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Acute kidney injury due to gentamicin nephrotoxicity and specific miRNAs as 
biomarkers

Viktor Klementa1, Nadezda Petejova2,3,4, Pavel Horak1, Ester Kurasova1, Josef Zadrazil1

Acute kidney injury (AKI) due to gentamicin nephrotoxicity is a significant concern in clinical medicine, particularly in 
patients receiving prolonged or high-dose gentamicin therapy. Gentamicin is an aminoglycoside antibiotic frequently 
used in the treatment of a range of bacterial infections. However, its use is associated with nephrotoxicity which can 
manifest as AKI. Due to this, it is crucial to diagnose promptly and manage treatment effectively. Ongoing studies are 
therefore focusing on non-protein-coding RNAs as potential biomarkers for AKI. Numerous microRNAs (miRNAs) have 
been implicated in gentamicin-induced nephrotoxicity and AKI. They participate in pathways associated with inflam-
mation, cell death, and oxidative stress and each of these factors play critical roles in the development of gentamicin-
induced kidney injury. Research studies have demonstrated changes in the expression levels of these miRNAs in 
response to gentamicin exposure both in vitro and in in vivo models, as well as in human clinical trials involving patients 
receiving gentamicin therapy. The dysregulation of these miRNAs correlates with the severity of kidney injury and may 
serve as sensitive biomarkers for early detection and monitoring of AKI induced by gentamicin. 
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By identifying specific miRNAs that correlate with kidney damage before traditional markers become evident, 
the research opens the door for earlier diagnosis and more effective intervention strategies.
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INTRODUCTION

MicroRNAs are a class of non-coding RNA mol-
ecules that have a significant impact on controlling how 
genes are expressed. The first miRNAs were discovered 
in 1993 by a group led by Ambros and this includes Lee 
and Feinbaum1. They are typically about 20–25 nucleo-
tides long and are found in all living organisms and some 
viruses. MiRNAs have been identified as essential par-
ticipants in various biological mechanisms, such as cell 
growth, differentiation, cell death and reactions to stress. 
The wide range of changes observed in miRNA patterns 
during diseases holds significant promise for the use of 
miRNAs as diagnostic biomarkers. In the context of kid-
ney disease, miRNAs have been recognized as important 
regulators and biomarkers of various pathological condi-
tions, including acute kidney injury (AKI). To date, over 
2,000 miRNAs have been identified in humans, and it is 
believed that together they control around a third of the 
genes found in the human genome.  miRNAs are also as-
sociated with a large number of human diseases and are 
being actively explored as targets for clinical diagnosis 
and treatment2.

Acute kidney injury
Acute kidney injury is defined as a sudden and rapid 

decline in kidney function which can occur from a few 
hours to a few days. It is a frequently occurring and seri-
ous issue linked with higher rates of illness and death, 
particularly among critically ill septic patients. The in-
cidence of acute kidney injury (AKI) is as much as 15% 
in hospitalized patients and more than 50% in intensive 
care units3. An important cause of AKI is nephrotoxicity 
induced by antibiotics, especially aminoglycosides such as 
gentamicin. Gentamicin-induced nephrotoxicity is char-
acterized by renal tubular cell apoptosis, inflammation, 
and oxidative stress, ultimately leading to impaired renal 
function.

Definition of acute kidney injury
Acute kidney injury is generally defined as a sudden 

decline in kidney function linked to a reduction in glo-
merular filtration rate and characterized by the accumula-
tion of waste products from nitrogen metabolism, as well 
as reduced urine production or both The Kidney Disease 
Improving Global Outcomes (KDIGO) 2012 classifica-
tion led to description of any of the following: increase in 
serum creatinine (Screa) by ≥ 0.3 mg/dL (≥ 26.5 µmol/L) 
within 48 hours; increase in Screa to ≥ 1.5 times baseline, 
which is known or presumed to have occurred within the  
7 days prior; urine volume < 0.5 mL/kg/h for 6 hours. 
Based on severity, we classified AKI into three grades. 
Stage 1 AKI is described as a rise of Screa 1.5–1.9 times 
from baseline or ≥ 0.3 mg/ dL (≥ 26.5 mmol/L) and/
or a reduced urine production to < 0.5mL/kg/hour for 
6–12 hours. Stage 2 is described as a rise of Screa 2.0–
2.9 times from baseline and/or a reduced urine produc-
tion to < 0.5mL/kg/hour for ≥ 12 hours. Stage 3 AKI is 
described as an increase in Screa of 3.0 times from baseline 
or ≥ 4 mg/dL (≥ 353.6 μmol/L) or need for initiation of 

RRT (renal replacement therapy) and/or a reduced urine 
production to < 0.3mL/kg/hour for ≥24 hours or anuria 
for ≥12 hours4. 

Gentamicin
Gentamicin is an aminoglycoside antibiotic agent with 

a bactericidal effect on Gram-negative bacterial pathogens 
such as Escherichia coli, Pseudomonas aeruginosa, Proteus 
sp. and Klebsiella sp. The primary way this antibiotic is 
removed from the human body is through renal elimina-
tion, specifically by passing through the glomerular filtra-
tion process5. 

The basic pharmacokinetic parameters of gentamicin 
can be substantially affected in the critical condition due 
to its hydrophilicity and low plasma protein binding, rang-
ing between 0–30% depending on the method of testing6.

