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Introduction: Chronic kidney disease of uncertain etiology (CKDu) is an incompletely defined phenotype of
chronic kidney disease (CKD) affecting young individuals mostly in agricultural communities in Central
America and South Asia. CKDu is a diagnosis of exclusion made in individuals from endemic regions.

Methods: We conducted a systematic review of the primary literature on urinary and plasma kidney injury
biomarkers measured in the setting of CKDu (through February 2023). The literature was identified via a
Web of Science search and hand search of the references of previously identified literature. Search terms
included “CKDu,” “Mesoamerican Nephropathy,” “CKD of unknown etiology,” “Chronic Interstitial
Nephritis in Agricultural Communities,” “biomarker,” “urin*,” and/or “plasma.”

Results: A total of 25 papers were included. The 2 most frequently measured biomarkers were urinary
kidney injury molecule-1 (KIM-1) and urinary neutrophil gelatinase-associated lipocalin (NGAL). There was
substantial variability in study design, laboratory assay methods, and statistical methodology, which
prohibited meta-analysis.

Conclusion: Biomarkers that identify tubulointerstitial disease early and accurately may substantially
accelerate progress in the study of CKDu and facilitate public health approaches that eventually lead to its
prevention and elimination. To date, the literature is limited by relatively small sample sizes and meth-
odological limitations which should be addressed in future studies.
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KDu is an incompletely defined phenotype of CKD
C affecting predominantly young workers in rural
communities of Central America and South Asia.'”
CKDu is a progressive tubulointerstitial nephropathy,
and its cause or causes are unknown. Potential causes
include environmental or occupational exposure to
nephrotoxins, heat stress, infection, and genetic pre-
disposition.”® The disease typically affects individuals
younger than 50 years, men, and those who engage in
strenuous manual labor; several regions, particularly in
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India and Sri Lanka, report similar disease rates in
women. CKDu—or a similar disease process—can also
occur in nonagricultural communities.” Rapid decline
in kidney function and early mortality in CKDu have
devastating effects on families and communities.”’
The current working definition of CKDu is an esti-
mated glomerular filtration rate (eGFR) <60 ml/min per
1.73 m” in the absence of type 2 diabetes, longstanding
hypertension, heavy proteinuria, or a known underly-
ing syndrome (e.g., polycystic kidney disease, glomer-
ulonephritis, and congenital disorder)."”” Kidney
biopsies in individuals from endemic regions suggest a
tubulointerstitial disease process.'’ Considering that
eGFR <60 ml/min per 1.73 m” lacks specificity for
pathophysiology, there is no precise definition of CKDu,
and it remains essentially a diagnosis of exclusion.'""!
Novel plasma or urinary biomarkers of kidney disease
could potentially improve the evaluation and diagnosis
of CKDu. Ideally, a biomarker would distinguish CKDu
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Figure 1. PRISMA diagram. See Supplemental Materials for details of the Web of Science search used to identify the literature for this
systematic review. Adapted from: Page MJ, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ
2021;372:n71. doi:10.1136/bmj.n71. For more information, visit: http://www.prisma-statement.org/. CKDu, chronic kidney disease of uncertain
etiology; eGFR, estimated glomerular filtration rate; UACR, urinary albumin-to-creatinine ratio. Figure created with BioRender.com.

from other CKD phenotypes and identify the disease
early in its development, allowing for more effective
screening and the introduction of therapies to prevent
disease progression. Despite a growing interest in using
biomarkers to phenotype disease, there are no validated
CKDu-specific biomarkers.

The evidence to date for biomarkers in CKDu is
predominantly from cross-sectional analyses of rela-
tively small samples in endemic regions.'” Biomarker
studies in other forms of CKD are heavily skewed to-
ward cohorts in the United States comprised of in-
dividuals with traditional CKD risk factors.'’ Although
several investigators have identified biomarkers that
hold promise in predicting incident CKD or CKD
prognosis, results from these studies are not necessarily
applicable to CKDu due to the differences in etiology
and pathophysiology. Given the young age of onset of
CKDu and the fact that the normal GFR of healthy
younger individuals exceeds 100 ml/min per 1.73 m?,"*
the current definition of CKDu as an eGFR < 60 ml/min
per 1.73 m’ identifies the disease very late into its
course. Novel biomarkers of injury, if sensitive and
accurate for the identification of tubulointerstitial
injury that is thought to lead to CKDu, may ultimately
transform our understanding of its epidemiology and
pathogenesis.
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METHODS

We identified the primary literature on urinary and
plasma kidney injury biomarkers measured in
CKDu via Web of Science through January 2024
(Supplementary Materials). The search was not limited
by date or language. We excluded review papers, ar-
ticles that only measured serum creatinine or urinary
albumin without additional biomarkers, and animal
model studies (Figure 1). Supplementary searches in
PubMed yielded only duplicates of the Web of Science
results, including searches using the terminology
“Chronic Interstitial Nephritis in Agricultural Com-
munities.” Additional manuscripts were selected via
hand search of the references of previously identified
literature. We collected data on the biomarker con-
centration, type of assay used for each biomarker,
sample collection procedures, country, number of
participants, percentage women, details regarding
adjustment for urinary creatinine (for urine bio-
markers), and main study findings. These criteria were
not published as a protocol, nor was a protocol regis-
tered. For pooled presentation of data, biomarker con-
centrations were transformed to common units for
comparison across studies. In this manuscript, the term
‘sex’ is used to describe sex assigned at birth to discuss
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Figure 2. Selected hiomarkers of kidney disease as represented by hypothesized mechanism of injury. Although these biomarkers are grouped
according to the available evidence for their involvement in kidney injury pathways, there is likely overlap in the pathophysiology of each
biomarker. Figure created with BioRender.com. 1,25-Vit D, 1,25-dihydroxyvitamin D; o1M, alpha-1-microglobulin; $2M, beta-2-microglobulin;
CDH11, cadherin 11; CXCL9, CXC motif chemokine ligand 9; DKK-3, dickopf 3; EGF, epidermal growth factor; eGFR, estimated glomerular filtration
rate; Epo, erythropoietin; FGF-23, fibroblast growth factor 23; GST-, glutathione-S-transferase pi; Hsp72, heat shock protein 72; IGFBP7, insulin-
like growth factor binding protein 7; IL-18, interleukin 18; KIM-1, kidney injury molecule-1; L-FABP, liver-fatty acid binding protein; MCP-1,
monocyte chemoattractant protein-1; NGAL, neutrophil gelatinase-associated lipocalin; OPN, osteopontin; PEDF, pigment epithelium-derived
factor; SMOC2, SPARK-related modular calcium binding 2; sTNFR-1, soluble tumor necrosis factor-1; suPAR, soluble urokinase plasminogen
activator receptor; TIMP-2, tissue inhibitor of metalloproteinase 2; UACR, urinary albumin-to-creatinine ratio; UMOD, uromodulin.

potential physiologic differences. Determination of sex
was not specified by any of the manuscripts reviewed.

