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Abstract: The utilization of contrast media (CM) in clinical diagnostic imaging and interventional
procedures has escalated, leading to a gradual increase in the incidence of contrast-induced acute
kidney injury (CI-AKI). Presently, the scarcity of effective pharmacological treatments for CI-AKI
poses significant challenges to clinical management. Firstly, we explore the pathogenesis of CI-AKI in
this review. Beyond renal medullary ischemia and hypoxia, oxidative stress, cellular apoptosis, and
inflammation, emerging mechanisms such as ferroptosis, release of neutrophil extracellular traps
(NETs), and nitrosative stress, which offer promising avenues for the management of CI-AKI, are
identified. Secondly, a comprehensive strategy for the early prevention of CI-AKI is introduced.
Investigating the risk factors associated with CI-AKI is essential for the timely identification of
high-risk groups. Additionally, exploring early sensitive biomarkers is crucial for early diagnosis. A
synergistic approach that combines these sensitive biomarkers, CI-AKI risk factors, and disease risk
prediction models enhances both the accuracy and efficiency of early diagnostic processes. Finally,
we explore recent pharmacological and non-pharmacological interventions for the management of
Cl-AKI. Beyond the traditional focus on the antioxidant N-acetylcysteine (NAC), we look at active
compounds from traditional Chinese medicine, including tetramethylpyrazine (TMP), salvianolic
acid B (Sal B), as well as emerging preventive medications like N-acetylcysteine amide (NACA),
alprostadil, and others, which all showed potential benefits in animal and clinical studies for CI-AKI
prevention. Furthermore, innovative strategies such as calorie restriction (CR), enhanced external
counterpulsation (EECP), and mesenchymal stem cell therapy are highlighted as providing fresh
insights into Cl-AKI prevention and management.

Keywords: contrast-induced acute kidney injury; contrast media; nephropathy; nephrotoxicity; review

1. Introduction

Contrast-induced acute kidney injury (CI-AKI) is manifested by an abrupt decline in
kidney function as a consequence of intravascular exposure to contrast media. It is also
a common complication after coronary angiography (CAG) and percutaneous coronary
intervention (PCI) [1]. Kidney Disease: Improving Global Outcomes (KDIGO) group
defines CI-AKI as an increase in serum creatinine value to more than 1.5 times the baseline
creatinine value within 7 days of contrast exposure; or an increase in serum creatinine
of ≥26.4 µmol/L (0.3 mg/dL) within 48 h; or a urinary output of <0.5 mL/kg/h within 6 h
of CM exposure [2]. With the advancement of medical imaging and the extensive utilization
of interventional diagnostic and therapeutic techniques, the clinical application of CM has
become increasingly prevalent, leading to a significant increase in the incidence of CI-
AKI [3]. It is important to note that not all AKIs that occur after contrast administration are
caused by the CM themselves. Many other risk factors for AKI should also be considered,
including hypotension, hypovolemia, inflammation, and sepsis. AKI that occurs after
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CM use due to these factors is referred to as contrast-associated acute kidney injury (CA-
AKI). Failure to differentiate between these risk factors in the clinical setting may result
in delayed or inappropriate treatment. In healthy individuals, the incidence of CI-AKI
is below 1%, indicating that kidneys without significant risk factors generally withstand
contrast exposure well. However, in individuals with pre-existing renal insufficiency or
additional risk factors, such as diabetes, hypertension, advanced age, and cardiovascular
disease, the incidence of CI-AKI can escalate to 15% [4]. Given the potential for kidney
damage associated with the use of CM, particularly in patients with pre-existing severe
renal disease, physicians exercise caution in their application. Nonetheless, in the context of
life-threatening emergencies such as ST-segment elevation myocardial infarction (STEMI),
the utilization of CM is essential for conducting detailed diagnostic assessments and
enabling timely endovascular interventions. While CI-AKI often manifests as transient
renal injury, some individuals may suffer from irreversible renal decompensation, need
hemodialysis, or, in severe cases, face mortality [5]. Studies have indicated that the in-
hospital mortality rate for patients with CI-AKI is between 21 and 22%, while for patients
without CI-AKI, the rate is significantly lower, ranging from 0.9 to 1.4% [6,7]. These findings
suggest that CI-AKI may not only have potential long-term effects on renal function but
also significantly increase in-hospital mortality rates. Currently, the absence of universally
endorsed preventive and therapeutic strategies for CI-AKI, aside from extracellular volume
expansion with NaCl or NaHCO3, underscores the significance of identifying and managing
pertinent risk factors to mitigate the development of CI-AKI [8]. Drawing upon the research
foundation of CI-AKI’s pathophysiology, this review presents early integrated prevention
strategies focusing on risk factors, risk assessment models, and sensitive biomarkers. It
also reviews recent preventive and therapeutic strategies for CI-AKI, along with exploring
potential future medications and methods, aiming to offer a novel outlook on the treatment
of CI-AKI.

2. Pathogenesis of CI-AKI

The pathogenesis of CI-AKI is multifaceted, encompassing a range of cellular and
molecular mechanisms that remain incompletely elucidated. Research indicates that the
direct nephrotoxic effects of CM, renal medullary ischemia and hypoxia, oxidative stress,
inflammation, and immune responses are intimately linked to the onset and advancement
of CI-AKI. Additionally, the release of NETs, ferroptosis, and nitrosative stress are also
implicated in the pathogenesis of CI-AKI. In the pathogenic cascade of CI-AKI, hypoxia
may lie upstream of oxidative stress, nitrosative stress, NETosis, ferroptosis, and, to a large
extent, even inflammation. In other words, hypoxia may be a key driver of these pathologi-
cal processes. Notably, the critical role of predisposing risk factors in the development of
CI-AKI cannot be overlooked when exploring its pathogenesis. These risk factors include,
but are not limited to, pre-existing renal insufficiency, diabetes mellitus, and hypertension.
These factors contribute to the onset and progression of CI-AKI in susceptible individuals
by exacerbating mechanisms such as increased renal sensitivity to CM, decreased renal
antioxidant capacity and repair mechanisms, and altered renal hemodynamics. Under-
standing these predisposing risk factors and their interactions with the pathogenesis of
CI-AKI will enable a more comprehensive exploration of the disease’s complexity and
provide a scientific basis for developing preventive and therapeutic strategies (Figure 1).
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Figure 1. Schematic diagram of CI-AKI. Abbreviations: NO, Nitric oxide; PG, Prostaglandins; ET, 
Endothelin; ADO, Adenosine; HO-1, Heme oxygenase-1, ROS, Reactive oxygen species; DM, Dia-
betes mellitus; CKD, Chronic kidney disease. 
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The cytotoxic effect is intensified under conditions of hypoxia, potentially due to plasma 
membrane damage and mitochondrial dysfunction triggered by ROS-mediated endoplas-
mic reticulum stress, alongside disturbances in intracellular calcium homeostasis [11]. 
Furthermore, the accumulation of CM creates a hypertonic environment conducive to 
apoptosis [12]. Upon CM administration, they remain within the vascular lumen, unat-
tached to plasma proteins, facilitating their unhindered filtration through the glomerulus. 
CM are not reabsorbed in the tubules, leading to their progressive concentration as water 
and solutes are reabsorbed, significantly increasing their viscosity. This exposes renal tub-
ular epithelial cells to elevated concentrations of CM for extended periods, exacerbating 
cellular damage and death. Reduced renal clearance of CM in patients with renal insuffi-
ciency may result in a greater accumulation of CM in the kidneys, potentially increasing 
the risk of CI-AKI [13]. As renal tubular epithelial cells perish and detach from the base-
ment membrane, tubular occlusion ensues, prolonging the cytotoxic impact of CM and 
further compromising renal function [12]. 
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Figure 1. Schematic diagram of CI-AKI. Abbreviations: NO, Nitric oxide; PG, Prostaglandins; ET,
Endothelin; ADO, Adenosine; HO-1, Heme oxygenase-1, ROS, Reactive oxygen species; DM, Diabetes
mellitus; CKD, Chronic kidney disease.

2.1. The Direct Nephrotoxicity of CM

Almost all CM have direct cytotoxic effects on vascular endothelial cells and renal
tubular epithelial cells, characterized by swelling of the proximal renal tubular epithelial
cells, vacuolar changes, and changes in cytoplasmic lysosomes, ultimately leading to cell
necrosis [9]. Under an electron microscope, it can be observed that the polarity of the renal
tubular epithelial cells is disordered and the mitochondrial membrane is damaged [10].
The cytotoxic effect is intensified under conditions of hypoxia, potentially due to plasma
membrane damage and mitochondrial dysfunction triggered by ROS-mediated endoplas-
mic reticulum stress, alongside disturbances in intracellular calcium homeostasis [11].
Furthermore, the accumulation of CM creates a hypertonic environment conducive to apop-
tosis [12]. Upon CM administration, they remain within the vascular lumen, unattached to
plasma proteins, facilitating their unhindered filtration through the glomerulus. CM are not
reabsorbed in the tubules, leading to their progressive concentration as water and solutes
are reabsorbed, significantly increasing their viscosity. This exposes renal tubular epithelial
cells to elevated concentrations of CM for extended periods, exacerbating cellular damage
and death. Reduced renal clearance of CM in patients with renal insufficiency may result in
a greater accumulation of CM in the kidneys, potentially increasing the risk of CI-AKI [13].
As renal tubular epithelial cells perish and detach from the basement membrane, tubular
occlusion ensues, prolonging the cytotoxic impact of CM and further compromising renal
function [12].