The volume of distribution (Vd) for gentamicin is 
generally equal to the extracellular body weight, which 
means that it tends to decrease with age. In adults with 
healthy kidneys, the elimination half-life of gentamicin 
is fairly short, usually in the range of 2 to 3 hours7. The 
median clearance (CL) of this antibiotic in adults with 
normal function of kidneys (creatinine clearance [CLCR] 
> 60 mL/min) is approximately 4.58 L/h/70 kg with 
range 4.31–5.12 L/h/70 kg (ref.8). Gentamicin distrib-
utes throughout the extracellular fluid compartment, the 
Vd in non-critically ill adult patients with normal kidney 
function is roughly 19.5 L/70 kg (ref.9,10). Gentamicin is 
a concentration dependent antimicrobial with optimal re-
quired Cmax/MIC ratio (maximum serum concentration to 
minimum inhibitory concentration of pathogen) 8–10:1.

A typical initial dose of gentamicin, ranging from 
5–7 mg/kg based on total body weight (adjusted in over-
weight patients) appears to be the best approach to in-
crease the probability of target attainment (PTA) after 
the first dose in adults and children over one month old, 
even in critically ill patients. Higher loading doses may 
further increase the PTA but there is insufficient evidence 
that the treatment is more effective in clinical settings 
while the probability of kidney damage is expected to 
increase. Establishing the ideal dosing interval for each 
patient is crucial in minimizing the risk of nephrotoxicity. 
The best way to achieve this is therapeutic drug monitor-
ing (TDM), targeting a Cmin under 2 mg/L but preferably 
< 1 mg/L. In patients with AKI the gentamicin should 
be administered optimally at 24hour intervals.  TDM to 
optimize the probability of pharmacokinetic/ pharmaco-
dynamic (PK/PD) target attainment is advised especially 
for patients with widely varying drug metabolism rates. 
This includes individuals who are critically ill, such as the 
elderly, children, newborns, and those undergoing inter-
mittent hemodialysis11. 

The incidence of acute renal failure after gentamicin 
treatment may be present in approximately 10–20% of 
all cases12. Acute nephrotoxicity is very often reversible 
but it can also be fatal. According to some clinical stud-
ies, the incidence of kidney damage has been shown to 
vary depending on the target population, suggesting that 
certain people possess a higher level of sensitivity than 
others. The most relevant risk factors include reduced re-
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nal function, older age, dehydration, hepatic dysfunction, 
metabolic acidosis and lack of sodium. The risk of kidney 
damage may be also affected by the dose, frequency, and 
duration of nephrotoxic therapy. Concomitant treatment 
with other nephrotoxic drugs e.g. NSAIDs (non-steroidal 
anti-inflammatory drugs), diuretics, vancomycin, cispla-
tin, cyclosporin, cephalosporins, amphotericin, etc. is 
another relevant risk factor for the gentamicin toxicity13,14.

Gentamicin – induced nephrotoxicity – pathophysiology
The nephrotoxic effects of gentamicin involve a com-

plicated physiological process that affects both the kidney 
tubules and glomeruli. A major aspect of aminoglycoside 
nephrotoxicity is their tubular toxicity, which consists in 
the selective drug accumulation in renal proximal convo-
luted tubules that leads to loss of brush border integrity15. 

In experimental animal studies, it has been proven 
that aminoglycoside treatment can cause both apopto-
sis and necrosis of renal tubular cells16-18. Apoptosis is a 
regulated process requiring ATP (adenosine triphosphate) 
as a source of energy. When the cellular ATP reserve is 
reduced, the controlled cell death loses the typical char-
acteristics of apoptosis and acquires markers of necrosis. 
This may also depend on the interaction of some inducing 
or predisposing factors. One of these may be, for example, 
the level of ischemia19.

The toxic effects of gentamicin on the kidneys are 
observed in the specific types of cells where the drug ac-
cumulates. These are epithelial cells located in the cortex, 
primarily found in the proximal tubule of both experi-
mental animals and humans, as well as in the distal and 
collecting ducts20. The higher accumulation of gentamicin 
in these cells is consistent with the expression of a protein 
and cation transporter, specifically a large endocytic com-
plex consisting of megalin and cubilin, which is restricted 
to the proximal tubule. This complex has been identified 
as facilitating the transportation of gentamicin into kidney 
cells through endocytosis21. Gentamicin moves through 
the endosomal compartment and tends to gather pre-
dominantly in lysosomes, the Golgi apparatus, and the 
endoplasmic reticulum. It also attaches to phospholipids 
in cell membranes, changes their turnover and metabo-
lism. Once the level of aminoglycoside inside endosomal 
structures reaches a certain threshold, their membranes 
are destroyed, and their contents enter the cytosol along 
with the drug, where it affects mitochondria and triggers 
the internal process of programmed cell death, disrupts 
the energy production process in cells by halting the respi-
ratory chain, decreases ATP synthesis, and generates oxi-
dative stress through elevated levels of superoxide anions 
and hydroxyl radicals, which further contributes to cell 
death19. Furthermore, the lysosomal content also carries 
highly active proteases called cathepsins, which can be 
responsible for cell death22.

Gentamicin – induced nephrotoxicity – biomarkers
Whereas there is an interest in finding new biomarkers 

of gentamicin induced AKI. Urinary biomarkers clusterin, 
KIM-1 (kidney injury molecule-1), Cystatin C and NGAL 
were compared with serum BUN (blood urea nitrogen) 

and creatinine for early identification of progression from 
minimal to moderate kidney injury in gentamicin-treated 
animals. As expected, all of these biomarkers exhibited 
signs of onset earlier than the commonly utilized serum 
BUN and creatinine in diagnosing AKI (ref.23). In the 
review study by Fuchs et al. dozens of potential biomark-
ers of AKI were identified. The most promising of these 
were Cystatin C, clusterin, KIM-1, TTF-3 (trefoil factor-3), 
β2-microglobulin, albumin and total urine protein24.

