induced cytotoxicity
in vivo [170] is apoptosis induced by oxidative damage to the
tubular epithelial cell membrane by reactive oxygen species
(ROS) [20].

7. Further Histological Changes
Related Primarily to the Model
and Not to RCM Injection

7.1. Ischemia-Reperfusion Injury Induced by Renal Clamping.
Rodent CI-AKI models apply renal hypoxia to aggravate the
kidney damage that is subclinical if RCM is given alone
(Table 3). Although RCM alone does not cause necrosis,
the addition of hypoxia culminates in acute tubular necrosis
(ATN) (Figures 4(c) and 4(d)) [171].

In these models a control group with renal ischemia/
hypoxia but without RCM is necessary to differentiate the
effects of RCM from clamping. The severity of ischemia/
hypoxia has to be adjusted as too severe damagemay prohibit
the evaluation of RCM-induced pathology, whereas if the
model is too mild, kidneys may remain unaffected.

A disadvantage is the fundamental difference between
rodent renal ischemia-reperfusion injury and humanhypoxic
AKI. Important differences include the following: complete
cessation of blood flow (anoxia) in rodent models versus
reduced blood flow (hypoxia) in humans, and temperature
during the anoxia/hypoxia is close to physiologic in rodent
models, whereas it is often reduced in human AKI. Warm
ischemia primarily affects the cortex and the outer stripe,
whereas cold ischemia damages the inner stripe and the
renal papilla [171]. Our own observations confirm that in the
mouse warm ischemia-reperfusion model cortex and outer
stripe of the medulla are the primary localization of tubular
injury [172] as opposed to papillary necrosis in several forms
of human AKI (CI-AKI, non-steroid induced (analgesic)
nephropathy or AKI accompanying prolonged surgery). The
most affected outer stripe of the outer medulla in rodent
models is much less developed in the human kidney [171].

In healthy (sham operated) kidneys tubules have narrow
lumen in the cortex (Figure 4(a)) and intact brush border
in the outer stripe (Figure 4(b)). Following 30 minutes of
ischemia and 24 h reperfusion, tubuli in the cortex are dilated
(Figure 4(c)) and filled with PAS positive hyaline in the outer
stripe (Figure 4(g)) with loss of nuclei and cellular structure.
On the other hand, cells of the inner stripe do not show
morphologic damage (Figure 4(k)).

7.2. Ischemic-Injury Aggravated by Prostaglandin Inhibition
(Indomethacin). A common pathomechanism in the neph-
rotoxicity of nonsteroidal anti-inflammatory drugs (NSAIDs,
e.g., indomethacin, analgesic nephropathy), calcineurin inhi-
bitor (CNI) immunosuppressives (CSA,Tac) (CNInephropa-
thy), and iodinated RCM (CI-AKI) is medullary hypoxia
[173]. Dilator prostanoids serve as the last reserve for renal
vasodilation [174] in injured kidneys such as in diabetic
nephropathy or in a dehydrated state [82].The suppression of
prostanoids amplifies the medullary hypoxia both in CI-AKI
and in analgesic nephropathy. In murine models of CI-AKI,
withRCMand indomethacin, proximal tubular vacuolization
is accompanied by medullary tubular necrosis and cast
formation [20, 65] (Figure 4(e)).Thus, the prostaglandin (and
NOS) inhibitionmodels have the advantage over renal clamp-
ing that they resemble more human CI-AKI pathology as the
injury is located predominant to the renal medulla [171].
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Figure 4: Histopathology of CI-AKImodels with RCMadministration and hypoxia. (a–d) RCM+ renal ischemiamousemodel (unpublished
own data) (PAS, 400x). (a, b) Hypoxic tubular damage in mice 24 h after Omnipaque 350 iv. alone but no additional ischemia: besides
vacuolization and mild tubular cell injury, no necrosis can be observed. Proximal tubuli have an intact brush border. (c, d) Ischemic changes
in mice after 22min ischemia + Omnipaque 350 iv. + 24 h reperfusion: more severe tubular damage, flattening of tubular epithelial cells,
loss of nuclei, dilation of tubular lumen, and cast formation demonstrate tubular necrosis. (e) RCM + indomethacin rat model. Necrotic
tubular cells (arrow) and inflammatory cell infiltration (∗). (RCM (10mL/kg iomeprol), indomethacin (10mg/kg), and HE, 200x, [34]) (f–h)
RCM + dehydration rat model. Tubular casts (f, g), medullary congestion (g), and tubular necrosis (h) (72 h dehydration + RCM, HE, 200x,
[35] with permission). (i–k) Glycerol based CI-AKI model. (i) Normal rat kidney. (j) Glycerol (im) + 24 h water deprivation. (k) Glycerol +
RCM. Tubular necrosis and cast formation are more sever after combined injury (HE, 200x, from [36] with permission). (l, m) Combined
model of diabetic nephropathy + RCM. (l) Tubular vacuolar degeneration (arrows), necrosis, hyaline casts (filled triangles), and cellular casts
(hollow triangles) and inflammatory infiltration in contrast-treated diabetic and (m) normal rat kidney medulla (HE, 200x). From [37] with
permission. Scale bar represents 100 𝜇m.