2.2. Renal Medulla Ischemia and Hypoxia

On the one hand, after the CM enter the renal vessels, the dynamics of renal blood
flow change; the renal vessels first undergo a brief and rapid dilation; the renal blood flow
increases, and then the renal vessels strongly vasoconstrict, especially the vessels in the re-
nal medullary region, leading to a decrease in the total renal blood flow [14,15]. Insufficient
renal blood perfusion, a decrease in the glomerular filtration rate, and severe ischemia and
hypoxia in the renal medulla lead to acute kidney injury. This contrast-induced hemody-
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namic change may be related to the synthesis and release of some vasoactive substances.
Specifically, after intravascular injection of CM, plasma levels of atrial natriuretic peptide
(ANP) increase rapidly, which may be associated with rapid, transient vasodilation. At
the same time, the direct toxicity of CM to vascular endothelial cells results in an increase
in endothelin and adenosine and a decrease in NO and prostaglandins, which may be
associated with persistent vasoconstriction. When this balance shifts toward vasoconstric-
tion, it results in renal medullary ischemia and hypoxia [14,16]. On the other hand, a
transient early increase in the glomerular filtration rate (GFR) and urine flow following
contrast administration, along with subsequent diuresis, increases solute delivery to the
distal nephron and leads to increased oxygen consumption caused by enhanced tubular
sodium reabsorption, particularly in the medullary thick limbs. This process also plays a
central role in the development of medullary hypoxia and injury following contrast admin-
istration [14]. The third generation of CM, iso-osmolar CM, has high viscosity properties
that increase the viscosity of urine and blood [17]. The increased concentration of CM in
renal tubules increases urine viscosity, slowing urine flow and increasing intrarenal tubular
pressure. This pressure can transfer to the renal interstitium, increasing interstitial pres-
sure, compressing vasa recta, and consequently reducing blood flow to the renal medulla.
Additionally, higher blood viscosity increases vascular resistance and slows blood flow,
particularly in the renal medulla—a region with lower vascular density and inherently
slower blood flow. Abnormal red blood cell shapes can further heighten blood viscosity,
worsening renal medulla ischemia and hypoxia. In vitro experimental studies have re-
vealed that CM can impact the cytoskeleton of erythrocytes, leading to alterations in the
spectrin of the homogeneous reticular structure. This process results in the phenomenon of
spectrin–actin co-localization, which induces the formation of echinocytes. Such changes
contribute to microcirculatory disorders, exacerbating the hypoxia of renal tissues [18].
Notably, factors predisposing to CI-AKI such as diabetes or CKD are characterized by an
already intensified medullary hypoxia [14]. And diabetes-induced microangiopathy and
endothelial dysfunction may further reduce renal blood flow, thereby exacerbating renal
medullary ischemia and hypoxia. These significantly increase the risk of CI-AKI in these
patients [19].

2.3. Oxidative Stress and Apoptosis

Numerous studies have linked oxidative stress to the development of CI-AKI [20–22].
CM impact ATP synthesis by causing renal medulla ischemia and hypoxia, thereby dis-
rupting medullary oxygen homeostasis. Specifically, hypoxic conditions reduce oxidative
phosphorylation, leading to the production of large amounts of ROS. These ROS may
directly damage cell membranes, proteins, and DNA, ultimately causing cell death or
apoptosis. Notably, ROS-induced damage to mitochondrial DNA leads to mitochondrial
dysfunction, which in turn increases ROS production, creating a positive feedback loop that
intensifies oxidative stress. Renal tubular epithelial cells, with their high metabolic activity
and mitochondria-rich composition, are particularly vulnerable to oxidative stress [23].
The accumulation of ROS in these cells might act as intracellular messengers, activating
signaling pathways such as SAPK/JNK and p38 MAPK, which indirectly promote apop-
tosis [24,25]. Additionally, CM-induced elevated ROS levels may reduce the inhibition of
Na/K-ATPase activity in the medullary thick limb, leading to its overactivation and further
disrupting medullary oxygen homeostasis. This disruption of the Na/K-ATPase function
not only affects the ionic balance of renal cells but also increases ATP consumption [26].
In the context of CI-AKI, this increased energy consumption may further damage renal
cells already in a hypoxic state, exacerbating cellular dysfunction and death. Studies have
indicated that elevated glucose concentrations may exacerbate CM-induced oxidative stress
in mesangial cells. This observation suggests that diabetic patients could be at a higher risk
of developing CI-AKI and underscores the significant role of predisposing risk factors in
the pathogenesis of CI-AKI.
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Apoptosis, a regulated process of cellular self-destruction, plays a crucial role in
shielding the organism from various deleterious stresses. CM exposure may disrupt
the equilibrium between pro-apoptotic and anti-apoptotic mechanisms, leading to renal
function impairment. Yang et al. discovered that oxidative stress mediates CM-induced
apoptosis in renal tubular epithelial cells through the mitochondrial pathway. This process
is potentially linked to a deficiency in PINK1/Parkin-dependent mitochondrial autophagy,
subsequently impacting cellular redox balance and energy metabolism. Such disruptions
trigger mitochondrial dysfunction and membrane loss, resulting in altered mitochondrial
permeability and the release of pro-apoptotic proteins, ultimately culminating in apoptotic
cell death [27]. Moreover, ROS influence the activities of prostacyclin synthase and nitric
oxide synthase, culminating in the decreased production of nitric oxide and prostaglandins.
This reduction exacerbates renal medulla ischemia and hypoxia, creating a detrimental
feedback loop. In conclusion, oxidative stress and apoptosis are intricately linked to the
development of CI-AKI.

2.4. Inflammation and Immunity

Inflammation and immunity are crucial to the onset and progression of numerous
acute and chronic kidney diseases [28]. It is broadly accepted that the genesis of CI-AKI
is intimately associated with these factors, with inflammation alone potentially doubling
the risk of CI-AKI [29]. A cross-sectional study indicated a significant association between
inflammatory markers, including neutrophil-to-lymphocyte ratio (NLR), monocyte-to-
lymphocyte ratio (MLR), neutrophil-to-lymphocyte*platelet ratio (NLPR), systemic inflam-
matory index (SII), and systemic inflammation response index (SIRI), and CI-AKI [30].
In experimental animal studies, researchers have documented that CM provoke immune
responses, notably enhancing the migration of immune cells and the accumulation of cy-
tokines. A marked elevation in inflammatory cytokines, specifically IL-6 and TNF-α, along
with renal dysfunction and tubular damage, has been observed in experimental animals
following in vivo administration of CM [31]. Our prior research also identified elevated
levels of CCL2 and CCR2, alongside significant increases in IL-6 and TNF-α in the kidneys
of rats within a CI-AKI model exposed to CM. Pre-treatment with TMP and NAC mitigated
their upregulation, further underscoring the pivotal role of inflammation in the pathogene-
sis of CI-AKI [10]. The NLRP3 inflammasome, acting as a pattern recognition receptor, is
pivotal in activating immune responses by detecting pathogens and damage signals. Upon
perceiving alterations in the intracellular milieu, such as increased ROS, NLRP3 initiates the
assembly of inflammatory vesicles to incite an immune response. Activation of caspase-1 by
NLRP3, which in turn cleaves and activates pro-inflammatory cytokines like interleukin-1β
and interleukin-18, induces an inflammatory response that culminates in cell death [32,33].
A study demonstrated that administering exogenous klotho, a protein known for its multi-
functional ability to counter oxidative stress and inflammation, ameliorated renal function
in CI-AKI mice. This improvement was attributed to the inhibition of oxidative stress,
inflammation, and the NF-κB/NLRP3-mediated inflammatory pathway, along with the
downregulation of NLRP3, caspase-1, among others, suggesting a significant contribution
of intrarenal inflammatory/immune responses to the pathogenesis of CI-AKI [34].

2.5. Ferroptosis

Ferroptosis, an iron-dependent programmed cell death characterized by fatal lipid
peroxidation due to lipid ROS accumulation, plays an increasingly recognized role in AKI
development. Intervention strategies blocking ferroptosis have demonstrated efficacy in
mitigating renal ischemia/reperfusion injury. Recently, our team observed the occurrence
of ferroptosis in renal tubular epithelial cells in both in vivo and in vitro models of CI-AKI,
characterized by the accumulation of Fe2+, lipid peroxidation, and decreased activity of
glutathione peroxidase 4 (GPX4). By employing Fer-1 and DFO, two classic inhibitors
of ferroptosis, we found that they effectively enhanced cell viability and significantly
reduced the production of ROS. Furthermore, we discovered that pre-treatment with TMP
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significantly inhibited renal dysfunction, prevented the production of ROS, reduced the
accumulation of Fe2+, and promoted the expression of GPX4. These findings provide an
important experimental basis for a deeper understanding of the molecular mechanisms of
CI-AKI and the development of new therapeutic strategies [35].