The studies are also focused on finding miRNA spe-
cific for disclosure of gentamicin nephrotoxicity. In a re-
search trial focusing on kidney damage caused mainly by 
certain drugs affecting either tubular (like gentamicin and 
cisplatin) or glomerular (such as puromycin and doxoru-
bicin) functions, researchers identified miR-143-3p and 
miR-122-5p as possible indicators of tubular injury, while 
miR-3473 was suggested as a potential marker for glo-
merular damage41. In study by Sun et al. authors selected 
six promising microRNAs (miR-15b, miR-15b-3p, miR-16, 
miR-30a, miR-30a-3p, and miR-30c-2-3p). The diagnostic 
effectiveness of these six potential microRNAs were bet-
ter than the conventional serum biomarkers (all P<0.05). 
Of these six molecules, the most promising seem to be 
miR-15b and miR-30a as markers for renal toxicity42. 

Engagement of specific miRNAs in gentamicin-induced 
AKI is still under investigation. However, miR-155 was 
found to be notably increased in rats experiencing kidney 
damage, whether caused by gentamicin exposure or re-
sulting from ischemia43. In both mouse kidneys and a rat 
kidney cell line, the levels of miR-122 dropped following ex-
posure to gentamicin (also after cisplatin and doxorubicin). 
Since gene FOXO3 is a verified target of miR-122, FOXO3 
stimulated downstream activation of p53 in the absence 
of miR-122 and resulted in progression of programmed 
cell death and damage to the kidneys44. In the study by 
Ramachandran et al., was identified miRNAs that can sig-
nificantly differentiate patients with AKI from individuals 
without AKI. The average values of miR-21 (P=0.0005), 
miR-200c (P<0.0001), and miR-423 (P=0.001), in the urine 
were considerably higher in patients with AKI than in 
the patients without AKI, whereas miR-4640 (P=0.0355) 
was considerably lower in the AKI group compared with 
the non-AKI group45. In the prospective animal study by 
Xiaobing et al. the findings indicated that the levels of 
four specific miRNAs (mmu-miR-138-5p, mmu-miR-1971, 
mmu-miR-218-1-3p, and rno-miR-489) were continuously 
increased in urine samples a few days after gentamicin 
administration.  This increase was not mirrored by con-
ventional markers like Screa and BUN. Receiver operator 
characteristics analysis indicated that the effectiveness of 
these miRNAs, which showed increases corresponding to 
either time or dosage, was similar to established biomark-
ers (i.e. Screa and BUN). This suggests that the collection of 
urinary miRNAs could serve as promising biomarkers for 
identifying gentamicin-induced AKI in rats46. In summary, 
further investigation into the involvement of miRNA in 
the development of drug-induced kidney injury could lead 
to the development of miRNA-based therapeutics, which 
appears hopeful considering the present discoveries and 
outcomes observed in related fields. 
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Table 1. Overview of the most promising biomarkers for the detection of nephrotoxicity.  
Modified by Fuchs et al.24.

Biomarker Pathophysiology Marker of Experimental evidence Clinical evidence Ref.

Cystatin C Glomerular filtration, 
reabsorption, and lysosomal 
degradation by proximal 
tubule cells

Decrease 
glomerular 
filtration, 
proximal 
tubule damage

Levels rise in rats with diabe-
tes and in reaction to partial 
kidney removal. Increase 
during chromium- induced 
kidney damage

Elevated in humans with 
AKI or with tubular 
dysfunction

25–27

Clusterin Participating in cell at-
tachment, the reuse of 
membranes, restructuring 
of tissues, controlling the 
cell cycle, programmed cell 
death, and repairing DNA

Proximal 
tubule 
damage, distal 
tubule damage

Increased increased in re-
sponse to ischemia, postrenal 
AKI or as reaction to numer-
ous toxins, e.g., increased 
miRNA expression in kidneys 
of rats treated with gentami-
cin

Excessively expressed in 
human kidney disorders. 

28–30

KIM-1 Transmembrane protein 
expressed by tubule epithelial 
cells in reaction to insult

Proximal 
tubule damage

Upregulated due to gentami-
cin administration. 

Increased in patients 
after kidney transplant 
and patients with AKI 
of many  causes

27, 28, 
31, 32

IL-18 synthesized as a precursor 
by monocytes, macrophages, 
and proximal renal tubular 
epithelial cells

Proximal 
tubule damage

Triggered by caspase-1, lead-
ing to ischemic damage and 
inflammation in the nearby 
renal tubules, subsequently 
eliminated through urine

marker for predicting 
AKI, primarily in pediat-
ric patients

33

[TIMP-2]*
[IGFBP-7]

Raised due to improved 
filtering, increased discharge 
through the tubules, and 
reduced reabsorption within 
the tubules

Tubular 
damage

Both markers have been 
suggested to improve the ac-
curacy of diagnosing AKI.

The potential to predict 
bad prognosis of AKI

34,35

TTF3 Peptide hormones of limited 
size that are released by cells 
producing mucus, as well as 
by epithelial cells found in 
various tissues

Tubular 
damage

The heightened decline fol-
lowing gentamicin treatment

N/A 36,37

β
2-micro-

globulin
Glomerular filtration and 
reabsorption by proximal 
tubule cells

Proximal 
tubule damage

Elevated in reaction to och-
ratoxin A, depleted uranium, 
cisplatin, chlorotrifluoroeth-
ylene, 1,1-dichloro- 2,2-difluo-
roethylene

High values in patients 
with idiopathic mem-
branous nephropathy; 
elevated in drug induced 
kidney damage

26,38

Albumin Its dimensions and negative 
electric charge exclude it 
from excretion in the glom-
erulus

Glomerular 
damage

Greater contact between 
proximal tubular cells and 
albumin can trigger cell death 
through fatty acid boundary. 
This is heightened as a reac-
tion to cisplatin (Platinol) 
and gentamicin.