We identified 27 papers in total, only 2 of which
measured kidney injury biomarkers in serum or plasma.
All studies meeting criteria were included regardless of
quality, to highlight the methodological issues affecting
CKDu biomarker research and due to the low overall
number of studies available for review. Methodological
variability, including differences in assay, study popu-
lation, exposure, and outcome, precluded pooled or
statistical comparison of the findings across studies.
Therefore, studies are grouped based on types of
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biomarkers relevant for outcome assessment and each
study’s findings are presented after a brief introduction
of the pathobiology of the biomarker. Figures were made
with BioRender.com, Microsoft Excel (version 2311 for
Windows; Microscoft Corporation, Redmond, WA), and
GraphPad PRISM (version 10.2.1 for Windows; Graph-
Pad Software, Boston, MA).

Kidney Injury Biomarkers in CKDu
Kidney injury biomarkers can be classified according to
the pathophysiologic process being captured (e.g.,

tubular injury, inflammation, fibrosis, synthetic

Kidney International Reports (2024) 9, 1614-1632
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capacity, or kidney mass) or the site of filtration,
secretion, or metabolism along the nephron (Figure 2)."”
Relatively few biomarker studies in CKD have
compared biomarker levels against histopathology or
used biomarkers as a diagnostic tool for differential
diagnosis (notable exceptions include biomarkers of
glomerular processes such as antineutrophilic cyto-
plasmic antibody vasculitis and membranous ne-
phropathy)."”'® This review summarizes the literature
on kidney biomarkers that have been studied in CKDu
(Tables 1 and 2, Figure 3), including those initially
studied in association with acute kidney injury (AKI);
low-molecular weight proteins that are typically
catabolized by the tubules; and finally, biomarkers
associated with injury, inflammation, and repair. The
review concludes with a brief discussion of opportu-
nities to advance the field.

RESULTS

Proteins Studied Initially as Biomarkers of AKI
Early work in the field of kidney biomarkers focused
on rodent models of ischemic AKI and subsequently on
predicting AKI in patients undergoing cardiac sur-
gery.'””” More recent work has investigated these
acute tubular injury markers in CKD, given the bidi-
rectional relationship between AKI and CKD?! and, in
the case of CKDu, the tubulointerstitial predominance
of its histopathology. As traditional markers of acute
injury to the tubules, these “AKI” biomarkers have
been primarily studied in the context of cross-shift AKI
in field workers. It should be noted that many bio-
markers have been studied in both AKI and CKD, and
that the concept of “AKI” versus “CKD” biomarkers
may be a false dichotomy.

NGAL

NGAL is a protein expressed by proximal and distal
tubular epithelial cells. NGAL promotes cellular
apoptosis, inhibits bacterial growth, and regulates iron
metabolism. Urinary levels of NGAL increase after
ischemic kidney injury and cisplatin-induced nephro-
toxicity.””*’ Cells in the liver, colon, lungs, stomach,
and genitourinary organs express NGAL in response to
epithelial damage, inflammation, and neoplasia.””

To date, urinary NGAL is the most studied urinary
biomarker in CKDu and has been measured in over
5000 patients and controls (Figures 3 and 4,
Supplementary Table S2). Reference ranges have been
proposed for adolescents in CKDu-endemic regions of
Sri Lanka but cannot be directly compared to studies
using different ELISA kits.””*°

Although the literature is limited, urinary NGAL has
not been shown to predict eGFR decline in CKDu, to
date. In a longitudinal study of 105 young Nicaraguan
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adults, adding urinary NGAL to traditional predictors
of eGFR decline (e.g., age, albuminuria, and occupa-
tion) did not improve the prediction of rapid decline in
eGFR.”” The authors reported consistent, negative
findings across regression models, including a model
adjusting for baseline eGFR and urinary albumin-to-
creatinine ratio only and a separate model adjusting
for repeated eGFR and urinary albumin-to-creatinine
ratio measures over a l-year period. The study only
measured urinary NGAL at baseline and may have been
underpowered, because only approximately 10%
experienced a rapid decline.”” In this population, uri-
nary NGAL was mostly higher at baseline in those who
subsequently experienced a rapid decline despite
similar baseline eGFR.*®

Urinary NGAL has also been tested to differentiate
CKDu cases from nonendemic controls and other forms
of CKD. In emerging CKDu regions of Sri Lanka, uri-
nary NGAL inversely correlated to eGFR (7 = 223).”” In
a separate cohort of Sri Lankan adults, urinary NGAL
performed moderately well with area under the
receiver operating characteristics curve (AUC-ROC)
ranging between 0.767 and 0.827 for comparisons
across participants with CKDu, nonendemic CKD, and
controls from both endemic and nonendemic regions
(n = 406).” (The AUC-ROC is a summary measure of
classification models, ranging from 0.5 [random classi-
fier] to 1.0 [perfect classifier]).

Urinary NGAL has been compared across agricul-
tural occupational groups in healthy adults living in
CKDu-endemic regions. For example, urinary NGAL
was higher in apparently healthy sugarcane famers in
arid regions than vegetable or paddy farmers in the
wetlands of Sri Lanka (n = 210),”" whereas another
study found that urinary NGAL was significantly
higher in paddy farmers than either fisherfolk or
plantation workers (n = 228).”> These findings are
potentially consistent with the hypothesis of a work-
related environmental or toxic exposure as an under-
lying cause of CKDu; though all participants were
healthy at the time of the study, they were not
followed-up with longitudinally to assess the devel-
opment of incident CKDu. Furthermore, the authors
reported significant regional differences with respect to
participants’ age, smoking status, alcohol and tobacco
use, exposure to herbicides, and other factors that may
impact the observed associations and were not
accounted for in the analyses.

Urinary NGAL has also been compared between
agricultural and nonagricultural workers. Sugarcane
workers in Nicaragua experienced a greater increase in
urinary NGAL concentration than factory workers over
the course of a 9-week harvest season (7 = 284).”" In a
subsequent study, sugarcane workers demonstrated a
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Table 1. CKDu studies that include measurements of kidney injury biomarkers

Total N
No. controls
Study Country % women
Adult populations
Gunawickrama ef al. Sri Lanka 56 total
Diseases, 2022 No confrols
No participant
demographics
Swa ef al. Kidney Dialysis, Sri Lanka 134 total
2022 90 controls
39.6% women
Abdul et al. Int J Environ Res Sri Lanka 210 total
Public Health, 2021°" No confrols
40.9% women
De Silva ef al. PLOS Negl Trop Sri Lanka 223 fofal
Dis, 20167 106 controls
Excluded women
Ekanayake et al. Int J Environ Sri Lanka 228 total
Res Public Health, 168 controls
2022%
40.7% women
Femnando et al. KIR, 2019°° Sri Lanka 406 fofal
164 controls)
40% women
Nanayakkara et al. Environ Sri Lanka 237 total
Health Prev Med, 2012%° 131 confrols
54.5% women
Wijkstrom et al. PLOS One, Sri Lanka 11 total
2018 No controls
No women
\Wanigasuriya et al. Ceylon Sri Lanka 116 total
Med J, 2017% 79 confrols