2.6. Neutrophil Extracellular Traps

NETs, comprising DNA and antimicrobial substances, are released by neutrophils in
response to pathogens or inflammation. The release process, known as NETosis, confines
pathogen spread and aids in their elimination. Although the early initiation of NETosis
supports swift pathogen removal, an imbalance in this protective mechanism may endan-
ger the organismal homeostasis. Research indicates that neutrophils, upon infiltration,
can be induced to form NETs in models of ischemic kidney injury, exacerbating renal
damage [36]. Recent findings reveal NETs’ role in CI-AKI’s development and progression
by affecting endothelial cells within the renal microcirculation. The expression level of
NETs correlates positively with CI-AKI severity, and inhibiting NETs diminishes renal
cell apoptosis and pyroptosis, and mitigates inflammation [37]. Furthermore, following
CM administration, neutrophils are promptly activated and recruited, potentially marking
NETs as early biomarkers for CI-AKI diagnosis.

2.7. Nitrosative Stress

Nitrosative stress, characterized by an overaccumulation of nitrite within intra- and ex-
tracellular environments, parallels oxidative stress in its capacity to inflict cellular damage.
Affecting cell fate through various mechanisms, excessive nitrosative stress directly initiates
apoptosis and may further amplify it indirectly by causing mitochondrial damage and
disrupting signaling pathways, contributing to diverse disease pathogeneses [38]. In recent
research, ARG2 expression significantly increased in a CI-AKI mouse model, predomi-
nantly accumulating in the mitochondria of renal tubular cells. ARG2 elevation during
CI-AKI fosters nitrosative stress, precipitating renal tubular cell apoptosis. Specifically,
ARG2-mediated nitrosative stress aggravates CI-AKI by activating the CREB1/ARG2/HO-
1 signaling pathway [39], suggesting nitrosative stress as a critical pathogenic mechanism
in CI-AKI.

3. Strategies for the Prevention and Treatment of CI-AKI

Currently, there is no specific treatment available for CI-AKI, underscoring the im-
portance of prevention as the primary strategy for managing CI-AKI. The paramount
strategy for preventing CI-AKI involves the early identification of individuals at high
risk, managing pertinent risk factors, assessing morbidity risk, and minimizing unnec-
essary diagnostic imaging. The pursuit of sensitive biomarkers is crucial for the early
diagnosis of CI-AKI. For patients requiring CM, morbidity risk can be mitigated through
judicious CM use and personalized hydration strategies. Furthermore, pharmacological
prevention can be achieved with the administration of antioxidants, renoprotective agents
such as statins, hemodynamic modulators, along with emerging drugs aimed at reducing
oxidative stress, diminishing inflammation, and curtailing the apoptotic response [40].
Non-pharmacological measures, including remote ischemic preconditioning, hemodialysis,
and other innovative preventive strategies, also play a vital role in CI-AKI prevention
(Figure in Section 3.3.6) (Table in Section 3.3.6).

3.1. An Integrated Strategy for Early Prevention of CI-AKI
3.1.1. Identifying High-Risk Groups

In mitigating CI-AKI, the precise recognition of associated risk factors is crucial for
decreasing its incidence and formulating efficacious prevention measures. Pre-existing
severe renal insufficiency emerges as the paramount risk factor for CI-AKI. Studies have
indicated that the incidence of CI-AKI is over threefold higher in patients with chronic
kidney disease (eGFR < 30 mL/min/1.73 m2) compared to those with normal renal func-
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tion [41], a disparity possibly attributed to diminished adaptive capacity or heightened
cellular susceptibility. Consequently, for patients at high risk, an angiography should be
circumvented when feasible, opting instead for alternative diagnostic modalities such as
intravascular ultrasound to reduce contrast-induced nephrotoxicity [42]. Furthermore, in
patients with renal insufficiency who require the use of CM, a preference for CM with low
toxicity is advised, ensuring that the administered dose is kept within the minimal effective
threshold. As research advances, an increasing number of risk factors for CI-AKI have been
identified, necessitating targeted preventive measures against these risks (Figure 2).
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3.1.2. Finding Sensitive Biomarkers

Additionally, the timely diagnosis of CI-AKI is pivotal for patient outcomes. Serum
creatinine is a commonly used diagnostic marker for CI-AKI, but its delayed increase
and interference from non-renal factors lead to an inability to accurately and promptly
reflect kidney damage [43]. Consequently, the identification of novel biomarkers for the
early diagnosis of CI-AKI is essential. We have compiled findings on several potential
biomarkers [44], predominantly associated with the pre-injury stage, injurious, and other
relevant biomarkers, as illustrated in Table 1. Although the development of such biomarkers
appears promising, their clinical integration for CI-AKI diagnosis has been hampered
by the absence of standardized thresholds and a lack of clinical validation across large
cohorts [45].
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Table 1. Potential biomarkers of CI-AKI.

Category Biomarker Molecular Weight
(kDa) Function Significant Change in

CI-AKI
Cutoff for CI-AKI

Prediction Ref.

Pre-injury phase
biomarkers

DKK3(U) 30
Promote renal tubulointerstitial fibrosis
through modulation of the canonical
Wnt/b-catenin signaling pathway

NA DKK3/creatinine
ratio > 1.7 pg/mg [46]

β2M(S) 11.8 Indicator of renal tubular injury NA >2.8 mg/L at baseline [47]

HSP27(S) 22
Protect cells against different forms of
cellular stress, including oxidative stress, as
well as apoptosis

NA <19.67 µg/L [48]

GGT(S) 68

Responsible for the extracellular catabolism
of glutathione, a major component of
intracellular antioxidant protective
mechanisms

NA >26.5 U/L [49]

Antithrombin III(S) 58 ATIII shows anti-inflammatory properties
and also enhances renal blood flow. NA ATIII activity < 75% [50]

Damage biomarkers

Cys-C(S) 13 Indicator of reduced kidney function 8 h rise ≥ 10% at 24 h [51]

MK(S) 13
Regulates cell growth, cell survival,
migration and anti-apoptotic activities in
nephrogenesis and development.

2 h NA [52]

IL-18(U) 18 Indicator of renal tubular injury 6 h 815.61 pg/mL at 12 h [53]

KIM-1(U) 85 A potential biomarker of proximal tubular
injury 6 h >366 ng/mL [54]

NGAL(U) 25 A potential biomarker of distal tubular
injury 6 h >20 ng/mL [55]

NAG(U) >130 Indicator of renal tubular injury 24 h NA [56]

L-FABP(U) 14 L-FABP can detect renal hemodynamic
change following administration of CM. 24 h ≥24.5 µg/g Cr [57]



Toxics 2024, 12, 620 9 of 25

Table 1. Cont.

Category Biomarker Molecular Weight
(kDa) Function Significant Change in

CI-AKI
Cutoff for CI-AKI

Prediction Ref.

Other biomarkers

MHR(S) NA
Correlated with inflammation and has a
prognostic value in patients with renal
diseases.

NA >0.95 × 109/mmol [58]

DIN(S) NA A novel biomarker for severity of systemic
and local inflammatory states NA >1.8% on ED admission [59]

GDF-15(S) 40
In response to oxidative stress, endothelial
dysfunction, inflammation, and tissue
injury, GDF-15 expression was increased.

NA NA [60]

hs-CRP(S) 22.5 hsCRP is associated with an increased risk
of CI-AKI. NA hs-CRP > 5 mg/DL [61]

SII(S) NA
A relatively novel inflammatory marker
combining platelet, neutrophil, and
lymphocyte counts

NA SII > 1282 [62]

C-Peptide(S) NA C-Peptide has a renoprotective effect in
diabetic nephropathy. NA ≤2.39 ng/mL [63]

WBV(S) NA
WBV is related to shear stress,
atherosclerosis, and adverse cardiac events.
WBV may affect renal function.

NA WBV < 14.90 [64]

TyG index(S) NA
A reliable and specific biomarker for
insulin resistance and is associated with
renal dysfunction

NA TyG index > 9.043 [65]

CAR(S) NA
An acute-phase reactant and is known to be
associated with poor outcomes in
predicting the development of CI-AKI

NA NA [66]

AIP(S) NA
Demonstrates plasma atherogenicity by
combining TG and HDL-C in a single
logarithmic fraction

NA API > 0.62 [67]

Abbreviations: DKK3, Urinary dickkopf-3; β2M, β2Microglobulin; HSP27, Heat shock protein 27; GGT, Gamma-glutamyl transferase; Cys-C, Cystatin C; MK, Midkine; IL-18,
Interleukin-18; KIM-1, Kidney injury molecule-1; NGAL, Neutrophil gelatinase-associated lipocalin; NAG, N-Acetyl-β-D-glucosaminidase; L-FABP, Liver-type fatty acid-binding protein;
MHR, Monocyte to high-density lipoprotein ratio; DNI, Delta neutrophil index; GDF-15, Growth differentiation factor-15; hs-CRP, Pre-procedural high-sensitivity C-reactive protein; SII,
Systemic immune-inflammation index; WBV, Whole blood viscosity; TyG, Triglyceride-glucose; CAR, C-reactive protein/albumin ratio; AIP, Atherogenic index of plasma.
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3.1.3. Risk Stratification through Predictive Modeling

Based on risk factors and sensitive biomarkers, researchers have constructed mul-
tiple predictive models to evaluate the incidence risk of CI-AKI. The majority of these
studies have employed discriminative and calibrated techniques to ascertain the internal
validity of the models, thereby offering a dependable framework for the risk assessment
and prevention of CI-AKI. Ideal predictive models ought to feature parameters that are
readily obtainable, possess substantial predictive accuracy, and be applicable preopera-
tively. Various risk models, differing in their levels of precision and complexity, have
been established, as depicted in Table 2. While these models are capable of forecasting the
incidence of CI-AKI, their clinical utility is limited, necessitating additional validation. It
is important to note that these risk-scoring models were primarily designed for patients
undergoing endovascular interventions, where relatively large amounts of CM are used. In
contrast, contrast-enhanced CT (CECT) requires only a small amount of CM. According
to propensity score-matched studies, the risk of CI-AKI after CECT is generally low in
most patients but remains significant in those with advanced CKD [68]. Therefore, the
applicability and accuracy of existing scoring systems require further evaluation for this
specific patient population. Additionally, research indicates that a combination of multiple
measures, including the Mehran score, L-FABP, and NGAL, significantly enhances the
specificity of CI-AKI predictions [69], underscoring that a synergistic diagnostic approach
yields greater accuracy, thereby enabling early diagnosis and therapeutic intervention.