In patients with type 1 
diabetes, a decrease in 
albuminuria is linked to 
reduced levels of mark-
ers indicating tubular 
injury, specifically KIM-
1 and NAG.

36,39

Total  
protein

The glomerulus didn't 
filter out big, highly charged 
proteins. On the other 
hand, small proteins passed 
through the glomerular 
barrier easily and were 
taken back in by the proximal 
tubular cells.

Glomerular 
damage, 
Proximal 
tubule damage

Increased levels were ob-
served following the introduc-
tion of cisplatin, gentamicin, 
vancomycin, tacrolimus, 
puromycin, and doxorubicin.

Proteinuria serves as an 
indicator for prediction 
kidney-related outcomes 
and the risk of death in 
individuals with chronic 
kidney disease

26,40

AKI, acute kidney injury; DNA, deoxyribonucleic acid; KIM-1, kidney injury molecule; IL-18, interleukin-18; IGFBP-7, insulin-like growth factor-
binding protein 7; TIMP-2, tissue inhibitor metalloproteinase-2; TTF3, trefoil factor 3; T1DM, type 1 Diabetes mellitus; CKD, chronic kidney 
disease; NAG, urinary N-acetyl-β-d-glucosaminidase.
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Table 2. microRNAs in humans involved in septic acute kidney injury and gentamicin induced nephrotoxicity.

Target gene 
regulation

Biochemical pathway regulation Pathophysio-
logical process

Ref.

miR-423-5p GSTMI1 increasingly activated due to induced stress within the 
endoplasmic reticulum and reactive oxidative stress by 
suppressing GSTMI1

ischemia, apoptosis 48

DDIT4 Expressed more in reaction to hypoxia-inducible factor 1; 
controles the production, is activated by DNA damage as a 
target of p53

inflammation 49

PRG2 participating in defense against parasites as a cytotoxin, they 
also possess strong abilities to fight against microbes

inflammation 50

MAFF participating in the reaction of cells to stress inflammation 50

FOXA1 enhanced as inflammation and fibrosis advance inflammation 51

miR-15a-5p XIST-CUL3 participating in the initiation of programmed cell death in 
kidney cells

ischemia, 
inflammation, 
nephrotoxicity

52

TNIP2 participating in the inflammatory response during sepsis 
through the activation of the NF-κB pathway

inflammation 53

VEGFA negative regulation of IKK-α and inhibition of genes encoding 
VEGFA, VEGFC and myosin light chain kinase, raising 
vascular permeability in sepsis

inflammation 54
VEGFC
MYLK

miR-155-5p IRF2BP2-NFAT1 in animals, reducing the activity of miR-155-5p improves the 
condition of acute lung injury caused by lipopolysaccharide 
by controlling the expression of these specific miRNAs

inflammation 55

miR-192-5p XIAP
Bax
P21
P53

upregulation of pro-inflammatory cytokine in sepsis 
production, association of miR-192-5p with regulation of the 
miR-192-5p XIAP axis in this condition has been investigated 
in animals

Inflammation,
nephrotoxicity

56

miR-21 ARG2 
BECN1 CFDP1 
COQ6
ERC1 
FAM134B FKBK1B
PTGS2

controlling various kidney processes crucial for and involved 
in ischemia/ reperfusion injury such as inflammation, 
apoptosis, proliferation, and fibrosis, promote proliferative 
responses by upregulating the survival factor Bcl-2 and 
downregulating the tumor suppressor gene-Pdcd4.

inflammation, 
apoptosis

43

miR-155 produced by different types of kidney cells when they are 
triggered by inflammatory signals such as TNF-α, IL-6, IL-1β, 
TGF-β.

inflammation 43

AKI, acute kidney injury; Bax, B-cell lymphoma 2 Asociated X, Apoptosis Regulator, DDIT4, DNA damage–inducible transcript 4; DNA, deoxy-
ribonucleic acid; FOXA1, forkhead box protein A1; GSTM1, glutathione-S-transferase M1; IFR2BP2-NFAT1, interferon regulatory factor 2 binding 
protein 2–nuclear factor of activated T cells 1; IKK, inhibitory-κB kinase; IL-1β, interleukin-1β;  IL-6, interleukin 6; MAFF,  MAF basic leucine 
zipper transcription factor F; miR, micro RNA; MYLK, myosin light chain kinase; Pdcd4, tumor suppressor gene-programmed cell death 4;  PRG2, 
proteoglycan 2, pro eosinophil, major basic protein; p21, p21 gene; p53, p53 gene; NF-κB, nuclear factor kappa B; TGF-β, Transforming Growth 
Factor-β; TNF-α, tumor necrosis factor-alpha; TNIP2, TNFAIP3 interacting protein 2 gene; VEGFA, vascular endothelial growth factor A gene; 
VEGFC, vascular endothelial growth factor C gene; XIAP, X-linked inhibitor of apoptosis; XIST-CUL3, X inactive specific transcript – cullin 3 gene.

The most of above studies were all performed in ani-
mal models, there is still a lack of papers investigating spe-
cific miRNAs in humans. In our prospective clinical study 
by Petejova et al. were recognized four circulating miR-
NAs- miR-15a-5p, miR-155-5p, miR-192-5p, and miR-423-5p 
in septic patients treated by nephrotoxic antibiotic agents 
(vancomycin or gentamicin) (ref.47). Another prospective 
study by Saikumar et al., authors showed that miR-21 and 
miR-155 were among the highest upregulated miRNAs 
in the kidney following ischemic reperfusion injury. The 
increase in these miRNAs in the kidney was noticed in 
various AKI models, but there was no such observation 
after liver damage. This highlights how reliable, consis-
tent, and specific the miRNA reaction is. Additionally, 
the urinary excretion patterns of miR-21 and miR-155 in 

urine could successfully distinguish patients with AKI and 
those without it43.