14.5% women

Normalized to

Biomarker(s) urinary creatinine? Assay / instrument
Plasma IL-To N/A ThermoFisher Scientific assays (ELISA):
Plasma IL-6 BMS243-2 (IL-1 o), KAC1261 (IL-
. 6), BMS228 (IFNy), BMS2034
Plosma MCP-1 (TNFe), BMS281 (MCP-1)
Plasma TNFa.
Plasma INFy
Serum RBP-4 N/A Luminex xMAP biomarker assay, select
samples confirmed with Abcam
ELISA (RBP-4)
Urinary KIM-1 Yes Cusabio ELISA (KIM-1 and B2M), Ray
Urinary NGAL Biotech ELIZA (NGAL)
Urinary B2M
Urinary KIM-1 Yes Cusabio ELISA (KIM-1), Ray Biotech
Urinary NGAL ELISA (NGAL)
Urinary KIM-1 Yes Cusabio ELISA (both KIM-1 and NGAL)
Urinary NGAL
Urinary KIM-1 Only in some Luminex XMAP custom biomarker bead
Urinary NGAL analyses assay kits (CERTKD-05 and HKI6/
" ] MAG-99-K-02) from Merck Millipore;
Urinary Cystafin o using Luminex MAGPIX analyzer.
Urinary B2M
Urinary OPN
Urinary ATM
Urinary TIMP-1
Urinary RBP4
Urinary ATM Yes Latex agglutination immunoassay
Urinary NAG (ATM), calorimefric assay (NAG).
Urinary ATM Only for ATM R&D ELISA (KIM-1). Others not
Urinary NGAL specified.
Urinary KIM-1
Urinary KIM-1 Yes Millipore multiplexed Luminex kit (all
Urinary Clusferin biomarkers).
Urinary B2M
Urinary
Fibrinogen

Other measures of kidney function

SCr, eGFR (CKD-EPIe, 2009 and
MDRD)

SCr, eGFR (CKD-EPlg, 2009)

SCr, €GFR (CKD-EPI, 2009)

SCr, 6GFR (CKD-EPIg, 2009)

SCr, eGFR (CKD-EPIg, 2021)

SCr, eGFR (unspecified equation)

SCr, eGFR (MDRD)

SCr, eGFR (CKD-EPIc, 2009)

Specimen collection procedures

No details on the timing of sample
collection

No defails on the timing of sample

collection

First morning void (6-8 am)

First morning void

First morning void

Random spot urine

Random spot urine

Random spot urine at time of kidney
biopsy (or 56 mo later if missing)

Random spot urine; time of collection
not indicated

(Continued on following page)

HJO4Vv3S3Y TVIINITO

ngyo ul sisyiewoig e 18 japnejd 3



2E€9L-vL9L ‘6 (¥20T) sHoday |euoneussiu| Asupiy|

6191

Table 1. (Continued) CKDu studies that include measurements of kidney injury biomarkers

Study

Kulasooriya ef al. Int J Envi
Res Public Health,
2021%

Siriwardhana ef al. BMC
Nephrol, 2014%°

Herath ef al. Journal of Water
and Health, 20187°

Hansson et al. Occup Environ
Med, 2022*7

Wesseling ef al. Envi Res,
2016*

Laws ef al. AJKD, 2016%

Petropoulos ef al. Kidney360,
2020%

Gonzalez-Quiroz et al. J Am
Soc Nephrol, 2018%

Gonzalez-Quiroz et al. BMC
Nephrol, 2019%7

Butler-Dawson ef al. J Expo
Sci Environ Epidemiol,
2022°7

Diaz de Leon-Martinez ef al.
Envi Sci Pollut Res Int,
2019%¢

Country
Sri Lanka

Sri Lanka

Sri Lanka

Nicaragua

Nicaragua

Nicaragua

Nicaragua

Nicaragua

Nicaragua

Guatemala

Mexico

Total &
No. controls
% women
218 total
67 controls

40.3% women
60 total
30 controls
33.3% women
84 total
No controls
No participant
demographics
68 total
46 controls
Excluded women

54 fofal

25 controls
Excluded women

284 tofal

No confrols
22% women

251 total
No controls
22% women

104 total
No confrols
Excluded women
105 total
No controls
Excluded women
222 total
No controls
Excluded women

34 total
No confrols

100% women
(excluded men)

Biomarker(s)
Urinary NGAL

Urinary B2M

Urinary L-FABP

Urinary KIM-1
Urinary MCP-1
Urinary Calbindin
Urinary GST-1t
Urinary Clusterin
Urinary IL-18
Urinary KIM-1

Urinary NGAL
Urinary Hsp72

Urinary NGAL

Urinary IL-18
Urinary NAG

Urinary NAG
Urinary NGAL
Urinary IL-18

Urinary NGAL

Urinary NGAL

Urinary NGAL

Urinary KIM-1
Urinary NGAL

Urinary Cystatin ¢

Normalized to
urinary creafinine?

No

No

Yes

Yes

Yes

Yes

Adjusted for
urine Cr in
regression

models

Yes

Yes

Yes

No

Assay / instrument

Particle-enhanced turbidimetric
immunoassay method (Roche cobas
C 501)

Bioquant B-2MG BQO10T (B2M)

Not described

Bio-Plex Pro RBM Kidney Toxicity Panel
1 (includes all studied biomarkers in
a single assay)

Bioporfo ELISA (NGAL), BioAssay
Works ELISA (KIM-1), Western Blot
using ENZO Llife Science
monoclonoal antibodies (Hsp72)
Bioporfo ELISA (NGAL), MBL ELISA (IL-
18), colorimetric assay by Roche
(NAG)

Bioporto ELISA (NGAL and IL-18),
Roche colorimetric assay (NAG)

ELH-Lipocalin2 RayBiotech (NGAL)

ELH-Lipocalin2 RayBiotech (NGAL)

Quantikine ELISA by R&D Systems
(NGAL)

Magnetic Luminex Performance Assay

Other measures of kidney function

SCr

SCr, 6GFR (CKD-EPIg)

eGFR (CKD-EPlg; 2009)

eGFR (CKD-EPI¢, 2009)

SCr, eGFR (CKD-EPlg, 2009)

SCr, eGFR (CKD-EPle, 2009)
SCr, eGFR (CKD-EPIg, 2009 and
CKD-EPlgy oy 2012)

SCr, eGFR (CKD-EPI¢, 2009)

SCr, eGFR (CKD-EPI¢,)

Specimen collection procedures

Preshift first morning void (5-8 am),
postshift spot urine (4-6 pm),
evening spot urine (7-10 pm)

Random spot urine

No details on timing of sample
collection.

Random spot urine; early moming
hour preshift; before and after
harvest season

Random spot urine; preshift (3-5 am)
or postshift (4—7 pm) at workplace;
before and after harvest season

Random spot urine; before and affer
harvest season.