7.3. Dehydration. Prolonged (72 h) dehydration combined
with RCM causes CI-AKI in mice [75] and rats [35]. Dehy-
dration alone significantly reduced renal cortical antioxidant
(superoxide-dismutase [SOD] and catalase [CAT]) expres-
sion in rats [74]. The leading histopathological changes were

tubular necrosis with cast formation and medullary vascular
congestion (Figures 4(f)–4(h)) [35, 75].

7.4. Glycerol Induced Rhabdomyolysis. Intramuscular glycerol
injection-induced rhabdomyolysis is a model of acute renal
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failure. As the hydration status of the body during rhab-
domyolysis significantly influences the development of renal
failure, 24-hour water deprivation precedes glycerol injection
in this model [77]. Histological damage includes tubu-
lar necrosis: hyaline and hemorrhagic casts in cortex and
medulla aggravated by the addition of RCM (Figures 4(i)–
4(k)) [78].

7.5. Tubulointerstitial Fibrosis. CKD is an important risk
factor for CI-AKI. Thus, CKD rodent models plus iv. RCM
injection is also used to model CI-AKI [82, 84, 85, 175]. For
example, RCM induces tubular necrosis in diabetic nephro-
pathy kidneys (Figures 4(l) and 4(m)) [37]. A yes-or-no
phenomenon regarding RCM dose has been reported in the
diabetic CI-AKImodel as 8mL/kg or 10mL/kg iopromide did
not but 12 or 16mL/kg did induce renal functional decline
[9, 37].

8. Conclusion

In summary, the most specific histopathological lesions in
rodent CI-AKI models are vacuolization of tubular epithelial
cells and medullary hypoxia. Necrosis is only present if other
hypoxia triggers are also applied as part of the model. As
histopathologic changes lack specificity it is a relevantmarker
but not sufficient enough. Thus, further functional param-
eters and molecular biomarkers should be included in CI-
AKI animal studies for a comprehensive analysis of disease
progression. As the injection of RCM alone does not cause
overt AKI in rodents,multiple insults are necessary for induc-
ing histopathological and functional decline. The difference
in sensitivity between species and the correlation with renal
concentrating ability suggests that high concentrating ability
may protect from CI-AKI.
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and H. Kreis, “Hydroxyethylstarch and osmotic-nephrosis- like
lesions in kidney transplantation,”TheLancet, vol. 342, no. 8865,
pp. 248–249, 1993.

[119] C. Jungheinrich and T. A. Neff, “Pharmacokinetics of hydrox-
yethyl starch,” Clinical Pharmacokinetics, vol. 44, no. 7, pp. 681–
699, 2005.

[120] E. A. J. Hoste andW. De Corte, “Implementing the Kidney Dis-
ease: improving global outcomes/acute kidney injury guidelines
in ICU patients,” Current Opinion in Critical Care, vol. 19, no. 6,
pp. 544–553, 2013.

[121] E. I. Christensen and A. B. Maunsbach, “Dextran is resistant to
lysosomal digestion in kidney tubules,” Virchows Archiv B Cell
Pathology Including Molecular Pathology, vol. 37, no. 1, pp. 49–
59, 1981.

[122] A. B. Maunsbach, S. C. Madden, and H. Latta, “Light and
electron microscopic changes in proximal tubules of rats after
administration of glucose, mannitol, sucrose, or dextran,” Lab-
oratory Investigation, vol. 11, pp. 421–432, 1962.

[123] A. Z.Nomani, Z.Nabi,H. Rashid et al., “Osmotic nephrosiswith
mannitol: review article,” Renal Failure, vol. 36, no. 7, pp. 1169–
1176, 2014.

[124] P. Liss, P. Hansell, P.-O. Carlsson, A. Fasching, and F. Palm,
“Iodinated contrast media decrease renomedullary blood flow.
A possible cause of contrast media-induced nephropathy,”
Advances in Experimental Medicine and Biology, vol. 645, pp.
213–218, 2009.

[125] T. Nonoyama and R. Fukuda, “Drug-induced phospholipido-
sis—pathological aspects and its prediction,” Journal of Toxico-
logic Pathology, vol. 21, no. 1, pp. 9–24, 2008.