Management and prevention of nephrotoxic acute kidney 
injury

Key in prevention of AKI is identification of risk fac-
tors – recognize patients at higher risk for nephrotoxic 
AKI, including those with preexisting kidney disease, el-
derly individuals, and patients on potentially nephrotoxic 
medications. Whenever possible, physicians should avoid 
or minimize exposure to substances known to be nephro-
toxic, including certain medications (e.g., NSAIDs, ami-
noglycoside antibiotics, contrast agents), environmental 
toxins, and illicit drugs as well as adjust medication dos-
ages based on renal function to minimize the risk of neph-
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rotoxicity. Important is also to consider using alternative 
medications or adjusting dosing intervals in patients with 
impaired kidney function and maintain adequate hydra-
tion, especially in situations where dehydration may exac-
erbate the toxic effects of substances on the kidneys. The 
following steps are advised:  encourage fluid intake and 
administer intravenous fluids, when necessary, to moni-
tor renal function through serum creatinine and urine 
output measurements, particularly in patients at risk of 
nephrotoxic AKI, and to identify promptly any signs of 
kidney injury for early intervention57. 

The management of nephrotoxic AKI is based on sev-
eral important issues. The most important thing to start 
with is discontinue the use of the nephrotoxic therapy as 
soon as possible. We should try to maintain or restore 
intravascular volume with isotonic crystalloid fluids to 
optimize renal perfusion and support kidney function. 
Monitor fluid status closely to prevent volume overload. 
Correct electrolyte imbalances and acid-base disturbances 
promptly to prevent further renal injury. The next steps 
consist of ensuring adequate blood pressure and hemody-
namic stability to support renal perfusion, using vasopres-
sors if necessary to maintain organ perfusion. In severe 
cases of nephrotoxic AKI, we should consider RRT initia-
tion, especially if there is oliguria, fluid overload, or severe 
electrolyte disturbances presented. RRT may help remove 
toxins and maintain fluid and electrolyte balance. Provide 
supportive care to manage complications associated with 
AKI, including infection prevention, nutritional support, 
and management of other organ dysfunctions. Identify 
the underlying cause of nephrotoxic AKI and address it 
accordingly. Further diagnostic evaluation may be needed 
to determine the specific toxin or medication responsible 
for kidney injury. Implement strategies to prevent recur-
rence of nephrotoxic AKI, such as avoiding nephrotoxic 
agents, optimizing medication management, and address-
ing modifiable risk factors4.

In complex cases or when renal replacement therapy 
is required, involvement of a nephrologist for specialized 
management and guidance is appropriate. By implement-
ing these preventive measures and management strategies, 
we can effectively reduce the incidence and severity of 
nephrotoxic AKI and improve patient outcomes.

CONCLUSIONS

Drug induced kidney injury is still a large problem in 
clinical medicine. Despite the promising outcomes ob-
served with miRNA biomarkers, it is important to note 
that the field encounters various fundamental obstacles 
that impede the seamless progress of qualifying and vali-
dating biomarkers. One major obstacle in clinical miRNA 
biomarker research is assessing their effectiveness com-
pared to Screa which serves as the established gold stan-
dard for defining AKI. Although in preclinical studies 
renal histopathological examination is the most reliable 
method for diagnosis of drug induced kidney injury, Screa 
continues to be commonly employed in clinical evalua-

tions. In fact, moderate performances of new AKI bio-
marker candidates are often seen in clinical studies, where 
AKI is mostly defined based on increased Screa levels. One 
possible approach to studying drug-induced kidney injury 
is to compare the effects of the nephrotoxic drug itself 
against other treatments. Another obstacle arises from 
the absence of uniformity not just in the methods used to 
isolate and measure miRNA, but also in the way samples 
are collected, processed, and stored. While miRNAs hold 
promise as biomarkers and therapeutic targets, their use 
in clinical practice, especially for conditions like AKI, is 
hindered by issues of specificity and sensitivity (miRNAs 
often show similar expression patterns across different 
diseases. For example, miRNAs involved in AKI can also 
be altered in other kidney diseases or conditions involv-
ing inflammation and stress, leading to potential misdiag-
noses), technological challenges, regulatory hurdles, and 
variability in expression patterns. Addressing these chal-
lenges requires ongoing research to improve the accuracy, 
reliability, and practicality of miRNA-based applications 
in healthcare. Large-scale prospective studies are required 
to assess their sensitivity, specificity, and predictive val-
ue in different patient populations and clinical settings. 
Additionally, standardized protocols for miRNA detection 
and quantification need to be established to facilitate their 
translation into routine clinical practice. Despite these 
challenges, miRNAs hold promise as valuable biomarkers 
for the early detection and management of gentamicin-
induced AKI, potentially improving patient outcomes 
through timely intervention and dose optimization.

Search strategy and selection criteria
A search was performed on PubMed for the terms 

“miRNA” OR “microRNA” AND “acute kidney injury” 
AND “gentamicin”. The objective of this review is to pro-
vide an overview of possible biomarkers of acute kidney 
injury related to nephrotoxic antibiotic treatment, which is 
a severe complication often occurs in critically ill patients 
with sepsis. In recent years, attention has been focused 
on new and promising biomarkers, including miRNA. In 
our study, we focused on miRNA specific for gentamicin 
nephrotoxicity in septic patients. The publications were 
evaluated for potential applicability.

Acknowledgement: The project is supported by the 
Ministry of Health Czech Republic – conceptual develop-
ment of research organization (01-RVO-FNOs/2019) and 
(RVO FNOL-0098892), and by the Ministry of Health 
Czech Republic IGA_LF_2024_004.
Author contributions: All authors contributed equally to 
preparing the manuscript.
Conflict of interest statement: The authors declare no 
conflict of interest related to this manuscript or project.