Preharvest random spot urine

Random spot urine

Random spot urine

Random spot urine, variable times
(morning and afternoon) while
workers were in the field

First morning void

(Continued on following page)
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Table 1. (Continued) CKDu studies that include measurements of kidney injury biomarkers

Study

Pediatric Populations

De Silva ef al. Children,
2021%°

Gunasekara ef al. Sci Rep,
2022%

Gunasekara ef al. Ped Neph®

Sandamini et al. World J Ped,
2022°%"

Ramirez-Rubio ef al. NDT,
2016*

Leibler ef al. Ped Neph’®

Cardenas-Gonzalez ef al.
Environ Res™®

Country

Sri Lanka

Sri Lanka

Sri Lanka

Sri Lanka

Nicaragua

Nicaragua

Mexico

Total &
No. controls
% women

909 fotal adolescents

No confrols
53.2% female

804 total adolescents

164 controls
53.2% female

922 total adolescents

677 controls
54.7% female

892 total adolescents
471 controls
52.9% female

200 total adolescents

No confrols
50% female

210 total adolescents

No confrols
49.5% female

83 total children (5-12y)

No controls
43.4% female

Normalized to

Biomarker(s) urinary creatinine?
Urinary KIM-1 Yes
Urinary NGAL
Urinary KIM-1 Yes
Urinary NGAL
Urinary KIM-1 Yes
Urinary NGAL

Urinary Cystatin ¢ Yes
Urinary NGAL Yes
Urinary NAG
Urinary IL-18
Urinary KIM-1 Yes
Urinary NGAL
Urinary IL-18
Urinary MCP-1
Urinary YKL-40
Urinary KIM-1 Adjusted for
Urinary NGAL urine Cr in

selected
regression
models

Assay / instrument

Cusabio Technology ELISA (both KIM-1
and NGAL)

Cusabio Technology ELISA (KIM-1 and
NGAL)

Cusabio Technology ELISA (KIM-1 and
NGAL)

Cusabio CSB-E08384h (Cystatin ¢)

Bioporto ELISA (NGAL), MBL ELISA (IL-
18), Roche colorimetric assay (NAG)

MesoScale Discovery Platform (all
biomarkers)

Microbead-based assay developed by
collaborators (KIM-1 and NGAL)

Other measures of kidney function

UACR

SCrUACR

Specimen collection procedures

First morning void (6-8 am)

First morning void

Early morning void

First morning void

Random spot urine.

Random spot urine.

Random spot urine

A1M, alpha-1-microglobulin; B2M, beta-2-microglobulin; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, CKD of unknown etiology; ELISA, enzyme linked immunosorbent assay; GST-, glutathione-S-transferase pi; INFy, interferon
gamma; IL-1a, interleukin 1 alpha; IL-6, interleukin 6; IL-18, interleukin 18; KIM-1, kidney injury molecule 1; L-FABP, liver-fatty acid binding protein; MCP-1, monocyte chemoattractant factor 1; NAG, N-acetyl-beta-D-glucosaminidase; NGAL, neutrophil

gelatinase-associated lipocalin; No., number of; RBP-4, retinol binding protein 4; SCr, serum creatinine; TIMP1, tissue inhibitor matrix metalloproteinase 1; TNFa, tumor necrosis factor alpha; UACR, urinary albumin-to-creatinine ratio.
“Total N represents the number of participants in which kidney injury biomarkers were measured. Some studies may have included additional participants in the design and measured kidney injury biomarkers in a subsample.
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rise in preshift urinary NGAL and a greater increase in
serum creatinine compared to a control group of pri-
marily office workers (n = 54).34 In Sri Lanka, agri-
cultural workers in CKDu-endemic regions reported
higher heat stress symptoms than agricultural workers
in nonendemic regions and nonagricultural controls
(n = 218); urinary NGAL was positively associated
with self-reported heat stress symptoms.”” However,
the authors note that the relationship was primarily
driven by a few participants with extreme NGAL
values and extreme heat stress symptoms.

Urinary NGAL has also been studied in relation to
specific agrochemical and environmental exposures. In
a cross-sectional study from Sri Lanka, investigators
found no significant association between urinary
NGAL and either urinary paraquat or glycophosphate
after adjusting for age, sex, and location (n = 210).”" I
another study from Mexico of aflatoxin exposure, there
was no significant association between urinary NGAL
and serum aflatoxin adducts (AFB,-Lysine) (n = 34).”
In 222 apparently healthy Guatemalan sugarcane
workers, urinary NGAL was positively associated with
urinary cadmium concentration but not arsenic, lead,
nickel, or uranium.’’ In children living in San Luis
Potosi, Mexico (a region with mining and industrial
activities), urinary NGAL was not associated with
urinary heavy metals (arsenic, chromium, or cadmium)
in multivariable models adjusting for clinical charac-
teristics and urine creatinine concentration (n = 83).”
Among adolescents in Sri Lanka, urinary fluoride
concentration was weakly associated with urinary
NGAL and not suggestive of a significant risk factor for
kidney injury (n = 922).”” Important limitations of
these studies include lack of biomarker normalization
to urinary creatinine concentration’ and lack of
adjustment for eGFR,“’g("38 because urine heavy metal
and agrochemicals can accumulate in the setting of
advanced kidney disease due to reduced clearance.
Normalization to 24-hour urinary creatinine concen-
tration is preferred in populations with advanced
kidney disease, though impractical. Additional limita-
tions of assessing agrochemical exposure in cross-
sectional studies are discussed in a recent review."’

Among Nicaraguan workers, urinary NGAL was
higher in participants with positive leukocyte esterase
on urine dipstick, suggesting that NGAL may be
neutrophil-derived after wurinary tract infections
(n = 200).41’42 In one study, higher urinary NGAL
levels were associated with greater self-reported uri-
nary symptoms, but only in the late harvest season,
which the authors hypothesized may be related to
increased crystalluria (n = 251)."' None of the partici-
pants who reported urinary symptoms and provided a
sample for culture had positive urine culture results.”’

n
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KIM-1

KIM-1 was identified as the gene most highly expressed
in the kidney after 24 to 48 hours of ischemia in rat
models.”” KIM-1 is a transmembrane glycoprotein
expressed primarily on the apical membrane of dedif-
ferentiated proximal tubular cells after ischemic or
toxic injury; KIM-1 is also expressed in renal cell car-
cinoma and at lower levels in the liver, spleen, and
lymphocytes; and in cochlear cells following cisplatin-
induced cochlear damage.”* After acute injury, KIM-1
functions as a phosphatidylserine receptor that con-
fers on tubular epithelial cells the ability to recognize
and phagocytose dead cells in the tubule.”” When
expressed chronically, KIM-1 appears to lead to pro-
gressive kidney inflammation and fibrosis through
activation of the innate immune system and leukocyte
recruitment.”

To date, urinary KIM-1 is the second most widely
studied kidney injury biomarker in CKDu and has been
measured in nearly 4300 participants (Figures 3 and 4).
One study established reference ranges for urinary
KIM-1 in apparently healthy adolescent populations in
CKDu-endemic regions of Nicaragua (n = 210).”° In
several, but not all, studies of healthy adolescents,
women had higher urinary KIM-1 concentration than
men'12,23,26

To date, 2 studies have measured urinary KIM-1
longitudinally. In a study of healthy Nicaraguan sug-
arcane workers, preshift urinary KIM-1 increased
significantly within the first week of the harvest sea-
son, and this group subsequently demonstrated
persistent decrease in eGFR over the study despite re-
turn of urinary KIM-1 to baseline levels (n = 54).”"
Another study of Nicaraguan sugarcane cutters strati-
fied the population between those who did and did not
experience a =0.3 mg/dl (26.5 [mol/dl) increase in
serum creatinine over the harvest season (n = 68)."
Urinary KIM-1 increased in those who experienced a
decline in kidney function, and remained unchanged in
others with stable kidney function.”’

