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Abstract

The kidney is a primary organ for filtration of the blood and
elimination of drugs and xenobiotics. These active reabsorp-
tive and secretory processes can result in acute kidney injury
as a result of these concentrative properties. Classic measures
of acute kidney injury are hampered by their ability to accu-
rately assess function before irreversible damage has
occurred. This review will discuss efforts to refine the clinical
utility of standard biomarkers as well as the development of
novel biomarkers of nephrotoxicity.
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The kidneys receive approximately 25% of total cardiac
blood flow and are responsible for the maintaining of
circulatory fluid homeostasis while serving as a primary
organ of xenobiotic elimination and detoxification. The
functional filtration unit of the kidney is the renal
nephron with approximately 1 million nephrons per
kidney. There are three key functional components of
the renal nephron: the passive filtration of the blood by
the glomeruli, and both the active reabsorption and
secretion of solutes via tubular epithelia. These tubular
epithelia, particularly the proximal tubule, are enriched
with integral membrane proteins responsible for facili-
tated and active transport processes which have the
potential to concentrate compounds within a cell to
significantly higher levels than what is observed in cir-
culation [1]. Intracellular accumulation has been
considered to be the primary driver behind xenobiotic-
induced nephropathy leading to observable acute
kidney injury (AKI), chronic kidney disease (CKD) and,
with time, end-stage renal disease (ESRD) requiring

the use of renal replacement therapy (RRT) as a method
of disease intervention.

A current major challenge is the ability to accurately
predict toxin-induced kidney injury, whether it be for
existing prescription medications, clinical trials for new
pharmaceuticals, or for risk assessment due to environ-
mental exposures of xenobiotics. A particular clinical
concern is for early detection of AKI. Classic criteria for
the diagnosis of AKI include observing a decrease in the
clearance of creatinine (detected via a rise in serum
creatinine (sCr)), and/or oliguria, determined by
measuring timed total urine output, and monitoring an
increase in the circulation levels of blood urea nitrogen
(BUN). While sCr, urine output, and BUN levels are
considered a staple in the classification of kidney injury,
by the time one typically observes changes in these
measures, significant and potentially irreversible
damage may have already occurred. In response to this
concern, there has been a quest to identify new, more
sensitive, biomarkers of AKI [2]. The accuracy of
predicting and identifying an early toxic event has been
further improved with the discovery of novel urinary
biomarkers, including measurements of miRNA and
secreted proteins. The iterative improvement of neph-
rotoxic biomarkers will not only allow for an earlier
detection of xenobiotic-induced kidney injury but also
potentially reduce the likelihood of patient mortality
through earlier intervention.

AKI definitions have been continually redefined over
the past 10 years with an overall goal to increase the
sensitivity and specificity of detection. In 2002, the
Acute Dialysis Quality Initiative (ADQI) group defined
the foundation of diagnosing AKI using the RIFLE
(Risk, Injury, Failure, Loss, ESRD) classification, whose
primary specific diagnostic biomarker of renal function
was the use of sCr and BUN combined with urine
output. Using a combination of these markers, severity
of AKI was established by substantial increases in sCr
and/or loss of urine output indicating progressive stages
of sensitivity (Risk, Injury and Failure) and two clinical
outcomes of specificity (Loss and End-stage renal dis-
ease) [3,4]. Further advancements to the definition of
AKI were later made in 2005, by the AKIN (The Acute
Kidney Injury Network) group, evaluating both the hy-
dration of the patient at the time of diagnostic
biomarker measurement as well as a refinement on the
use of sCr determining GFR changes [5]. Finally in
2012, KDIGO (Kidney Disease: Improving Global
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Outcomes) refined the definition of AKI by imple-
menting both differences between RIFLE and AKIN
into simplified stages of AKI defined as an increase in
sCr >0.3 mg/dLL (>26.5 umol/L) within 48 h; or an in-
crease in sCr to >1.5 times baseline, which is known or
presumed to have occurred within the prior 7 days or a
urine volume of <0.5 mL/kg/h for 6 h [6]. In 2014, Zeng
et al. evaluated AKI incidence between the varying re-
finements of definitions of AKI using a retrospective
cohort study. Results showed AKI incidence was highest
according to the KDIGO definition (18.3%) followed by
the AKIN (16.6%), and RIFLE (16.1%), definitions.
Paralleled by additional studies, Zeng et al. observed
AKI incidence associated with an increased rate of
mortality and increased hospital costs [7].