Table 2. Risk stratification models.

Population
Characteristics

Development
Dataset Variables Included in Models No. of Risk

Factors
Risk

Stratification C Statistic Reference

PCI at one
hospital 5571

Hypotension

8

Low (≤4)
Moderate (5–8)
High (9–12)
Very-high (≥13)

0.67 [70]

IABP
Heart failure
CKD
Diabetes
Age > 75 years
Anemia
Contrast volume

PCI at one
hospital 1500

Age ≥ 70

9

Low (≤7)
Moderate (8–12)
High (13–16)
Very-high (≥17)

0.82 [71]

Prior MI
Diabetes
Hypotension
LVEF ≤ 45%
Anemia
eGFR ≤ 45 (mL/min/1.73 m2)
HDL < 1 mmol/L
Urgent PCI

CAG, PCI, or
CECT at one
hospital

7040

Baseline eGFR

13 NA 0.91 [72]

RDW
Triglycerides
The most recent SCr Before
the procedure
HDL
Total cholesterol
LDL
BU
P-LCR
Serum sodium
PCT
INR
BG

CECT at one
hospital 2240

DM

4
Low (0–2)
Intermediate (3–4)
High (5–6)

0.73 [73]
Serum albumin level < 4.3
mg/dL
CKD stage 5
CKD stage 4
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Table 2. Cont.

Population
Characteristics

Development
Dataset Variables Included in Models No. of Risk

Factors
Risk

Stratification C Statistic Reference

PCI at three
hospitals 931

Hematocrit

15
Low (<10)
Moderate (10–16)
High (>16)

0.84 [67]

WBC
Platelet count
MCV
MCHC
RDW
MPV
Sodium
Potassium
Bicarbonate
Calcium
Glucose
Creatinine
Age
Gender

PCI at one
hospital 23,703

Age

7 NA 0.8 [74]

CKD
Hematocrit
Troponin I
Blood urea nitrogen
Base excess
NT-proBNP

Abbreviations: IABP, intra-aortic balloon pump; CKD, chronic kidney disease; MI, myocardial infarction; LVEF, left
ventricular ejection fraction; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol;
BSA, body surface area; TIA, transient ischemic attack; WBC, white blood cell; RDW, red cell distribution width;
BU, blood urea; P-LCR, platelet larger cell ratio; PCT, plateletocrit; INR, international normalized ratio; BG, blood
glucose; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; MPV, mean
platelet volume; NT-proBNP, N-terminal pro-brain natriuretic peptide.

3.2. Pharmacological Strategies
3.2.1. Antioxidant

N-acetylcysteine (NAC), a precursor to the antioxidant glutathione (GSH), plays a
pivotal role in cellular defense against oxidative stress through its unique sulfhydryl-
containing structure. NAC primarily promotes its antioxidant effects by facilitating GSH
synthesis, stabilizing nitric oxide levels, and influencing the microcirculation within the
renal cortex and medulla, thereby mitigating contrast-induced renal vasoconstriction [75].
NAC is widely employed in the prevention and treatment of CI-AKI due to its low cost,
wide availability, ease of administration, and lack of significant adverse effects (Figure 3).
Recent meta-analyses of randomized clinical trials (RCTs) have demonstrated that NAC
usage moderately lowers the incidence of CI-AKI and enhances renal function [76] (Table 3).
However, clinical practice has shown that NAC has low bioavailability in vivo, which may
be related to its limited intracellular and mitochondrial penetration capacities. Therefore,
the efficacy of NAC in CI-AKI prevention remains a subject of ongoing research, with its
actual effectiveness and optimal application yet to be conclusively determined.

N-acetylcysteine amide (NACA), an amide derivative of NAC, demonstrates enhanced
lipophilicity, membrane permeability, and antioxidant capabilities [77]. Recent investiga-
tions have revealed significant antioxidant actions of NACA in AKI and nervous system
diseases [78–80]. Our prior research has also established that NACA surpasses NAC in
efficacy for preventing CI-AKI, both in vivo and in vitro. This augmented effect appears
to be mediated by the modulation of oxidative stress and the regulation of thioredoxin-1
(Trx1), which in turn inhibits the apoptosis signal-regulating kinase 1 (ASK1) and the p38
mitogen-activated protein kinase (MAPK) pathway as well as by preventing apoptosis
in renal tubular cells [81]. Consequently, NACA may serve as a superior renal protective
agent against CI-AKI compared to NAC.

Other emerging antioxidants, such as febuxostat, coenzyme Q10, trimetazidine, and
edaravone, show promise as clinical candidates for CI-AKI prevention, warranting further
investigation [82–84].
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3.2.2. Statin

Prior research has revealed that statins possess protective properties that may prevent
CI-AKI [85]. These benefits likely stem from antioxidative actions and the suppression
of inflammation, pyroptosis, and apoptosis, among other mechanisms. An animal study
has shown that atorvastatin can inhibit the TLR4/MyD88/NF-κB signaling pathway, help
improve renal tubular epithelial cell function, and reduce injury, inflammation, and burn
death [86]. Additionally, a meta-analysis of five randomized controlled trials (RCTs) as-
sessing the impact of rosuvastatin on preventing CI-AKI in patients with acute coronary
syndrome revealed a notable benefit. Specifically, preoperative rosuvastatin therapy sig-
nificantly reduced the risk of CI-AKI in patients at high risk for chronic kidney disease or
diabetes [87]. Similarly, another meta-analysis investigating the effects of atorvastatin on
preventing CI-AKI showed that high-dose atorvastatin preconditioning was significantly
associated with a reduced prevalence of CI-AKI in patients undergoing CAG [88].

3.2.3. Hemodynamic Modulating Drugs

Alprostadil, a synthetic analogue of prostaglandin E1 (PGE1), is recognized for its
vasodilatory effects, which effectively dilate renal blood vessels and inhibit both platelet
aggregation and thrombosis. Additionally, alprostadil reduces proteinuria and enhances
kidney function by boosting blood flow to the kidneys and increasing the glomerular
filtration rate [89]. One clinical study demonstrated that alprostadil in combination with
conventional therapy was effective in preventing CI-AKI in patients with renal dysfunction
undergoing PCI [90]. Moreover, another study indicated that alprostadil could serve as
a prophylactic therapy in patients at high risk of developing complications according to
Mehran’s risk score, likely owing to its anti-inflammatory effects [91].

Nicordil, is the first ATP-sensitive potassium channel opening agent for clinical use. It
promotes dilation of the systemic vasculature, particularly the arterioles, thus enhancing
organ function through improved perfusion, which includes significant benefits to the
kidneys. An RCT demonstrated that oral administration of nicorandil could reduce the
incidence of CI-AKI without increasing the incidence of postoperative adverse events. In
patients with renal dysfunction at high risk, preoperative oral nicorandil administration
may also prevent CI-AKI occurrence [92].

Cilnidipine, a calcium channel blocker, has shown renoprotective effects, significantly
enhancing renal function and alleviating apoptosis, oxidative stress, and mitochondrial
damage in renal tubular cells caused by iohexol, both in vitro and in vivo [93]. Yet, the
current research relies on traditional experimental approaches and singular dosage applica-
tions, differing from the long-term medication needs in clinical practice. The actual efficacy,
optimal dosage, and treatment timing of cilnidipine in CI-AKI prevention and treatment
remain to be elucidated through future prospective clinical trials.

However, evidence from some studies suggests that vasodilators such as dopamine,
nifedipine, fenoldepam, and endothelin receptor antagonists have not demonstrated pre-
ventive effects on CI-AKI [44,94,95], indicating the need for further research and validation
in the use of vasodilators for CI-AKI prevention and treatment.

3.2.4. Active Ingredients of Natural Medicines

Given the current stagnation in Western medicine research concerning the prevention
and pathogenesis of CI-AKI, exploring traditional Chinese medicine (TCM) and Chinese
herbal medicine presents a promising alternative. Several active compounds derived from
these traditional sources have demonstrated potential in both preventing and treating CI-AKI.

TMP, an alkaloid derived from Ligusticum sinense ‘Chuanxiong’, is renowned for its pro-
tective role against kidney injuries caused by gentamicin, diabetes mellitus, and ischemia–
reperfusion injury. Our team’s prior research has shown that TMP counters CM-induced
renal injury by inhibiting p38 MAPK activation. Further investigations revealed TMP’s
capacity to reverse CM-induced activation of the CCL2/CCR2 pathway, ameliorate renal
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oxidative stress and abnormal mitochondrial dynamics, and regulate mitophagy in tubular
cells, underscoring TMP’s renoprotective effects [10,96].