In studies from Sri Lanka, urinary KIM-1 was higher
in patients with CKDu than both endemic and non-
endemic controls (n = 23»3),29 and also higher in
apparently healthy individuals across 5 different
occupational groups (n = 228).”” A third study found
similar urinary KIM-1 levels across sugarcane, vege-
table, and paddy farmers (n = 210).”" Not all studies
have found a difference in urinary KIM-1 between
cases and controls®® and, in 1 study, KIM-1 could not
differentiate CKDu cases from mnonendemic CKD
(n = 406).”" The divergent findings may be due to the
population sampled and study design, differences in
definition CKDu, or differences in the assays used to
measure KIM-1.
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Table 2. Biomarker values and estimated glomerular filtration rate (eGFR) in studies that included both CKDu cases and controls

Study

De Silva. PLOS Negl Trop
Dis, 2016%°

Ekanayake. Int J Environ
Res Publ Healfh,
2022%

Fernando. KIR, 2019°°

Nanayakkara. Environ
Health Prev Med,
2012%

Wanigasuriya. Ceylon
Med J, 2017

Siriwardhana. BMC
Nephrol, 2014%°

CKDu definition

Two values of UACR =30 mg/g in the
absence of prior glomerular disease,
pyelonephritis, nephrolithiasis, snake
bite, diabetes, HbAlc >6.5%, or HTN

(N=14)"
Clinically diagnosed with CKDu (N = 40)

Biopsy features consisfent with CKDu from
individuals living in a CKDu-endemic
area for = 5 years. Other causes of CKD
were excluded by clinical judgment (N =
75)

CKDu previously diagnosed through a
screening program (N = 106)

Fulfilled the diagnostic criteria for suspected
CKDu and had a SCr =2 mg/dl (N = 37)

Diagnosed as having CKDu by a
nephrologist. Known causes of CKD (e.g.,
glomerular disease, diabefes, longstanding
HTN, snake bite, leptospirosis, congenital

kidney disease, nephrolithiasis) were
excluded by clinical judgment. (N = 30)

Control group definition

Residence in a nonendemic area (N = 54)°

Factory workers from CKDu-endemic
regions (N = 33)°

Age- and sex-mafched residents of
nonendemic regions with no evidence of
kidney disease (N = 85)

Apparently healthy adults from the general
population of Kyoto, Japan (N = 50)°

Nonfarmer residenfs of a nonendemic area
(N = 40)°

Age-matched and sex-matched residents of
the same area; SCr <1.0 mg/dl, random
glucose <140 mg/dl, blood
pressure <120/80, and negative
proteinuria (N = 30)

Biomarker(s) studied

KIM-1 (ng/g)
NGAL (ug/g)

KIM-1 (ng/mg)
NGAL (ng/mg)

AIM (ng/g)
B2M (ng/g)

Cystatin ¢ (ng/g)
NGAL (ng/g)
OPN (ng/g)
RBP4 (ng/g)
KIM-1 (ng/g)

TIMP-1 (ng/g)
AIM (mg/g)

NAG (U/g)

Fibrinogen (ng/mg)
B2M (ng/mg)
Clusterin (ng/mg)
KIM-1 (pg/mg)
Cystatin ¢ (ng/mg)
B2M (ug/ml)

Biomarker concentration

eGFR (ml/min per 1.73 m?)

CKDu

64 + 11
24+06

5 [4-9]
22 [4-154]

870 [6473]
383 [1519]

4 [17]
20 [35]
68 [99]

478 [b51]
0.05 [0.08]
0.6 [1]
Overall sample
mean not reported®

Overall sample
mean not reported

20 [9-134]
4643 [249-15375]
372 [222-1587]
505 [346-1008]
681 [43-3650]
1.24 £ 0.71

Control CKDu
1.3+02 96.5+ 45
0.3 +0.03
2 [0.56-2] 20.0 [9.9-34.8]
2 [0.7-5]
54 [58.4] Not reported
48 [70] 42.7% with eGFR > 60
11[1]
3[6]
50 [40]
188 [200]
0.05 [0.06]
0.4 [0.8]
GM 0.6 + 6 Not reported
GM09 +4 28% with eGFR >60
6 [4-8] 235+ 1.2

118 [44-181]
836 [366-1525]
403 [311-672]

243 [96-362]

0.16 + 0.05 Not reported

Control

1100 £ 2.6

116.1 [108.4-131.3]

Not reported
98.8% with eGFR > 60

Not reported

76.1 +£8.3

Not reported

A1M, alpha-1-microglobulin; B2M, beta-2-microglobulin; CKDu, chronic kidney disease of uncertain etiology; eGFR, estimated glomerular filtration rate; GM, geometric mean; HbA1lc, hemoglobin Alc; HTN, hypertension; KIM-1, kidney injury molecule
1; NAG, N-acetyl-beta-D-glucosaminidase; NGAL, neutrophil gelatinase-associated lipocalin; RBP-4, retinol binding protein 4; SCr, serum creatinine; TIMP1, tissue inhibitor matrix metalloproteinase 1; UACR, urinary albumin-to-creatinine ratio.

*This study evaluated participants from 2 endemic and 2 nonendemic regions separately. Data are presented for 1 of the 2 groups for simplicity.

®This study included multiple occupational groups. Factory workers were selected as the representative control as they were the only nonagricultural occupation.
“This study also included healthy, nonaffected relatives as a control group, which is not presented in the table for simplicity.

This study provided mean biomarker concentration stratified by eGFR category only for those participants identified as having CKDu.
This study also included a sample of farmer controls, which are not presented in the table for simplicity.
Not all studies in the table employed a traditional case-control design. In some instances, case-control status was determined after receiving the test results of population-wide screening programs.
Values are reported as mean + SD or median [interquartile range].
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Urinary KIM-1 has also been studied in relation to
specific agrochemical and other environmental expo-
sures. In one study from Sri Lanka, investigators found
a correlation between urinary KIM-1 and levels of
urinary arsenic and mercury; differences in urinary
KIM-1 between CKDu cases and controls were not
statistically significant (n = 116)."" Similarly, in a small
pilot study of indigenous women from San Luis Potosi,
Mexico, urinary KIM-1 correlated with serum aflatoxin
adducts (AFB,-Lysine).”® Urinary KIM-1 was not asso-
ciated with urinary concentrations of paraquat or
glyphosate in healthy agricultural workers in Sri Lanka
(n = 210)’' and was minimally associated with urinary
fluoride concentration in Sri Lankan adolescents
(n = 922).””