[126] H. A. Lindberg, M. H. Wald, and M. Barker, “Renal changes
following administration of hypertonic solutions (50 per cent
sucrose, 50 per cent d-sorbitol,* 50 per cent dextrose and 10 per
cent sodium chloride),” Archives of Internal Medicine, vol. 63,
no. 5, pp. 907–918, 1939.

[127] G. Simon, F. Chatelanat, and A. Falbriard, “Experimental
nephrosis due to inulin: light and electronmicroscopic studies,”
Laboratory Investigation, vol. 13, pp. 1381–1393, 1964.

[128] S. Hansen-Schmidt, J. Silomon, and F. Keller, “Osmotic nephro-
sis due to high-dose immunoglobulin therapy containing suc-
rose (but not with glycine) in a patient with immunoglobulin A
nephritis,” American Journal of Kidney Diseases, vol. 28, no. 3,
pp. 451–453, 1996.

[129] D. B. Winward and M. T. Brophy, “Acute renal failure after
administration of intravenous immunoglobulin: review of the
literature and case report,” Pharmacotherapy, vol. 15, no. 6, pp.
765–772, 1995.

[130] Centers for Disease Control and Prevention, “Renal insuffi-
ciency and failure associatedwith immune globulin intravenous
therapy—United States, 1985–1998,” Morbidity and Mortality
Weekly Report, vol. 48, no. 24, pp. 518–521, 1999.

[131] B. Chacko, G. T. John, N. Balakrishnan, M. G. Kirubakaran,
and C. K. Jacob, “Osmotic nephropathy resulting frommaltose-
based intravenous immunoglobulin therapy,” Renal Failure, vol.
28, no. 2, pp. 193–195, 2006.

[132] S. L. Schwartz and C. B. Johnson, “Pinocytosis as the cause of
sucrose nephrosis,” Nephron, vol. 8, no. 3, pp. 246–254, 1971.

[133] G. Gluhovschi, F. Gadalean, C. Gluhovschi et al., “Urinary
biomarkers in assessing the nephrotoxic potential of gentamicin
in solitary kidney patients after 7 days of therapy,”Renal Failure,
vol. 36, no. 4, pp. 534–540, 2014.

[134] W. G. Guder and B. D. Ross, “Enzyme distribution along the
nephron,” Kidney International, vol. 26, no. 2, pp. 101–111, 1984.

[135] R. Hofmeister, A. S. Bhargava, and P. Günzel, “The use of uri-
naryN-acetyl-𝛽-D-glucosaminidase (NAG) for the detection of
contrast-media-induced ‘osmotic nephrosis’ in rats,” Toxicology
Letters, vol. 50, no. 1, pp. 9–15, 1990.

[136] E. Seeliger, M. Ladwig, L. Sargsyan, K. Cantow, P. B. Persson,
and B. Flemming, “Proof of principle: hydration by low-
osmolar mannitol-glucose solution alleviates undesirable renal
effects of an iso-osmolar contrast medium in rats,” Investigative
Radiology, vol. 47, no. 4, pp. 240–246, 2012.

[137] B. Yang, J. Xu, F. Xu et al., “Intravascular administration ofman-
nitol for acute kidney injury prevention: a systematic review and
meta-analysis,” PLoS ONE, vol. 9, no. 1, Article ID e85029, 2014.

[138] G. Laurent, B. K. Kishore, and P. M. Tulkens, “Aminoglycoside-
induced renal phospholipidosis and nephrotoxicity,” Biochemi-
cal Pharmacology, vol. 40, no. 11, pp. 2383–2392, 1990.

[139] M. R. Rudnick, J. S. Berns, R. M. Cohen, and S. Goldfarb, “Con-
trast media-associated nephrotoxicity,” Seminars in Nephrology,
vol. 17, no. 1, pp. 15–26, 1997.

[140] B. Ryffel, B. M. Foxwell, A. Gee, B. Greiner, G.Woerly, andM. J.
Mihatsch, “Cyclosporine—relationship of side effects to mode
of action,” Transplantation, vol. 46, no. 2, supplement, pp. 90S–
96S, 1988.

[141] M. Naesens, D. R. J. Kuypers, and M. Sarwal, “Calcineurin
inhibitor nephrotoxicity,” Clinical Journal of the American Soci-
ety of Nephrology, vol. 4, no. 2, pp. 481–508, 2009.

[142] P. Walday, I. F. Heglund, K. Golman, J. Cornacoff, and E.
Holtz, “Renal effects of iodixanol in experimental animals,”Acta
Radiologica. Supplementum, vol. 399, pp. 204–212, 1995.