REFERENCES

	 1.	 Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene 
lin-4 encodes small RNAs with antisense complementarity to lin-14. 
Cell 1993;75(5):843-54. doi: 10.1016/0092-8674(93)90529-y



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2025 Mar; 169(1):1–8.

7

	 2.	 Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev 
2015;87:3-14. doi: 10.1016/j.addr.2015.05.001

	 3.	 Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet 
2019;394:1949-64.

	 4.	 KDIGO Clinical Practice Guideline for Acute Kidney Injury. Kidney Int 
Suppl 2012;2(1):1-138. ISSN: 2157-1716

	 5.	 Martinez-Salgado C, Lopez-Hernandez FJ, Lopez-Novoa JM. 
Glomerular nephrotoxicity of aminoglycosides. Toxicol Appl 
Pharmacol 2007;223:86-98.

	 6.	 Food and Drug Administration. FDA Approved Drug Products: 
Gentamicin solution for injection, (Version October 2013).  
Available from: https://www.accessdata.fda.gov/drugsatfda_docs/
label/2014/062366s033lbl.pdf [accessed Aug 4, 2024]

	 7.	 Electronic Medicines Compendium. Gentamicin 40 mg/mL Injection, 
(Version Apr 08 2024). Available from: https://www.medicines.org.
uk/emc/product/2394/smpc [accessed Nov 10, 2023]

	 8.	 Llanos-Paez CC, Hennig S, Staatz CE. Population pharmacokinetic 
modelling, Monte Carlo simulation and semi-mechanistic pharma-
codynamic modelling as tools to personalize gentamicin therapy. J 
Antimicrob Chemother 2017;72(3):639-67. doi: 10.1093/jac/dkw461

	 9.	 Matthews I, Kirkpatrick C, Holford N. Quantitative justification for tar-
get concentration intervention–parameter variability and predictive 
performance using population pharmacokinetic models for amino-
glycosides. Br J Clin Pharmacol 2004;58(1):8-19. doi: 10.1111/j.1365-
2125.2004.02114.x

10.	 Xuan D, Nicolau DP, Nightingale CH. Population pharmacokinetics 
of gentamicin in hospitalized patients receiving once-daily dos-
ing. Int J Antimicrob Agents 2004;23(3):291-5. doi: 10.1016/j.ijan-
timicag.2003.07.010

11.	 Hodiamont CJ, van den Broek AK, de Vroom SL, Prins JM, Mathôt RAA, 
van Hest RM. Clinical Pharmacokinetics of Gentamicin in Various 
Patient Populations and Consequences for Optimal Dosing for 
Gram-Negative Infections: An Updated Review. Clin Pharmacokinet 
2022;61(8):1075-94. doi: 10.1007/s40262-022-01143-0 

12.	 Romero F, Pérez M, Chávez M, Parra G, Durante P. Effect of uric acid 
on gentamicin-induced nephrotoxicity in rats-role of matrix metal-
loproteinases 2 and 9. Basic Clin Pharmacol Toxicol 2009;105:416-24.

13.	 Moore RD, Smith CR, Lipsky JJ, Mellits ED, Lietman PS. Risk factors 
for nephrotoxicity in patients treated with aminoglycosides. Ann 
Intern Med 1984;100:352-7.

14.	 Prins JM, Weverling GJ, de Blok K, van Ketel RJ, Speelman P. Validation 
and nephrotoxicity of a simplified once-daily aminoglycoside dosing 
schedule and guidelines for monitoring therapy. Antimicrob Agents 
Chemother 1996;40:2494-9.

15.	 Whiting PH, Brown PA. The relationship between enzymuria and 
kidney enzyme activities in experimental gentamicin nephrotoxicity. 
Ren Fail 1996;18:899-909.

16.	 Li J, Li QX, Xie XF, Ao Y, Tie CR, Song RJ. Differential roles of dihydro-
pyridine calcium antagonist nifedipine, nitrendipine and amlodipine 
on gentamicininduced renal tubular toxicity in rats. Eur J Pharmacol 
2009;620:97-104.

17.	 El Mouedden M, Laurent G, Mingeot-Leclercq MP, Taper HS, Cumps 
J, Tulkens PM. Apoptosis in renal proximal tubules of rats treated 
with low doses of aminoglycosides. Antimicrob Agents Chemother 
2000;44:665-75.

18.	 Edwards JR, Diamantakos EA, Peuler JD, Lamar PC, Prozialeck WC.  A 
novel method for the evaluation of proximal tubule epithelial cel-
lular necrosis in the intact rat kidney using ethidium homodimer. 
BMC Physiol 2007;7:1.

19.	 Chiarugi A. Simple but not simpler: toward a unified picture of en-
ergy requirements in cell death. FASEB J 2005;19:1783-8.

20.	 Lopez-Novoa JM, Quiros Y, Vicente L, Morales AI, Lopez-Hernandez 
FJ. New insights into the mechanism of aminoglycoside nephrotox-
icity: an integrative point of view. Kidney Int 2011;79(1):33-45. doi: 
10.1038/ki.2010.337

21.	 Schmitz C, Hilpert J, Jacobsen C, Boensch C, Christensen EI, Luft FC, 
Willnow TE. Megalin deficiency offers protection from renal amino-
glycoside accumulation. J Biol Chem 2002;277:618-22.

22.	 Schnellmann RG, Williams SW. Proteases in renal cell death: cal-
pains mediate cell death produced by diverse toxicants. Ren Fail 
1998;20:679-86.