Interleukin-18 (IL-18)

IL-18 is a systemic proinflammatory cytokine that ac-
tivates NFkB and interferon-y inflammatory cascades.
In the kidney, proximal tubular cells release IL-18 in
response to hypoxic injuryw and after tubular necro-
2% In rodent models, mice that lack the ability to
activate IL-18 sustained less severe tubular injury
following local hypoxia,52 and neutralizing IL-18
reduced tubular fibrosis following injury.’’

Urinary IL-18 has been studied across occupation
groups in CKDu-endemic regions. In a study of
Nicaraguan workers, change in urinary IL-18 over the
course of the harvest season was approximately 61%
higher in field workers than in nonfield workers;

sis
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however, increases in urinary IL-18 were not associated
with eGFR decline.”” Urinary IL-18 was consistently
higher in field workers than in nonfield workers,
though the difference between groups varied by spe-
cific job category (n = 284)." For example, more
physically demanding jobs were associated with higher
urinary IL-18 than those requiring less strenuous
manual labor. In another study of Nicaraguan workers,
urinary IL-18 was not consistently higher in agricul-
tural workers compared to nonagricultural workers
(n = 251)."! Workers reporting urinary symptoms and
with leukocyte esterase on urinalysis had higher uri-
nary IL-18 after adjusting for demographic and occu-
pational characteristics (n = 251)."' Highlighting the
importance of assay platforms in biomarker studies, 1
study among Nicaraguan sugarcane cutters using a
commercially available multiplex immunoassay system
was limited in examining IL-18 because 95% of values
measured in urine were below the lower limit of
detection (n = 68)."” Several studies have suggested sex
differences in urinary IL-18 in healthy adolescents
(women with higher IL-18 than men); however, the
clinical implications are not well understood.”*"*

Low-Molecular Weight Proteins Normally
Catabolized by the Tubules

The tubules catabolize many low-molecular weight
proteins that are filtered from the circulation across the
glomerulus.” Proximal tubular injury can lead to
impaired uptake and catabolism, resulting in tubular

Urinary Biomarkers in the CKDu Literature
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Figure 3. The total number of study participants in which novel urinary biomarkers have been measured in the setting of CKDu. These counts
include both healthy controls and suspected patients with CKDu who have undergone urinary biomarker testing. These data represent studies
published through January 2024. a1M, alpha-1-microglobulin; f2M, beta-2-microglobulin; CKDu, chronic kidney disease of uncertain etiology;
CysC, cystatin ¢; GST-7t, Glutathione-S-transferase pi; Hsp72, heat shock protein 72s; IL-18, interleukin 18; KIM-1, kidney injury molecule-1; L-
FABP, liver-fatty acid binding protein; MCP-1, monocyte chemoattractant protein-1; NAG, N-acetyl-beta-D-glucosaminidase; NGAL, neutrophil
gelatinase-associated lipocalin; OPN, osteopontin; RBP-4, retinal binding protein-4; TIMP-1, tissue inhibitor of metalloproteinase 1.

Kidney International Reports (2024) 9, 1614-1632
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Figure 4. Urinary concentration of (a) NGAL and (b) KIM-1 by case-control status reported in each study. Each marker represents the mean or
median biomarker concentration for the representative subgroup(s) in each study. To facilitate comparisons across normalized and non-
normalized values, values are shown in units of ng/g creatinine or either ng/L for KIM-1, and ng/mg or ng/ml for NGAL. Because approximate
urine output is 1L/d and approximate urine creatinine excretion is 1g/d, the units ng/g and ng/l are roughly comparable within an order of
magnitude. Data represented in this figure are compiled from the studies of adult populations listed in Supplementary Table S2. Figure created
in GraphPad Prism (v10.0.2). CKD, chronic kidney disease; CKDu, CKD of uncertain etiology; Cr, creatinine; KIM-1, kidney injury molecule 1;

NGAL, neutrophil gelatinase-associated lipocalin.

proteinuria.”” " Given the tubulointerstitial pattern of

injury in CKDu, elevations of these proteins in urine
may indicate early CKDu before detectable changes in
eGFR. It should be noted however that the CKDu
literature lacks longitudinal data to evaluate the role of
biomarkers in assessing disease progression.

Beta-2-microglobulin (B2M)
B2M is a component of major histocompatibility com-
plex class I molecules and circulates as an unbound
monomer. It is freely filtered at the glomerulus and
catabolized in the proximal tubule; both serum and
urine B2M have been measured in various clinical
settings, including kidney disease. Urinary B2M was
measured as an indicator of tubular dysfunction in
epidemiologic investigations of Itai-itai disease, the
name given to chronic cadmium poisoning of in-
dividuals residing in the Jinzu river basin region of
Japan in the 1930s from nearby mining activities.”®”’
In 2 small cohorts of patients in Sri Lanka, urinary
B2M was significantly higher in patients with CKDu
than in healthy controls (n = 116 and n = 90).">""
cross-sectional study from Sri Lanka in patients with
CKDu, nonendemic CKD, and controls from both
endemic and nonendemic regions (n = 406), B2M had
an AUC-ROC ranging between 0.696 and 0.852 in
comparisons across the groups.m

Ina

N-Acetyl-Beta-D-Glucosaminidase (NAG)

NAG is a lysosomal tubular enzyme that is elevated in
the urine after proximal tubular injury.61 Urinary
concentrations of NAG were measured in early studies

1624

of Itai-itai disease.”” Among sugarcane workers in
Nicaragua, those with the greatest increases in urinary
NAG over the harvest period also experienced a decline
in eGFR (n = 284).”” In a follow-up study of 251 of
these participants who responded to a symptom ques-
tionnaire, urinary NAG was associated with hematuria
and self-reported urinary symptoms.”'

Alpha-1-Microglobulin

Alpha-1-microglobulin is a low-molecular weight pro-
tein synthesized in the liver and catabolized by the
tubules after glomerular filtration; it was previously
measured in studies of Itai-itai disease.”® In a cross-
sectional study from Sri Lanka in patients with
CKDu, nonendemic CKD, and controls from both
endemic and nonendemic regions (n = 406), alpha-1-
microglobulin had the highest discriminatory capac-
ity in a panel of 8 biomarkers, with AUC-ROC values of
0.891 t0 0.914.° In a study of Sri Lankan adults (n =
237), healthy controls had the lowest levels of urinary
alpha-1-microglobulin and those with stage 3 clinical
CKDu had the highest concentrations.”” The interpre-
tation of these findings is limited by the small sample
size at each stage of CKD.