In addition to defining AKI clinically, pathophysiology of
drug/xenobiotic-induced AKI can be defined by
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measurable damage to site-specific segments of the
nephron which include: glomerular capillaries, mesan-
gium, podocytes, parietal epithelial cells, proximal
tubule, distal tubule, collecting ducts, and interstitium
[8—12] [Fig. 1]. There are a multitude of compounds
that possess nephrotoxic properties which include:
chemotherapeutics (cisplatin), antiretroviral therapeu-
tics (tenofovir), analgesics (NSAIDs), contrast agents
for imaging, heavy metal pollutant (cadmium), and
some classes of antibiotics (aminoglycoside/polymyxin)
[13—17].

Despite increased sensitivity to detecting clinical AKI,
sCr and BUN response may be significantly delayed
following kidney injury requiring the use of emerging
urinary biomarkers to detect both early events of injury
as well as segment-specific nephrotoxicity [18]. In 2009,
the Predictive Safety Testing Consortium (PSTC)
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Diagram of renal nephron indicating toxicant, area of injury, and origin of biomarker. A) Passive filtration is the first process achieved by the
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released a biomarker qualification data submission
indicating emerging urinary biomarkers, in addition to
sCr and BUN, which include: wurinary kidney injury
molecule-1 (KIM-1), wurinary beta2-microglobulin
(B2M), urinary total protein, urinary albumin, urinary
clusterin, urinary cystatin ¢ (Cys C), and urinary trefoil
factor 3 (TFF-3) in good laboratory practice rat toxi-
cology studies to monitor xenobiotic-induced kidney
injury [19]. In a later report in 2014, the PSTC, with
letters of support from the European Medicines Agency
and Food and Drug Administration, encouraged further
evaluation of emerging biomarkers including osteo-
pontin (OPN) and neutrophil gelatinase-associated
lipocalin (NGAL) [20].

This review will describe currently available biomarkers
that are frequently used in preclinical/clinical in-
vestigations as well as emerging biomarkers of nephro-
toxicity. It is important to note that, relative to the
proximal tubule, segments of the renal nephron
(glomerulus, distal tubule, collecting duct, etc.) are
targets of xenobiotic-induced nephropathy as well, yet
their biomarker sensitivity and specificity profiles are
limited and require ongoing investigations to identify
suitable markers.

1. Frequently investigated biomarkers of
nephrotoxicity

1.1. Kidney injury molecule-1 (KIM-1)

First discovered in rats as an upregulated protein in
response to ischemia, KIM-1 is a type 1 transmembrane
protein, containing immunoglobulin and mucin do-
mains. In response to acute kidney injury, the N-ter-
minal immunoglobulin and mucin ectodomain are
cleaved from the apical surface of the proximal tubule
and shed in the urine [21]. KIM-1 is an excellent
biomarker of AKI, as demonstrated in preclinical and
clinical investigations, including a recent study evalu-
ating KIM-1 as a urinary biomarker for drug-induced AKI
in humans [22]. Compared to healthy volunteers,
Pavkovic et al. showed significant levels of KIM-1
(relative to urinary creatinine) in the urine of patients
in two cohort studies who were or were not clinically
diagnosed with AKI following either an overdose of
acetaminophen or intraoperative cisplatin therapy, with
resultant chronic interstitial nephritis [23]. Further-
more, as demonstrated in a rat model, Luo et al.
observed concentration-dependent gentamicin-induced
renal injury leading to a significant induction of KIM-1
in the urine across multiple days. Additional findings
showed significant differences of clinical biomarkers
(BUN/sCr) only being observed at later points of
collection (day 7) and at the highest concentration
treated; when compared to KIM-1, these findings
demonstrate the lack of early sensitivity and delayed
response to detect acute kidney injury [24].

1.2. Interleukin-18 (IL-18)

From the IL-1 cytokine family, interferon-y-inducing
factor (now recognized as interleukin-18, IL.-18) is a
proinflammatory cytokine that is activated and released
upon cleavage via caspase 1. Primarily expressed in
proximal tubule cells and intercalated renal cells (late
distal convoluted tubule, connecting tubule, and the
collecting duct), I1.-18 has been shown to accumulate in
the urine in response to acute kidney injury. In 2013,
Zubowska et al. confirmed preclinical findings on the
induction of IL.-18 following nephropathy by observing a
significant increase of [L.-18 in the urine of children who
were being treated with nephrotoxic chemotherapies
[25]. Additionally, a meta-analysis by Lin et al. analyzed
11 different studies with approximately 2800 people in
total and observed a higher chance of early detection of
AKI using I1.-18 when compared to sCr [26]. Further-
more, in a simulated clinical trial of AKI using data ob-
tained from prospective cohort study of patients with at
least 1 risk factor for AKI, Parikh et al. observed a po-
tential increase in proportion of patients experiencing
AKI following inclusion of urinary IL-18 monitoring
[27].