Sal B, a water-soluble compound from Salvia miltiorrhiza, has demonstrated protective
effects against CI-AKI in several studies. These investigations have highlighted its ability
to mitigate oxidative stress, endoplasmic reticulum stress (ERS), and inflammation in
renal cells [97–99]. Sal B’s effectiveness is attributed to its activation of the Nrf2 pathway,
reduction in oxidative stress markers, and inhibition of apoptosis-related proteins. Sal B
modulates key signaling pathways, including PI3K/Akt/Nrf2 and TLR4/NF-κB/NLRP3,
which play significant roles in its renoprotective actions. In addition, a clinical study has
also highlighted the potential benefit of Sal B in preventing CI-AKI after PCI. The results
indicated that patients treated with Sal B experienced a lower incidence of CI-AKI and
displayed better protection of renal function when compared with controls hydrated with
normal saline (NS) alone [100]. These findings suggest that Sal B can reduce the harmful
effects of CM and could potentially offer a new treatment for preventing CI-AKI.

In summary, active ingredients of natural medicines exhibit potential in preventing CI-
AKI, offering new avenues for its management. However, the clinical application of many
such treatments remains limited, with several still undergoing experimental evaluation
or lacking robust evidence for widespread use. Future research could leverage modern
pharmacological technologies to further explore traditional Chinese medicine, blending the
strengths of both to develop more effective and widely applicable compounds.

3.3. Non-Pharmacological Strategies
3.3.1. Hydration Therapy

Hydration therapy is a cornerstone in the prevention of CI-AKI, aiming to dilute the
nephrotoxic effects of CM and maintain renal perfusion. Despite its widespread accep-
tance, debates persist regarding the optimal hydration strategy, including the type of fluid
(sodium chloride vs. sodium bicarbonate), the timing (pre-procedural vs. post-procedural
hydration), and the rate of administration. Some studies advocate for the use of sodium
bicarbonate over sodium chloride based on its potential to reduce oxidative stress within
the renal tubules. However, subsequent research, including randomized controlled trials
and meta-analyses, has produced mixed results [85]. While pre-procedural hydration is
generally recommended to ensure optimal renal perfusion before contrast exposure, the
optimal duration and rate of hydration to maximize renal protection without causing fluid
overload, especially in patients with heart failure or compromised renal function, are not
definitively established. Moreover, the role of oral hydration as a supplementary or alterna-
tive approach to intravenous hydration has been explored, with some studies suggesting its
potential effectiveness and convenience. However, the comparative efficacy of oral versus
intravenous hydration in CI-AKI prevention is still under investigation [101,102]. Given
these controversies, individualized risk assessment and tailored hydration protocols based
on patient-specific factors such as baseline renal function, volume status, and presence of
comorbid conditions are advocated by many experts. The RenalGuard System, a device
used to prevent CI-AKI, helps prevent hypovolemia and minimize potential renal damage
from CM by accurately controlling the infusion rate and maintaining a high urinary flow
rate during contrast examinations. This is particularly beneficial for individuals at high
risk of CI-AKI. One possible mechanism by which furosemide-matched hydration therapy
with the RenalGuard System may reduce the risk of CI-AKI is that it blocks tubular sodium
reabsorption in the medulla, thereby reducing oxygen consumption by the cells, and en-
hances contrast dilution in the renal tubules by increasing urine flow [103,104]. Further
research is still needed to refine hydration therapy and reduce the associated controversy.

3.3.2. Remote Ischemic Preconditioning

Remote ischemic preconditioning (RIPC) is an innovative and noninvasive approach,
the essence of which lies in augmenting the resilience of vital organs against prolonged
ischemic assaults by inducing transient ischemia–reperfusion in a location remote from
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these central organs. It has been documented that transient muscle ischemia can confer
protection, notably to cardiac and renal tissues [105]. The protective mechanism of RIPC
is believed to involve diminishing inflammatory responses, oxidative stress, and apopto-
sis [106,107]. Meta-analyses have demonstrated that the incidence of CI-AKI in patients
undergoing RIPC prior to surgery was significantly reduced compared to those who did
not undergo RIPC (6.5% vs. 13.5%, p < 0.001) [108]. However, certain studies have indicated
that RIPC does not safeguard diabetic patients from CI-AKI, hinting that the effectiveness
of RIPC in CI-AKI prevention may vary depending on the patients’ underlying condi-
tions [109]. Notably, RIPC has yet to be associated with any adverse events in clinical
trials, positioning it as a safe, novel, noninvasive, and cost-effective preventive strategy
potentially beneficial in lowering the incidence of AKI among high-risk patients.

3.3.3. Hemodialysis

Hemodialysis, a prevalent treatment for renal failure, is notably effective in removing
CM from blood circulation, with its efficacy well established [110,111]. However, the
suitability of hemodialysis for preventing CI-AKI remains contentious. While initial studies
have shown some promising outcomes [112,113], preventive hemodialysis has not gained
broad acceptance, possibly due to inappropriate dialysis timing or inadequate ultrafiltration.
Importantly, for patients undergoing chronic hemodialysis or peritoneal dialysis, additional
dialysis post-contrast media administration is not advised. This caution stems from the
potential of the dialysis procedure to trigger inflammatory responses and release vasoactive
substances, thereby elevating the risk of CI-AKI. Furthermore, the KDIGO guidelines
advise against employing hemodialysis or hemofiltration solely for CM removal as a
preventative measure against CI-AKI. Thus, the application of hemodialysis in CI-AKI
prevention warrants meticulous consideration.

3.3.4. Calorie Restriction

Calorie restriction (CR) is a well-documented strategy for extending the lifespan across
various animal species, with CR-activated nutritional signals playing a critical role in injury
prevention [114]. CR enhances aging kidneys’ adaptability to hypoxia and ameliorates age-
related structural and functional kidney damage [115]. The CR treatment group exhibited
reduced apoptosis, oxidative stress, and inflammation levels compared to the normal caloric
intake CM group. CR’s mechanism involves mitigating CI-AKI in renal tissue through
the SIRT1/GPX4 pathway [4], offering a side-effect-free, non-genetic, and environmental
intervention beneficial for patients at high CI-AKI risk.

3.3.5. Enhanced External Counterpulsation

Enhanced external counterpulsation (EECP), a novel noninvasive therapy, demon-
strates significant benefits in treating coronary artery disease and angina pectoris. By
applying continuous external pressure waves, EECP improves cardiac blood supply, allevi-
ates heart disease symptoms, and enhances life quality. EECP has been shown to boost renal
perfusion, mitigate renal injury [116], and enhance vascular endothelial function by increas-
ing plasma nitric oxide levels and decreasing plasma endothelin-1 concentrations [117].
These effects, improving microcirculatory disturbances, present valuable prospects for
CI-AKI prevention and treatment. Furthermore, EECP induces atrial natriuretic peptide
secretion, enhancing diuresis, reducing tubular fluid viscosity, and minimizing CM ex-
posure duration [118], underscoring its multifaceted benefits in cardiovascular and renal
protection. A recent clinical study demonstrated that EECP treatment effectively reduces
serum creatinine levels, increases eGFR, and lowers the incidence of CI-AKI in patients
with CKD and diabetes mellitus undergoing CAG or PCI [119].

3.3.6. Mesenchymal Stem Cell Therapy

Mesenchymal stem cells (MSCs), multipotent adult stem cells sourced from adipose
tissue, bone marrow, umbilical cord blood, and placenta, exhibit notable anti-inflammatory,
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anti-fibrotic, and anti-apoptotic properties [120]. Recent studies underscore that MSCs cul-
tured in serum-free conditions (SF-MSCs) have significantly higher anti-inflammatory and
anti-fibrotic capabilities. In disease models, MSC application has positively impacted vari-
ous conditions, notably improving renal function and reducing renal tubular cell apoptosis
rates in CI-AKI models, potentially through the suppression of cleaved caspase 3 expres-
sion. Additionally, in vitro research suggests SF-MSCs mitigate apoptosis via paracrine
effects. Nonetheless, experiments involving the downregulation of epithelial growth factor
(EGF) through small interfering RNA (siRNA) have diminished the renoprotective and
anti-apoptotic impact of SF-MSCs in CI-AKI models [121], highlighting SF-MSCs’ potential
in CI-AKI prevention and treatment and suggesting new therapeutic directions.
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Table 3. Evidence of pharmacological and non-pharmacological strategies for the prevention and treatment of CI-AKI in experimental and clinical settings.

Type of Strategy Intervention Study Type Study Design Study Results Ref.

Pharmacological strategies

NAC Meta-analysis Multiple RCTs The risk of CI-AKI and Scr levels are significantly decreased with NAC
use. [76]

NACA Experimental In Vivo Animal Model
NACA may protect against CI-AKI through modulating Trx1 and
ASK1/p38 MAPK pathway to result in the inhibition of apoptosis
among renal cells.

[81]

Trimetazidine Clinical RCT
Trimetazidine along with isotonic saline infusion is more effective than
isotonic saline alone in reducing the risk of CI-AKI in patients with
pre-existing renal dysfunction.