Retinol Binding Protein-4 (RBP-4)

RBP-4 is a lipocalin that is predominantly synthesized
by the liver and adipocytes and freely filtered and
catabolized by the tubules.”* A pilot study in Sri Lanka
assessed the diagnostic utility of RBP-4 in CKDu (n =
406). A panel of RBP-4, osteopontin (OPN), and KIM-1
distinguished patients with CKDu from nonendemic

Kidney International Reports (2024) 9, 1614-1632
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CKD (AUC-ROC, 0.976) but not endemic CKD from
nonendemic CKD.’" These results have not been repli-
cated in other CKDu populations. RBP-4 can also be
measured in the serum. In a study of 134 Sri Lankan
adults, serum RBP-4 was higher in those with CKDu
than in healthy controls but not different in other
forms of CKD.®”

Cystatin C (CysC)

CysC is a low-molecular weight protein in the cystatin
protease inhibitor family that is produced at a constant
rate by all nucleated cells.”” CysC is freely filtered and
typically catabolized by the proximal tubule. Serum CysC
is a marker of eGFR, whereas urinary CysC is a biomarker
of kidney injury. In healthy states, little to no CysC is
detectable in the urine. In the setting of kidney disease,
impaired proximal tubular catabolism of CysC can lead to
elevated urinary concentrations. Several studies have
measured urinary CysC in CKDu,’”**®” including 1 pe-
diatric study which sought to establish reference in-
tervals in healthy Sri Lankan children.”” In a study of Sri
Lankan adults, urinary CysC was unable to distinguish
between cases of CKDu and nonendemic CKD (ROC-AUC,
0.585) (n = 160).”” In women living in San Luis Potosi,
Mexico, urinary CysC was weakly correlated to serum
aflatoxin concentration (AFB,-Lysine) (n = 34).”°

Other Biomarkers of Injury, Inflammation, and
Repair

OPN

OPN is a matricellular protein that is primarily
expressed in the bone, kidney, and intestines, but can
be expressed in nearly every organ in response to
inflammation. In a mouse model, tubular OPN expres-
sion was upregulated in early CKD, before histologic
evidence of direct tubular injury.68 Kidney-released
OPN after acute ischemic injury has also been shown
to mediate cross-organ lung darnage.69 OPN has only
been measured in 1 CKDu study to date (n = 406).
Urinary OPN concentrations were higher in patients
with CKDu compared to nonendemic CKD and endemic
CKD in Sri Lanka.’” In isolation, OPN demonstrated
relatively low sensitivity and specificity for dis-
tinguishing CKDu from other forms of kidney disease,
with AUC-ROC values ranging from 0.586 to 0.756.

Monocyte Chemoattractant Protein-1 (MCP-1)
MCP-1 is a protein produced by epithelial cells, mac-
rophages, neutrophils, and endothelial cells in response
to proinflammatory cytokines. In the kidney, MCP-1 is
released by tubular epithelial cells and attracts mono-
cytes, T lymphocytes, natural killer cells, and tissue
macrophages to damaged tissue.”’

Both serum and urinary MCP-1 have been studied in
CKDu-endemic regions.””””' Among healthy Nicaraguan

Kidney International Reports (2024) 9, 1614-1632
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agricultural workers at risk for CKDu (n = 68), those
who experienced a >0.30 mg/dl (26.5 imol/dl) increase
in serum creatinine also exhibited rising urinary MCP-
1 across the harvest period.”’ Those whose kidney
function was unchanged had stable urinary MCP-1
concentrations.”’

Clusterin

Clusterin is a glycoprotein that is involved in inhibit-
ing the terminal complement cascade and may have an
antiapoptotic role in the kidney.”* In Sri Lanka, CKDu
cases had higher urinary clusterin concentration than
nonendemic controls; however, these patients were not
compared to nonendemic CKD (n = 117)."° In another
study, elevated urinary clusterin was not associated
with incident kidney injury in Nicaraguan sugarcane
workers (n = 68); however, 65% of the samples were
below the limit of detection.”’

Other Biomarkers Studied in CKDu

Urinary biomarkers with just 1 publication to date
include glutathione-S-transferase 7 (a distal tubular
marker),”’ tissue inhibitor of metalloproteinase-1 (a
glycoprotein),”” YKL-40 (a glycoprotein that modulates
the extracellular matrix),”® calbindin (a calcium binding
protein),”” heat shock protein 72 (a stress-inducible
protein chaperone),”” fibrinogen (an acute phase pro-
tein involved in hemostasis),"® and liver-fatty acid
binding protein (a cytosolic lipid binding protein).”’
Longitudinal data are lacking to support the associa-
tions between these biomarkers and CKDu progression
or incidence. A brief review of biomarkers not yet
studied in CKDu which may be considered for future
studies is included in the Supplementary Materials.

METHODOLOGICAL LIMITATIONS OF THE
EXISTING EVIDENCE AND

RECOMMENDATIONS FOR FUTURE
BIOMARKER STUDIES IN CKDu

Important methodological considerations and rec-
ommendations for future biomarker studies in CKDu
are outlined in Table 3 and discussed in further
detail below. In Table 2, we summarize differences
in biomarker concentrations between CKDu cases
and controls in the context of different study pop-
ulations and methodologies. In Supplementary
Table SI, we summarize the few longitudinal
studies of kidney injury biomarkers identified in the
CKDu literature.

Biomarker studies in CKDu are heterogeneous across
all aspects of study design, participant selection, lab-
oratory methodology, field collection protocols, and
statistical analysis. In case-control studies, the defini-
tion of CKDu can vary by including (or not) individuals
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Table 3. Recommendations for future studies

SE Claudel et al.: Biomarkers in CKDu

Important considerations

Methodology

Choice of comparator group for CKDu biomarker studies using a
case-confrol design

Exclusion of individuals in the CKDu affected group who have
alternative possible explanations for kidney disease

Outcomes data

Assessment of kidney function

Environmental exposure quantification

Quality confrol merics

Statistical methods
Adjustment or stratification

Normalization of biomarker concenfrations

Power calculations

Common divisor for urine biomarkers

Comparisons of biomarker levels in CKDu vs. healthy confrols

Reporting
CKDu definition

Sampling fechnique for biospecimens

Reporting of descriptive data

Recommendations

Comparisons of kidney biomarker values in CKDu versus other groups should consider potential differences in

kidney function between groups, because GFR may influence blood or urine levels of injury markers independent of

CKDu status. Similarly, investigations of environmental exposures and biomarkers should include a comparator
group with similar kidney function for the same reason.

CKDu is typically a diagnosis of exclusion. Factors that may lead fo errors in disease classification include diabetes
mellitus, severe hypertension preceding CKDu diagnosis, heavy profeinuria, and hematuria. To reduce
confounding, strategies such as exclusion of individuals with comorbidities, stafistical adjustment for these factors,
and strafified analyses can increase confidence that results are representative of CKDu.

Longitudinal follow-up fo ascertain kidney disease progression, regression, or stability will add insight into the
utility of biomarker measurements in CKDu.

The optimal fest(s) to estimate GFR in CKDu studies is sfill unclear. Most studies have ufilized serum creatinine and
others may begin tfo incorporate cystatin C. Measurements performed in reference laboratories would be ideal to
allow inferstudy comparisons. Assessing albuminuria quantitatively may also aid future studies of CKDu.

Use of quantifiable exposure data, such as wet-bulb globe measured tfemperature and laboratories with validated
methods for measuring chemical levels in environmental samples or chemical metabolites in biologic samples can
improve inferstudy comparability of environmental exposures.