[143] M. Dobrota, C. J. Powell, E. Holtz, A. Wallin, and H. Vik, “Bio-
chemical and morphological effects of contrast media on the
kidney,”Acta Radiologica. Supplementum, vol. 399, pp. 196–203,
1995.

[144] C. J. Powell,M.Dobrota, E. Holtz, andH. Vik, “The histopathol-
ogy of X-ray contrast medium induced renal droplets (vac-
uoles),” European Radiology, vol. 5, no. 2, pp. 176–180, 1995.

[145] J. Wang, Y. Zhang, X. Yang et al., “Time course study on the
effects of iodinated contrast medium on intrarenal water trans-
port function using diffusion-weighted MRI,” Journal of Mag-
netic Resonance Imaging, vol. 35, no. 5, pp. 1139–1144, 2012.

[146] Y.-D. Zhang, J. Wang, J. Zhang, X. Wang, and X. Jiang, “Effect
of iodinated contrast media on renal function evaluated with
dynamic three-dimensional MR renography,” Radiology, vol.
270, no. 2, pp. 409–415, 2014.

[147] Y. Zhang, J. Wang, X. Yang et al., “The serial effect of iodinated
contrast media on renal hemodynamics and oxygenation as
evaluated by ASL and BOLDMRI,” Contrast Media and Molec-
ular Imaging, vol. 7, no. 4, pp. 418–425, 2012.

[148] J.-H.Wang, K. Ren,W.-G. Sun, L. Zhao,H.-S. Zhong, andK. Xu,
“Effects of iodinated contrast agents on renal oxygenation level
determined by blood oxygenation level dependent magnetic
resonance imaging in rabbit models of type 1 and type 2 diabetic
nephropathy,” BMC Nephrology, vol. 15, no. 1, article 140, 2014.

[149] T. S. Larson, K.Hudson, J. I.Mertz, J. C. Romero, and F.G.Knox,
“Renal vasoconstrictive response to contrast medium. The role
of sodium balance and the renin-angiotensin system,” The
Journal of Laboratory and Clinical Medicine, vol. 101, no. 3, pp.
385–391, 1983.

[150] R. O. Danford, L. B. Talner, andA. J. Davidson, “Effect of graded
osmolaltities of saline solution and contrast media on renal



BioMed Research International 15

extraction of pah in the dog,” Investigative Radiology, vol. 4, no.
5, pp. 301–305, 1969.

[151] W. A. Sorby and R. J. Hoy, “Renal arteriography and renal
function. The short-term effect of aortography, selective renal
arteriography, adrenalin suppression and renal venography on
PAH extraction ratio,” Australasian Radiology, vol. 12, no. 3, pp.
252–255, 1968.

[152] C. B. Higgins, “Renal circulation,” in Radiocontrast Agents, M.
Solioz, Ed., Springer, Berlin, Germany, 1984.

[153] C. Gospos, N. Freudenberg, J. Staubesand, K. Mathias, and X.
Papacharlampos, “The effect of contrast media on the aortic
endothelium of rats,” Radiology, vol. 147, no. 3, pp. 685–688,
1983.

[154] R. Battenfeld, A. E. R. Khater, W. Drommer, P. Guenzel, and
F.-J. Kaup, “Ioxaglate–induced light and electron microscopic
alterations in the renal proximal tubular epithelium of rats,”
Investigative Radiology, vol. 26, no. 1, pp. 35–39, 1991.

[155] C. J. Powell, M. Dobrota, and E. Holtz, “Studies on the mech-
anism of radiological contrast media induced renal failure,” in
Nephrotoxicity, P. H. Bach and E. A. Lock, Eds., pp. 463–468,
Springer US, 1989.

[156] S. W. Murphy, B. J. Barrett, and P. S. Parfrey, “Contrast
nephropathy,” Journal of theAmerican Society ofNephrology, vol.
11, no. 1, pp. 177–182, 2000.

[157] K. Hardiek, R. E. Katholi, V. Ramkumar, and C. Deitrick,
“Proximal tubule cell response to radiographic contrast media,”
American Journal of Physiology—Renal Physiology, vol. 280, no.
1, pp. F61–F70, 2001.

[158] M. C. Heinrich, M. K. Kuhlmann, A. Grgic, M. Heckmann,
B. Kramann, and M. Uder, “Cytotoxic effects of ionic high-
osmolar, nonionic monomeric, and nonionic iso-osmolar
dimeric iodinated contrastmedia on renal tubular cells in vitro,”
Radiology, vol. 235, no. 3, pp. 843–849, 2005.

[159] C. Haller, C. S. Schick, M. Zorn, andW. Kübier, “Cytotoxicity of
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