[122]

Edaravone Experimental In Vivo Animal Model Edaravone may prevent and alleviate renal impairment and oxidative
stress in rat models of CI-AKI by improving renal antioxidant capacity. [83]

Febuxostat Clinical RCT Febuxostat has a renoprotective effect, and it can help to reduce the
incidence of CI-AKI in CKD stage 3 patients undergoing PCI. [84]

CoQ10 Experimental In Vivo Animal Model
CoQ10 presented an antioxidant effect on the CI-AKI in male diabetic
rats by improving renal function and renal hemodynamics, preserving
morphology and reducing oxidative stress.

[123]

Atorvastatin Experimental In Vivo Animal Model
Atorvastatin can inhibit the TLR4/MyD88/NF-κB signaling pathway,
help improve renal tubular epithelial cell function, and reduce injury,
inflammation, and burn death.

[86]

Rosuvastatin Meta-analysis Multiple RCTs Preoperative rosuvastatin therapy significantly reduced the risk of
CI-AKI in patients at high risk for chronic kidney disease or diabetes. [87]

Alprostadil Clinical RCT For renal insufficiency patients undergoing PCI, the associative usage
of alpromazil with routine treatment can effectively prevent CI-AKI. [90]

Nicordil Clinical RCT Oral administration of nicorandil could reduce the incidence of CI-AKI
without increasing the incidence of postoperative adverse events. [92]

Cilnidipine Experimental In Vivo Animal Model
Cilnidipine markedly improved kidney function and alleviated tubular
cell apoptosis, oxidative stress, and mitochondrial damage induced by
iohexol in vitro and in vivo.

[93]

TMP Experimental In Vivo Animal Model
TMP’s capacity to reverse CM-induced activation of the CCL2/CCR2
pathway ameliorate renal oxidative stress and abnormal mitochondrial
dynamics and regulate mitophagy in tubular cells.

[10]

Sal B Clinical RCT Sal B reduces the incidence of CI-AKI and protects renal function after
PPCI, and the effects were superior to those of NS hydration. [100]
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Table 3. Cont.

Type of Strategy Intervention Study Type Study Design Study Results Ref.

Non-pharmacological strategies

Hydration therapy Meta-analysis Multiple RCTs
Furosemide with matched hydration by the RenalGuard System may
reduce the incidence of CI-AKI in high-risk patients undergoing PCI
or TAVR.

[104]

RIPC Meta-analysis Multiple RCTs
The incidence of CI-AKI in patients undergoing RIPC prior to surgery
was significantly reduced compared to those who did not
undergo RIPC.

[108]

Hemodialysis Clinical RCT

For patients with chronic renal failure who are undergoing PCI,
periprocedural hemofiltration given in an ICU setting appears to be
effective in preventing the deterioration of renal function due to
CI-AKI.

[113]

CR Experimental In Vivo Animal Model CR protected CI-AKI via SIRT1/GPX4 activation. CR may be used to
mitigate CI-AKI. [124]

EECP Clinical RCT EECP increases the contrast clearance and may have an effect in
reducing the risk of CI-AKI. [119]

MSC therapy Experimental In Vivo Animal Model and In
Vitro Cellular Model

SF-MSCs might improve CI-AKI by exerting anti-apoptotic effects in a
paracrine manner. [121]

Abbreviations: NAC, N-acetylcysteine; NACA, N-acetylcysteine amide; CoQ10, Coenzyme Q10; TMP, Tetramethylpyrazine; Sal B, Salvianolic acid B; TAVR, Transcatheter aortic valve
replacement; RIPC, Remote ischemic preconditioning; CR, Calorie restriction; EECP, Enhanced external counterpulsation; MSCs, Mesenchymal stem cells.
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4. Conclusions and Prospects

The incidence of CI-AKI has risen alongside advancements in imaging medicine and
interventional diagnostic and treatment technologies. Currently, beyond NaCl or NaHCO3
hydration, there is no globally recognized protocol for its prevention. To effectively combat
CI-AKI, further comprehensive research into its pathogenesis and preventive measures
is imperative. Recent years have seen significant strides in CI-AKI research, uncovering
new mechanisms such as the release of neutrophil extracellular traps, ferroptosis, and
nitrosative stress. Investigations into potential novel pharmacological treatments like TMP,
Sal B, and NACA, alongside innovative approaches such as calorie restriction, enhanced
external counterpulsation, and mesenchymal stem cell therapy, have opened new avenues
for CI-AKI management. Nevertheless, several challenges remain in CI-AKI prevention
and management.

Discrepancies in CI-AKI definitions and diagnostic criteria across various studies and
guidelines complicate consensus on treatment. In clinical practice, the lack of specific
biomarkers and the close temporal proximity of contrast agent use to other factors (surgery,
other medications, etc.) complicate the differentiation between CI-AKI and CA-AKI. Many
studies have misclassified CA-AKI as CI-AKI, leading to an inaccurate assessment of the
true incidence and severity of CI-AKI. This misclassification may result in inappropriate
therapeutic strategies, resource wastage, and a potentially negative impact on patient
outcomes. Therefore, future research should focus on developing more accurate diagnostic
tools and biomarkers to enhance the differentiation between CI-AKI and CA-AKI. In
addition, in clinical practice, it has been observed that in some cases, renal function returns
to baseline levels after a transient decline, and the occurrence of renal function recovery
may lead to an underestimation of the true incidence of CI-AKI [125]. Additionally, when
assessing CI-AKI, the impact of the renal functional reserve (RFR) should not be overlooked.
The RFR refers to the kidneys’ ability to adapt and compensate for injury. Patients with a
reduced RFR may be more susceptible to developing CI-AKI after contrast exposure [126].
However, increased creatinine levels may not necessarily indicate structural renal injury
from CI-AKI but could instead reflect a reduction in RFR, making the kidneys more
sensitive to injury or stress. For high-risk groups, such as those with CKD, relying solely
on biomarkers is insufficient; dynamic observation and increased frequency of testing are
effective means of improving CI-AKI detection. By closely monitoring changes in renal
function, we can detect CI-AKI earlier and implement timely interventions.

While many studies endorse hydration therapy, debates continue over optimal fluid
management practices and their patient-specific applicability, underscoring the necessity
for personalized treatment approaches. In patients with heart failure, the reduced pumping
capacity of the heart leads to decreased renal perfusion, resulting in water and sodium
retention and subsequent kidney injury [127]. These high-risk patients are particularly
susceptible to CI-AKI after exposure to CM. In this scenario, relying solely on rehydra-
tion therapy to prevent CI-AKI could potentially exacerbate the workload on the heart
and increase the filtration demand on the kidneys, thereby posing additional risks. To
address this, the combined use of furosemide is a strategy worth exploring. Although
furosemide can be potentially nephrotoxic, it may offer nephroprotective benefits in specific
populations at high risk for CI-AKI. First, it enhances contrast dilution and excretion in
the renal tubule through increased urine flow, which reduce intraluminal transit time and
renal tissue uptake. Second, it blocks tubular sodium reabsorption in the medulla, which
reduces cellular oxygen consumption and thus protects the kidneys from hypoxic insult
following radiocontrast [128]. In fact, furosemide alone (without hydration) was found
to prevent medullary thick limb hypoxic injury in a CI-AKI animal model [129]. Finally,
it also helps alleviate heart failure by reducing water and sodium retention through its
diuretic effect [130]. Meanwhile, there are also studies suggesting that furosemide may
increase the risk of CI-AKI [131,132], potentially due to inadequate rehydration and dehy-
dration leading to volume depletion, which diminishes its pharmacologic effects. After
conducting an in-depth review and analysis of the studies mentioned above, we have to
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note that furosemide-induced high-volume diuresis, combined with matched rehydration
to maintain intravascular volume, could be a viable strategy to prevent and treat CI-AKI in
specific high-risk populations, such as patients with heart failure or those undergoing PCI
or TAVR.

Additionally, the decision to opt for alternative imaging techniques, particularly
in high-risk patients, remains contentious. There are a number of non-iodinated CM
currently available. Gd chelates, primarily used in magnetic resonance imaging (MRI),
offer advantages such as low plasma protein binding and rapid clearance, resulting in
a lower incidence of CI-AKI in patients with CKD. However, in patients with severely
impaired renal function, Gd chelates carry the risk of nephrogenic systemic fibrosis (NSF)
and should be used cautiously [133]. Carbon dioxide, a non-iodinated contrast medium,
poses no allergic risk and is non-toxic to the kidneys, making it a common choice for
angiography. A study by Tim Jakobi et al. demonstrated that carbon dioxide is a suitable
and safe alternative to iodinated contrast media, particularly for intravascular remodeling
in patients with peripheral arterial disease and CKD [134]. However, its use is limited to
site-specific vascular imaging, such as lower limb vessels, and it is not suitable for imaging
the heart and brain. Additionally, nanoparticles (e.g., cerium oxide nanoparticles and iron
oxide magnetic nanoparticles) offer excellent imaging performance with reduced renal
toxicity due to their nanoscale structure and special surface modifications [135]. However,
certain types may trigger immune responses or adverse reactions upon accumulation, and
their widespread use requires further research and clinical validation.