23.	 Udupa V, Prakash V. Gentamicin induced acute renal damage and its 
evaluation using urinary biomarkers in rats. Toxicol Rep 2018;6:91-9.

24.	 Fuchs TC, Hewitt P. Biomarkers for drug-induced renal damage 

and nephrotoxicity-an overview for applied toxicology. AAPS J 
2011;13(4):615-31. doi: 10.1208/s12248-011-9301-x

25.	 Conti M, Moutereau S, Zater M, Lallali K, Durrbach A, Manivet 
P, Eschwège P, Loric S. Urinary cystatin C as a specific marker of tu-
bular dysfunction. Clin Chem Lab Med 2006;44(3):288-91.

26.	 Dieterle F, Perentes E, Cordier A, Roth DR, Verdes P, Grenet O, Pantano 
S, Moulin P, Wahl D, Mahl A, End P, Staedtler F, Legay F, Carl K, Laurie 
D, Chibout SD, Vonderscher J, Maurer G. Urinary clusterin, cystatin 
C, beta2-microglobulin and total protein as markers to detect drug-
induced kidney injury. Nat Biotechnol 2010;28(5):463-9.

27.	 Vaidya VS, Waikar SS, Ferguson MA, Collings FB, Sunderland K, 
Gioules C,  Bradwin G, Matsouaka R, Betensky RA, Curhan GC, 
Bonventre JV. Urinary biomarkers for sensitive and specific detec-
tion of acute kidney injury in humans. Clin Transl Sci 2008;1(3):200-8.

28.	 Sieber M, Hoffmann D, Adler M, Vaidya VS, Clement M, Bonventre 
JV, Bonventre JV, Zidek N, Rached E, Amberg A, Callanan JJ, Dekant 
W, Mally A. Comparative analysis of novel noninvasive renal bio-
markers and metabonomic changes in a rat model of gentamicin 
nephrotoxicity. Toxicol Sci 2009;109(2):336-49.

29.	 Dvergsten J, Manivel JC, Correa-Rotter R, Rosenberg ME. Expression 
of clusterin in human renal diseases. Kidney Int 1994;45(3):828-35.

30.	 Hidaka S, Kranzlin B, Gretz N, Witzgall R. Urinary clusterin levels in 
the rat correlate with the severity of tubular damage and may help 
to differentiate between glomerular and tubular injuries. Cell Tissue 
Res 2002;310(3):289-96.

31.	 van Timmeren MM, Vaidya VS, van Ree RM, Oterdoom LH, de Vries AP, 
Gans RO, van Goor H, Stegeman CA, Bonventre JV, Bakker SJ. High 
urinary excretion of kidney injury molecule-1 is an independent 
predictor of graft loss in renal transplant recipients. Transplantation 
2007;84(12):1625-30.

32.	 Zhou Y, Vaidya VS, Brown RP, Zhang J, Rosenzweig BA, Thompson 
KL, Miller TJ, Bonventre JV, Goering PL. Comparison of kidney injury 
molecule-1 and other nephrotoxicity biomarkers in urine and kidney 
following acute exposure to gentamicin, mercury, and chromium. 
Toxicol Sci 2008;101(1):159-70.

33.	 Qin Z, Li H, Jiao P, Jiang L, Geng J, Yang Q, Liao R, Su B. The value 
of urinary interleukin-18 in predicting acute kidney injury: a sys-
tematic review and meta-analysis. Ren Fail 2022;44(1):1717-31. doi: 
10.1080/0886022X.2022.2133728 

34.	 Xie Y, Ankawi G, Yang B, Garzotto F, Passannante A, Breglia A, Digvijay 
K, Ferrari F, Brendolan A, Raffaele B, Giavarina D, Gregori D, Ronco 
C. Tissue inhibitor metalloproteinase-2 (TIMP-2) • IGF-binding pro-
tein-7 (IGFBP7) levels are associated with adverse outcomes in pa-
tients in the intensive care unit with acute kidney injury. Kidney Int 
2019;95(6):1486-93. doi: 10.1016/j.kint.2019.01.020

35.	 Wang W, Shen Q, Zhou X. The predictive value of [TIMP-2]*[IGFBP7] 
in adverse outcomes for acute kidney injury: a systematic re-
view and meta-analysis. Ren Fail 2023;45(2):2253933. doi: 
10.1080/0886022X.2023.2253933

36.	 Yu Y, Jin H, Holder D, Ozer JS, Villarreal S, Shughrue P, Shi S, 
Figueroa DJ, Clouse H, Su M, Muniappa N, Troth SP, Bailey W, Seng J, 
Aslamkhan AG, Thudium D, Sistare FD, Gerhold DL. Urinary biomark-
ers trefoil factor 3 and albumin enable early detection of kidney tu-
bular injury. Nat Biotechnol 2010;28(5):470-7. doi: 10.1038/nbt.1624

37.	 Debata PR, Panda H, Supakar PC. Altered expression of trefoil factor 
3 and cathepsin L gene in rat kidney during aging. Biogerontology 
2007;8(1):25-30.

38.	 Hofstra JM, Deegens JK, Willems HL, Wetzels JF. Beta-2-microglobulin 
is superior to N-acetyl-beta-glucosaminidase in predicting progno-
sis in idiopathic membranous nephropathy. Nephrol Dial Transplant 
2008;23(8):2546-51.

39.	 Venkat KK. Proteinuria and microalbuminuria in adults: significance, 
evaluation, and treatment. South Med J 2004;97(10):969-79.

40.	 Shihabi ZK, Konen JC, O’Connor ML. Albuminuria vs urinary total pro-
tein for detecting chronic renal disorders. Clin Chem 1991;37(5):621-
4.