1.3. Neutrophil gelatinase-associated lipocalin
(NGAL)

NGAL is a small protease-resistant secreted protein
filtered by the glomerulus and extensively reabsorbed
by the proximal tubule. The utility of NGAL as a
predictive biomarker for AKI was first suggested from a
study by Mishra et al. where increases in both tran-
scripts and protein were observed in mice in response
to renal ischemia [28]. Tubular injury, reflecting a
decrease in NGAL reabsorption and accumulation in
the urine, has been demonstrated in a number of
studies including cisplatin-induced nephrotoxicity in
mice. Mishra et al. observed cisplatin-induced tubule
cell necrosis and apoptosis in addition to rapid induc-
tion of NGAL in both tubule epithelial cells as well as
an accumulation and detection of NGAL in the urine
just 3 h after dosing [29]. Luo et al. later confirmed the
significant induction of NGAL as a nephrotoxicity
biomarker in both a dose- and time-dependency with
gentamicin treated rats. However, clinical examples
reveal an uncertainty when using NGAL as a urinary
biomarker of cyclosporine A (CsA) treatment for chil-
dren with nephrotic syndrome [24]. Gacka et al.
concluded that NGAL cannot be used alone as a
marker of cyclosporine A-nephrotoxicity but has po-
tential benefits when monitoring nephrotoxicity in a
chronic setting [30]. In contrast to CsA studies, a
multicenter prospective cohort study by Nickolas et al.
showed that urinary NGAL was significantly better at
diagnosing intrinsic AKI compared to other biomarkers
(sCr, KIM-1, IL-18, FABP, CysC) and more effective in
predicting increasing RIFLE classes [31].
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1.4. Liver-type fatty acid-binding protein (L-
FABP)

Primarily located in the both the convoluted and straight
segments of the proximal tubules, the liver-type fatty
acid-binding protein (LL-FABP) binds long-chain fatty
acids (LCFA) and transports them for B-oxidation (in
mitochondria/peroxisomes). Using established human
FABP transgenic mice, Matsui et al. observed a signifi-
cant induction of L-FABP in the proximal tubules
following exposure to aristolochic acid, a carcinogenic
plant alkaloid with known nephrotoxicity [32]. Signifi-
cant induction of FABP was observed for both mRNA
and protein, with concomitantly increased urinary levels
when compared to control mice. Additional findings by
Jabtonowska et al. showed statistically higher concen-
trations of urinary L.-FABP (normalized to creatinine) in
HIV-infected individuals receiving antiretroviral therapy
compared to healthy controls [33].

2. Novel biomarkers of AKI

2.1. Urine tissue inhibitor of metalloproteinase 2
and insulin-like growth factor binding protein 7
[TIMP-2 - IGFBP7]

Expressed in renal tubular cells, TIMP-2 and IGFBP7
are Gy cell-cycle arrest proteins induced as a conse-
quence of AKI. TIMP-Z is an inhibitor of matrix
metalloproteinase activity while IGFBP7 is a regulator
of IGF signaling. In two separate multicenter observa-
tional studies (Discovery and Validation) of critically ill
patients at risk for AKI, Kashani et al. observed signifi-
cantly elevated urinary IGFBP7 and TIMP-2 when
stratifying AKI risk compared to other urinary bio-
markers of AKI (NGAL, CysC, KIM-1, 11.-18, pi-GST,
FABP) [34]. Additional clinical cohort studies by
Bihorac et al. and Hoste et al. defined cutoff values of
urinary [TIMP-2 - IGFBP7] improving the identifica-
tion of patients at high risk of AKI [35,36].