Finally, drug prevention efficacy remains a focal area of research; although some
medications have demonstrated potential in animal models, their transition to clinical
trials or robust clinical validation remains lacking. As we confront CI-AKI, delving into its
specific mechanisms to devise more precise preventive measures and risk assessments, as
well as exploring novel therapeutic interventions to mitigate or repair contrast-induced
renal damage, remains crucial. We anticipate further breakthroughs in CI-AKI prevention
and treatment through persistent efforts.

Author Contributions: Writing—Original draft preparation, Z.W. and Q.W.; Writing—Reviewing
and Editing, X.G.; Conceptualization, X.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
82074387 and No. 81873280) and the Shanghai Municipal Science and Technology Commission
Project (No. 20Y21902200).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ali, Z.A.; Escaned, J.; Dudek, D.; Radhakrishnan, J.; Karimi Galougahi, K. Strategies for Renal Protection in Cardiovascular

Interventions. Korean Circ. J. 2022, 52, 485–495. [CrossRef]
2. de Laforcade, L.; Bobot, M.; Bellin, M.F.; Clément, O.; Grangé, S.; Grenier, N.; Wynckel, A.; Guerrot, D. Kidney and contrast

media: Common viewpoint of the French Nephrology societies (SFNDT, FIRN, CJN) and the French Radiological Society (SFR)
following ESUR guidelines. Diagn. Interv. Imaging 2021, 102, 131–139. [CrossRef]

3. McDonald, J.S.; McDonald, R.J. Risk of Acute Kidney Injury Following IV Iodinated Contrast Media Exposure: 2023 Update,
From the AJR Special Series on Contrast Media. AJR Am. J. Roentgenol. 2023, 223, e2330037. [CrossRef]

4. Rancic, Z.S. Commentary on ‘Contrast Induced Nephropathy and Long-term Renal Decline After Percutaneous Transluminal
Angioplasty for Symptomatic Peripheral Arterial Disease’. Eur. J. Vasc. Endovasc. Surg. 2016, 51, 394. [CrossRef]

5. Lameire, N.; Kellum, J.A. Contrast-induced acute kidney injury and renal support for acute kidney injury: A KDIGO summary
(Part 2). Crit. Care 2013, 17, 205. [CrossRef]

https://doi.org/10.4070/kcj.2022.0093
https://doi.org/10.1016/j.diii.2021.01.007
https://doi.org/10.2214/AJR.23.30037
https://doi.org/10.1016/j.ejvs.2015.12.013
https://doi.org/10.1186/cc11455


Toxics 2024, 12, 620 20 of 25

6. Marenzi, G.; Assanelli, E.; Campodonico, J.; Lauri, G.; Marana, I.; De Metrio, M.; Moltrasio, M.; Grazi, M.; Rubino, M.; Veglia, F.;
et al. Contrast volume during primary percutaneous coronary intervention and subsequent contrast-induced nephropathy and
mortality. Ann. Intern. Med. 2009, 150, 170–177. [CrossRef] [PubMed]

7. Rihal, C.S.; Textor, S.C.; Grill, D.E.; Berger, P.B.; Ting, H.H.; Best, P.J.; Singh, M.; Bell, M.R.; Barsness, G.W.; Mathew, V.; et al.
Incidence and prognostic importance of acute renal failure after percutaneous coronary intervention. Circulation 2002, 105,
2259–2264. [CrossRef] [PubMed]

8. Subramaniam, R.M.; Suarez-Cuervo, C.; Wilson, R.F.; Turban, S.; Zhang, A.; Sherrod, C.; Aboagye, J.; Eng, J.; Choi, M.J.; Hutfless,
S.; et al. Effectiveness of Prevention Strategies for Contrast-Induced Nephropathy: A Systematic Review and Meta-analysis. Ann.
Intern. Med. 2016, 164, 406–416. [CrossRef] [PubMed]

9. Ward, D.B.; Valentovic, M.A. Contrast Induced Acute Kidney Injury and Direct Cytotoxicity of Iodinated Radiocontrast Media on
Renal Proximal Tubule Cells. J. Pharmacol. Exp. Ther. 2019, 370, 160–171. [CrossRef] [PubMed]

10. Gong, X.; Duan, Y.; Zheng, J.; Ye, Z.; Hei, T.K. Tetramethylpyrazine Prevents Contrast-Induced Nephropathy via Modulating
Tubular Cell Mitophagy and Suppressing Mitochondrial Fragmentation, CCL2/CCR2-Mediated Inflammation, and Intestinal
Injury. Oxid. Med. Cell. Longev. 2019, 2019, 7096912. [CrossRef]

11. Liu, Q.; Duan, S.B.; Wang, L.; Luo, X.Q.; Wang, H.S.; Deng, Y.H.; Wu, X.; Wu, T.; Yan; Kang, Y.X. Apelin-13 alleviates contrast-
induced acute kidney injury by inhibiting endoplasmic reticulum stress. Ren. Fail. 2023, 45, 2179852. [CrossRef] [PubMed]

12. McCullough, P.A.; Choi, J.P.; Feghali, G.A.; Schussler, J.M.; Stoler, R.M.; Vallabahn, R.C.; Mehta, A. Contrast-Induced Acute
Kidney Injury. J. Am. Coll. Cardiol. 2016, 68, 1465–1473. [CrossRef] [PubMed]

13. Davenport, M.S.; Perazella, M.A.; Yee, J.; Dillman, J.R.; Fine, D.; McDonald, R.J.; Rodby, R.A.; Wang, C.L.; Weinreb, J.C. Use of
Intravenous Iodinated Contrast Media in Patients with Kidney Disease: Consensus Statements from the American College of
Radiology and the National Kidney Foundation. Radiology 2020, 294, 660–668. [CrossRef] [PubMed]

14. Heyman, S.N.; Rosen, S.; Rosenberger, C. Renal parenchymal hypoxia, hypoxia adaptation, and the pathogenesis of radiocontrast
nephropathy. Clin. J. Am. Soc. Nephrol. 2008, 3, 288–296. [CrossRef]

15. Heyman, S.N.; Rosenberger, C.; Rosen, S. Regional alterations in renal haemodynamics and oxygenation: A role in contrast
medium-induced nephropathy. Nephrol. Dial. Transplant. 2005, 20 (Suppl. S1), i6–i11. [CrossRef]

16. Wong, P.C.; Li, Z.; Guo, J.; Zhang, A. Pathophysiology of contrast-induced nephropathy. Int. J. Cardiol. 2012, 158, 186–192.
[CrossRef]

17. Persson, P.B.; Hansell, P.; Liss, P. Pathophysiology of contrast medium-induced nephropathy. Kidney Int. 2005, 68, 14–22.
[CrossRef]

18. Franke, R.P.; Scharnweber, T.; Fuhrmann, R.; Mrowietz, C.; Jung, F. Effect of radiographic contrast media (Iodixanol, Iopromide)
on the spectrin/actin-network of the membranous cytoskeleton of erythrocytes. Clin. Hemorheol. Microcirc. 2013, 54, 273–285.
[CrossRef]

19. Lee, C.C.; Chan, Y.L.; Wong, Y.C.; Ng, C.J.; Chang, C.H.; Hung, C.C.; Su, T.H. Contrast-enhanced CT and Acute Kidney Injury:
Risk Stratification by Diabetic Status and Kidney Function. Radiology 2023, 307, e222321. [CrossRef]

20. Khaleel, S.A.; Alzokaky, A.A.; Raslan, N.A.; Alwakeel, A.I.; Abd El-Aziz, H.G.; Abd-Allah, A.R. Lansoprazole halts contrast
induced nephropathy through activation of Nrf2 pathway in rats. Chem. Biol. Interact. 2017, 270, 33–40. [CrossRef]

21. Gao, Z.; Zhang, Z.; Gu, D.; Li, Y.; Zhang, K.; Dong, X.; Liu, L.; Zhang, J.; Chen, J.; Wu, D.; et al. Hemin mitigates contrast-induced
nephropathy by inhibiting ferroptosis via HO-1/Nrf2/GPX4 pathway. Clin. Exp. Pharmacol. Physiol. 2022, 49, 858–870. [CrossRef]

22. Li, Y.; Wang, J.; Huang, D.; Yu, C. Baicalin Alleviates Contrast-Induced Acute Kidney Injury Through ROS/NLRP3/Caspase-
1/GSDMD Pathway-Mediated Proptosis in vitro. Drug Des. Dev. Ther. 2022, 16, 3353–3364. [CrossRef] [PubMed]

23. Okoye, C.N.; Koren, S.A.; Wojtovich, A.P. Mitochondrial complex I ROS production and redox signaling in hypoxia. Redox Biol.
2023, 67, 102926. [CrossRef] [PubMed]

24. Wang, X.; Nie, Y.; Si, B.; Wang, T.; Hei, T.K.; Du, H.; Zhao, G.; Chen, S.; Xu, A.; Liu, Y. Silver nanoparticles protect against arsenic
induced genotoxicity via attenuating arsenic bioaccumulation and elevating antioxidation in mammalian cells. J. Hazard. Mater.
2021, 413, 125287. [CrossRef]

25. Zhao, K.; Gao, Q.; Zong, C.; Ge, L.; Liu, J. Cordyceps sinensis prevents contrast-induced nephropathy in diabetic rats: Its
underlying mechanism. Int. J. Clin. Exp. Pathol. 2018, 11, 5571–5580.