41.	 Kagawa T, Zarybnicky T, Omi T, Shirai Y, Toyokuni S, Oda S, Yokoi T. 
A scrutiny of circulating microRNA biomarkers for drug-induced 
tubular and glomerular injury in rats. Toxicology 2019;415:26-36.

42.	 Sun B, Qu Z, Cheng GL, Yang YW, Miao YF, Chen XG, Zhou XB, Li 
B. Urinary microRNAs miR-15b and miR-30a as novel noninvasive 
biomarkers for gentamicin-induced acute kidney injury. Toxicol Lett 
2021;338:105-13. doi: 10.1016/j.toxlet.2020.12.006 

43.	 Saikumar J, Hoffmann D, Kim TM, Gonzalez VR, Zhang Q, Goering PL, 



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2025 Mar; 169(1):1–8.

8

Brown RP, Bijol V, Park PJ, Waikar SS, Vaidya VS. Expression, circula-
tion, and excretion profile of microRNA-21, -155, and -18a following 
acute kidney injury. Toxicol Sci 2012;129:256-67.

44.	 Lee CG, Kim JG, Kim HJ, Kwon HK, Cho IJ, Choi DW, Lee WH, Kim 
WD, Hwang SJ, Choi S, Kim SG. Discovery of an integrative network 
of microRNAs and transcriptomics changes for acute kidney inju-
ry. Kidney Int 2014;86:943-53.

45.	 Ramachandran K, Saikumar J, Bijol V, Koyner JL, Qian J, Betensky 
RA, Waikar SS, Vaidya VS. Human miRNome profiling identifies mi-
croRNAs differentially present in the urine after kidney injury. Clin 
Chem 2013;59:1742-52.

46.	 Xiaobing Zhou, Zhe Qu, Cong Zhu, Zhi Lin, Yan Huo, Xue Wang, 
Jufeng Wang, Bo Li, Identification of urinary microRNA biomark-
ers for detection of gentamicin-induced acute kidney injury 
in rats. Regul Toxicol Pharmacol 2016;78:78-84. doi: 10.1016/j.
yrtph.2016.04.001

47.	 Petejova N, Martinek A, Zadrazil J, Klementa V, Pribylova L, Bris 
R, Kanova M, Sigutova R, Kacirova I, Svagera Z, Bace E, Stejskal D. 
Expression and 7-day time course of circulating microRNAs in septic 
patients treated with nephrotoxic antibiotic agents. BMC Nephrol 
2022;23(1):111. doi: 10.1186/s12882-022-02726-6 

48.	 Yuan XP, Liu LS, Chen CB, Zhou J, Zheng YT, Wang XP, Han M, Wang 
CX.  MicroRNA423-5p facilitates hypoxia/reoxygenation-induced 
apoptosis in renal proximal tubular epithelial cells by targeting 
GSTM1 via endoplasmic reticulum stress. Oncotarget 2017;8:82064-
77.

49.	 Tirado-Hurtado I, Fajardo W, Pinto JA. DNA damage inducible tran-
script 4 gene: the switch of the metabolism as potential target in 
Cancer. Front Oncol 2018;8:106. doi: 10.3389/fonc.2018.00106

50.	 GENE - NCBI. Available from: www.ncbi.nlm.nih.gov

51.	 Mu X, Wang H, Li H. Silencing of long noncoding RNA H19 allevi-
ates pulmonary injury, infammation, and fbrosis of acute respiratory 
distress syndrome through regulating the microRNA-423-5p/FOXA1 
axis. Exp Lung Res 2021;47:183-97.

52.	 Xu G, Mo L, Wu C, Shen X, Dong H, Yu L, Pan P, Pan K. The miR-15a-5p-
XIST-CUL3regulatory axis is important for sepsis-induced acute kid-
ney injury. Ren Fail 2019;41:955-66.

53.	 Lou Y, Huang Z. microRNA-15a-5p participates in sepsis by regulat-
ing the infammatory response of macrophages and targeting TNIP2. 
Exp Ther Med 2020;19:3060-8.

54.	 Giza DE, Fuentes-Mattei E, Bullock MD, Tudor S, Goblirsch MJ, Fabbri 
M, Lupu F, Yeung SJ, Vasilescu C, Calin GA. Cellular and viral microR-
NAs in sepsis: mechanisms of action and clinical applications. Cell 
Death Difer 2016;23:1906-18.

55.	 Li HF, Wu YL, Tseng TL, Chao SW, Lin H, Chen HH. Inhibition of miR-
155 potentially protects against lipopolysaccharide-induced acute 
lung injury through the IRF2BP2-NFAT1 pathway. Am J Physiol Cell 
Physiol 2020;319:C1070-81.

56.	 Sun F, Yuan W, Wu H, Chen G, Sun Y, Yuan L, Zhang W, Lei M. LncRNA 
KCNQ1OT1 attenuates sepsis-induced myocardial injury via regulat-
ing miR-192-5p/ XIAP axis. Exp Biol Med (Maywood) 2020;245:620-
30.

57.	 Chawla LS, Bellomo R, Bihorac A, Goldstein SL, Siew ED, Bagshaw 
SM, Bittleman D, Cruz D, Endre Z, Fitzgerald RL, Forni L, Kane-Gill 
SL, Hoste E, Koyner J, Liu KD, Macedo E, Mehta R, Murray P, Nadim 
M, Ostermann M, Palevsky PM, Pannu N, Rosner M, Wald R, Zarbock 
A, Ronco C, Kellum JA; Acute Disease Quality Initiative Workgroup 
16. Acute kidney disease and renal recovery: consensus report of 
the Acute Disease Quality Initiative (ADQI) 16 Workgroup. Nat Rev 
Nephrol 2017;(4):241-57. doi: 10.1038/nrneph.2017.2 