2.2. Myo-inositol oxygenase (MIOX)

Expressed extensively in the proximal tubule, myo-
inositol oxygenase (MIOX) catabolizes glucose in-
termediates (myo-inositol) which enter the pentose
phosphate pathway. Additionally, MIOX plays a critical
role in antioxidant and oxidant responses regulated by
Nrf2 [37]. In vitro studies show MIOX overexpression
leads to enhanced generation of ROS in the presence of
cisplatin [38]. Dutta et al. observed, using both MIOX
null and overexpressing mice, that MIOX null mice are
resistant to cisplatin-induced nephrotoxicity whereas
MIOX overexpressing mice displayed enhanced injury
[39]. In work by Gaut et al. investigators developed an
immunoassay to detect plasma MIOX as a biomarker of
AKI in both animal and human species. Plasma levels of
MIOX were significantly higher and detected 54 h
carlier than creatinine in mice experiencing AKI as well
as critically ill patients diagnosed with AKI compared to
patients without AKI [40].
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2.3. Heme oxygenase-1 (HO-1)

Responsible for the degradation of heme via conversion
to biliverdin, HO-1 is induced in the proximal tubule
and exerts cytoprotective effects in response to renal
injury. In similarity to MIOX, HO-1 cytoprotective
antioxidant activity is also regulated by Nrf2 [41].
Earlier reports show HO-1 to be nephro-protective as
evidenced by induction in response to cisplatin-induced
AKI using a rat model [42]. Using a mouse model to
assess four different models of AKI (ischemia/reperfu-
sion, glycerol-induced rhabdomyolysis, cisplatin neph-
rotoxicity, and bilateral ureteral obstruction), Zager et al.
observed significant increases of HO-1 gene expression
and therefore increased concentrations in both the
plasma and urine 4 h later. These findings were then
supported with a clinical investigation revealing patients
with AKI to have significantly higher levels of both
plasma and urine HO-1 compared to patients without
AKI, patients with CKD, or patients with ESRD [43].
More recently, using a high throughput approach for
predictive nephrotoxicity assessment, Adler et al.
screened a panel of over 40 nephrotoxicants using pri-
mary human proximal tubular epithelial cells and
showed HO-1 to significantly upregulate after exposure
at the mRNA and protein level [44].

2.4. Urinary miRNA

MicroRNAs are endogenous short (~22 nucleotides)
RNA molecules that regulate expression primarily via
inhibition of mRNA translation, with lesser effects on
transcript stability. Because extracellular miRNA are
stable at room temperature and changes in pH coupled
with the ability to amplify these targets with PCR,
miRNAs have the potential to serve as excellent urinary
biomarkers. For example, Wang et al. observed a sig-
nificant induction of urinary miR-10a and miR-30d in
mice experiencing renal ischemia reperfusion or
streptozotocin-induced renal injury. The investigators
further evidenced the mouse model findings with a
cohort of healthy individuals and patients experiencing
focal segmental glomerulosclerosis (FSGS); showing
FSGS patients to have significantly elevated levels of
urinary miR-10a and miR-30d [45]. Additionally,
Ramachandran et al. identified 4 miRNAs (miR-21,
200c, 423, 4640) significantly different between cohort
groups of patients with AKI and healthy volunteers
[46]. Furthermore, Pavkovic et al. observed statistically
significant elevated concentrations in urinary miRINA
(miR-21, 423, and 200c) and KIM-1 in patients who
were diagnosed with AKI following either an overdose
of acetaminophen or intraoperative cisplatin therapy
[23].

3. Concluding remarks and future
directions

"To achieve early diagnosis and enhanced detection of
toxin-induced AKI, continual refinement of established
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biomarkers coupled with identification and imple-
mentation of novel biomarkers is necessary. The work
of Adler et al. identified HO-1 as a better m vitro
biomarker of AKI in primary proximal tubule epithelial
cells in both traditional 2D cultures as well as within a
novel 3D system that recapitulates the proximal tubule
[44]. The clinical utility of HO-1 as a biomarker of
nephrotoxicity is limited however, as it is ubiquitously
expressed. But, the use of 3D microphysiological
models of the proximal tubule will facilitate identifi-
cation of novel tubule-specific biomarkers of nephro-
toxicity [47]. While technological advancements are
improving to increase both sensitivity and specificity of
biomarkers, there remains a critical need for the
implementation of diverse approaches that span
vitro, in vivo, and clinical investigations. In summary,
early detection of AKI should be the primary goal of
clinicians and drug developers, as AKI progression to
CKD is extremely costly, potentially fatal to the pa-
tient, and can halt new drug development in clinical
trials unless proper diagnostic tools are available.
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