26. Heyman, S.N.; Rosen, S.; Khamaisi, M.; Idée, J.M.; Rosenberger, C. Reactive oxygen species and the pathogenesis of radiocontrast-
induced nephropathy. Investig. Radiol. 2010, 45, 188–195. [CrossRef] [PubMed]

27. Yang, D.; Yang, X.; Chen, S.; Lv, M.; Tan, J.; Yang, D. Ox-LDL aggravates contrast-induced injury of renal tubular epithelial cells. J.
Biochem. Mol. Toxicol. 2023, 37, e23379. [CrossRef] [PubMed]

28. Lai, W.; Zhao, X.; Huang, Z.; Xie, Y.; Yu, S.; Tu, J.; Guo, D.; Xiu, J.; Mai, Z.; Li, Q.; et al. Elevation of Preprocedural Systemic
Immune Inflammation Level Increases the Risk of Contrast-Associated Acute Kidney Injury Following Coronary Angiography:
A Multicenter Cohort Study. J. Inflamm. Res. 2022, 15, 2959–2969. [CrossRef]

29. Kwasa, E.A.; Vinayak, S.; Armstrong, R. The role of inflammation in contrast-induced nephropathy. Br. J. Radiol. 2014, 87,
20130738. [CrossRef]

30. Yang, Z.; Qiao, Y.; Wang, D.; Yan, G.; Tang, C. Association Between Inflammatory Biomarkers and Contrast-induced Acute
Kidney Injury in ACS Patients Undergoing Percutaneous Coronary Intervention: A Cross-sectional Study. Angiology 2023,
33197231185445. [CrossRef]

https://doi.org/10.7326/0003-4819-150-3-200902030-00006
https://www.ncbi.nlm.nih.gov/pubmed/19189906
https://doi.org/10.1161/01.CIR.0000016043.87291.33
https://www.ncbi.nlm.nih.gov/pubmed/12010907
https://doi.org/10.7326/M15-1456
https://www.ncbi.nlm.nih.gov/pubmed/26830221
https://doi.org/10.1124/jpet.119.257337
https://www.ncbi.nlm.nih.gov/pubmed/31101680
https://doi.org/10.1155/2019/7096912
https://doi.org/10.1080/0886022X.2023.2179852
https://www.ncbi.nlm.nih.gov/pubmed/37723076
https://doi.org/10.1016/j.jacc.2016.05.099
https://www.ncbi.nlm.nih.gov/pubmed/27659469
https://doi.org/10.1148/radiol.2019192094
https://www.ncbi.nlm.nih.gov/pubmed/31961246
https://doi.org/10.2215/CJN.02600607
https://doi.org/10.1093/ndt/gfh1069
https://doi.org/10.1016/j.ijcard.2011.06.115
https://doi.org/10.1111/j.1523-1755.2005.00377.x
https://doi.org/10.3233/CH-131733
https://doi.org/10.1148/radiol.222321
https://doi.org/10.1016/j.cbi.2017.04.010
https://doi.org/10.1111/1440-1681.13673
https://doi.org/10.2147/DDDT.S379629
https://www.ncbi.nlm.nih.gov/pubmed/36196145
https://doi.org/10.1016/j.redox.2023.102926
https://www.ncbi.nlm.nih.gov/pubmed/37871533
https://doi.org/10.1016/j.jhazmat.2021.125287
https://doi.org/10.1097/RLI.0b013e3181d2eed8
https://www.ncbi.nlm.nih.gov/pubmed/20195159
https://doi.org/10.1002/jbt.23379
https://www.ncbi.nlm.nih.gov/pubmed/37186061
https://doi.org/10.2147/JIR.S364915
https://doi.org/10.1259/bjr.20130738
https://doi.org/10.1177/00033197231185445


Toxics 2024, 12, 620 21 of 25

31. Lu, Z.; Cheng, D.; Yin, J.; Wu, R.; Zhang, G.; Zhao, Q.; Wang, N.; Wang, F.; Liang, M. Antithrombin III Protects Against
Contrast-Induced Nephropathy. EBioMedicine 2017, 17, 101–107. [CrossRef]

32. Atkinson, S.J. Kidney surveillance in the spotlight: Contrast-induced acute kidney injury illuminated. J. Clin. Investig. 2018, 128,
2754–2756. [CrossRef] [PubMed]

33. Lau, A.; Chung, H.; Komada, T.; Platnich, J.M.; Sandall, C.F.; Choudhury, S.R.; Chun, J.; Naumenko, V.; Surewaard, B.G.; Nelson,
M.C.; et al. Renal immune surveillance and dipeptidase-1 contribute to contrast-induced acute kidney injury. J. Clin. Investig.
2018, 128, 2894–2913. [CrossRef] [PubMed]

34. Fu, Y.; Cao, J.; Wei, X.; Ge, Y.; Su, Z.; Yu, D. Klotho alleviates contrast-induced acute kidney injury by suppressing oxidative stress,
inflammation, and NF-KappaB/NLRP3-mediated pyroptosis. Int. Immunopharmacol. 2023, 118, 110105. [CrossRef] [PubMed]

35. Zhu, Z.; Li, J.; Song, Z.; Li, T.; Li, Z.; Gong, X. Tetramethylpyrazine attenuates renal tubular epithelial cell ferroptosis in contrast-
induced nephropathy by inhibiting transferrin receptor and intracellular reactive oxygen species. Clin. Sci. 2024, 138, 235–249.
[CrossRef]

36. Wu, X.; You, D.; Cui, J.; Yang, L.; Lin, L.; Chen, Y.; Xu, C.; Lian, G.; Wan, J. Reduced Neutrophil Extracellular Trap Formation
During Ischemia Reperfusion Injury in C3 KO Mice: C3 Requirement for NETs Release. Front. Immunol. 2022, 13, 781273.
[CrossRef]

37. Wang, H.; Gao, T.; Zhang, R.; Hu, J.; Gao, S.; Wang, Y.; Qi, X.; Zhou, Y.; Zheng, G.; Dong, H. Neutrophil Extracellular Traps
Aggravate Contrast-Induced Acute Kidney Injury by Damaging Glomeruli and Peritubular Capillaries. J. Inflamm. Res. 2023, 16,
5629–5646. [CrossRef]

38. Yoon, S.; Eom, G.H.; Kang, G. Nitrosative Stress and Human Disease: Therapeutic Potential of Denitrosylation. Int. J. Mol. Sci.
2021, 22, 9794. [CrossRef]

39. Zhou, L.Y.; Liu, K.; Yin, W.J.; Xie, Y.L.; Wang, J.L.; Zuo, S.R.; Tang, Z.Y.; Wu, Y.F.; Zuo, X.C. Arginase2 mediates contrast-induced
acute kidney injury via facilitating nitrosative stress in tubular cells. Redox Biol. 2023, 67, 102929. [CrossRef]

40. Fähling, M.; Seeliger, E.; Patzak, A.; Persson, P.B. Understanding and preventing contrast-induced acute kidney injury. Nat. Rev.
Nephrol. 2017, 13, 169–180. [CrossRef]

41. Tsai, T.T.; Patel, U.D.; Chang, T.I.; Kennedy, K.F.; Masoudi, F.A.; Matheny, M.E.; Kosiborod, M.; Amin, A.P.; Messenger,
J.C.; Rumsfeld, J.S.; et al. Contemporary incidence, predictors, and outcomes of acute kidney injury in patients undergoing
percutaneous coronary interventions: Insights from the NCDR Cath-PCI registry. JACC Cardiovasc. Interv. 2014, 7, 1–9. [CrossRef]
[PubMed]

42. David, E.; Del Gaudio, G.; Drudi, F.M.; Dolcetti, V.; Pacini, P.; Granata, A.; Pretagostini, R.; Garofalo, M.; Basile, A.; Bellini, M.I.;
et al. Contrast Enhanced Ultrasound Compared with MRI and CT in the Evaluation of Post-Renal Transplant Complications.
Tomography 2022, 8, 1704–1715. [CrossRef] [PubMed]

43. Owen, R.J.; Hiremath, S.; Myers, A.; Fraser-Hill, M.; Barrett, B.J. Canadian Association of Radiologists consensus guidelines for
the prevention of contrast-induced nephropathy: Update 2012. Can. Assoc. Radiol. J. 2014, 65, 96–105. [CrossRef] [PubMed]

44. Cheng, A.S.; Li, X. The Potential Biotherapeutic Targets of Contrast-Induced Acute Kidney Injury. Int. J. Mol. Sci. 2023, 24, 8254.
[CrossRef]

45. Azzalini, L.; Spagnoli, V.; Ly, H.Q. Contrast-Induced Nephropathy: From Pathophysiology to Preventive Strategies. Can. J. Cardiol.
2016, 32, 247–255. [CrossRef]

46. Seibert, F.S.; Heringhaus, A.; Pagonas, N.; Rohn, B.; Bauer, F.; Trappe, H.J.; Landmesser, U.; Babel, N.; Westhoff, T.H. Dickkopf-3
in the prediction of contrast media induced acute kidney injury. J. Nephrol. 2021, 34, 821–828. [CrossRef]

47. Nozue, T.; Michishita, I.; Mizuguchi, I. Predictive value of serum cystatin C, β2-microglobulin, and urinary liver-type fatty
acid-binding protein on the development of contrast-induced nephropathy. Cardiovasc. Interv. Ther. 2010, 25, 85–90. [CrossRef]
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