Quality confrol mefrics include coefficients of variation, ideally from blind split replicafes. In sfudies comparing
biomarker values across groups, measurement of samples in batches by disease stafus or site can infroduce
“bafch effects” that lead to spurious differences; inclusion of bridging samples or randomly distributing samples
across plates can help minimize baich effects.

Directed acyclic graphs can be used to aid investigators in determining the appropriate method and variables fo

include fo minimize bias. Plausible confounders could include age, sex, eGFR, durafion of exposure to suspected

causal agent(s) but will vary based on sfudy design. Stratification can be used fo assess heferogeneity of effect by
prespecified, hypothesis-driven subgroups.

Urine concentration can range over 2 orders of magnitude, resulting in large differences in biomarker concentration

due to water infake or dehydration. Adjustment for urinary creatinine can account for differences in urine volume.

Additional adjustments have also been proposed to account for other variables that may influence urine creatinine
concentration. %

Null findings in biomarker studies may be due to insufficient statistical power. Power should be considered in early
phases of study design and power calculations should be transparently reported in publications to guide other
researchers.

Urine biomarkers are often reported as a rafio fo urine creatinine to account for urinary volume and concentration.
Correlating the levels of 2 biomarkers in the urine (e.g., UKIM-1/UCr and UACR; or urinary metal concentration
(normalized to UCr) and UKIM-1/UCr) infroduces a spurious correlation because of the common divisor, UCr. The
likely extent of the spurious correlation can be estimated using variances of the 2 numerators.%%-5¢
Because of the large potential effect of impaired glomerular filtration rate on kidney biomarker concentrations in the
urine or blood, levels may differ between CKDu and healthy confrols due fo kidney function rather than CKDu itself.
Selecting appropriafe comparison groups with overlapping levels of kidney funcfion can allow for stafistical
adjustment of kidney function.

The optimal definition of CKDu for epidemiologic research is not known and locally accepted criferia can vary within
geographic regions. Describing the specific clinical criteria used to determine participants” CKDu sfatus allows for
interstudy comparisons.

Describe defails of biologic sample collection and processing, which include factors such as timing of urine or
blood collection, time and temperature before centrifugation, and time to refrigeration or freezing. Quality confrol
information should also be reported for both biologic specimens and environmental samples.
Comprehensive reporting of key descripfive data (e.g., minimum, maximum, measures of ceniral fendency,
variance) can improve the ability of future investigators fo perform high quality systematic reviews.**

CKDu, chronic kidney disease of uncertain etiology; eGFR, estimated glomerular filtration rate; UACR, urinary albumin to creatinine ratio; UCr, urinary creatinine; UKIM-1, urinary kidney

injury molecule-1.

with hypertension or heavy proteinuria.
studies of CKDu include patients with traditional CKD
risk factors, including diabetes or moderate-to-heavy
proteinuria (urinary albumin-to-creatinine ratio >
1000 mg/g). Methods for specimen collection are also
variable (e.g., random spot urine or morning void),
which can limit comparison of biomarker levels across
studies. Identifying appropriate control groups that
arise from the same source population as cases and are
sampled independently of exposure is also challenging
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Several pragmatically, and several studies included suboptimal
control groups for this reason.

Standardization of collection procedures and labora-
tory methodology is essential in kidney biomarker
research because it increases the reliability, compara-
bility, and reproducibility of study findings. Interassay
differences and batch effects are a major source vari-
ability.”*”” It is not possible to directly compare absolute
biomarker values across studies using different assays.
Preanalytical factors are also critical and not always
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reported or standardized across studies.”” The complex
logistics of transporting samples from remote field sites
to central laboratories, first in-country and then to ana-
lytic laboratories in other countries such as the United
States, also introduces multiple opportunities for tem-
perature excursions that may compromise sample
integrity and lead to measurement error.””””®
studies have shown that hemolysis impacts NGAL assay
accuracy, for example.79’80 This is particularly relevant
to CKDu studies conducted at field sites, where me-
chanical agitation of blood specimens during trans-
portation to the laboratory may introduce hemolysis. As
an illustration of the variability across studies in
biomarker levels, in Figure 4, we show published urine
NGAL and KIM-1 concentrations across multiple studies
and highlight the wide range of concentrations reported.
Postanalytical methodologic variability is also common
in the CKDu literature, particularly surrounding stan-
dardization of biomarkers to urinary creatinine®' ** and
the potential for spurious associations with environ-
mental exposures due to a common divisor (urinary
creatinine).””*

Future studies will benefit from consistently
reporting information that would allow for quantitative
synthesis of the associations between biomarkers and
kidney function in CKDu. These factors include pre-
analytic details (e.g., urine sample collection proced-
ures, power analysis, as well as comprehensive clinical
and demographic information of study participants),
analytic details (e.g., assay selection and quality con-
trol), and postanalytical practices (e.g., selection of
eGFR estimating equation and inclusion of confounders
in regression modeling), along with a clearly defined
case definition for CKDu. Understanding more fully the
study population and procedures may facilitate greater
quantitative comparisons than were possible in this

Previous
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manuscript (e.g., pooled effect estimates and formal
tests of heterogeneity).

APPLICABILITY OF BIOMARKERS TO CKDu IN

THE ABSENCE OF A GOLD STANDARD
DIAGNOSIS AND FUTURE DIRECTIONS

Biomarkers can be used for multiple applications and
contexts, as described in the FDA-NIH Biomarker
Working Group’s “BEST (Biomarkers, EndpointS, and
other Tools) Resource.”®’ Categories for biomarkers
include diagnostic, monitoring, pharmacodynamic,
predictive, prognostic, safety, and susceptibility.
Because longitudinal studies clarify the relationship
between biomarkers and trajectories of kidney function
in CKDu, biomarkers could be used for diseased activity
monitoring and prognostication. In Table 4, we present
examples of how CKDu biomarkers could be used in the
future, adopting the framework of the BEST Glossary.

The lack of a readily available gold standard diag-
nosis makes biomarker validation studies challenging
in CKDu because misclassification of disease status can
distort the apparent performance characteristics of a
biomarker under investigation; for example, a young
individual with eGFR of 90 ml/min per 1.73 m’ may
have suffered significant kidney injury and have been
exposed to the cause(s) of CKDu but not manifest the
disease by the current standard definition, because of
renal functional reserve and the high baseline eGFR of
young healthy individuals. If a biomarker is measured
in such an individual and found to be high, classifying
the measurement as a false positive would be a misin-
terpretation. Investigators evaluating biomarker con-
centrations in the setting of case-control or cross-
sectional study designs should be aware of this po-
tential pitfall and use multiple complementary analytic

Table 4. Application of the NIH-FDA BEST (Biomarker, EndpointS, and other Tools) framework to CKDu biomarkers

Biomarker type Definition

Diagnostic biomarker

Monitoring/response biomarker

Predictive biomarker

A biomarker used to defect or confirm presence of a disease or condition of interest or fo
identify individuals with a subtype of the disease.

A biomarker measured repeatedly for assessing status of a disease or medical condition
or for evidence of exposure fo (or effect of) a medical product or an environmental agent.

A biomarker used to identify individuals who are more likely than similar individuals

Example of use in CKDu

Community screening in conjunction with standard
measures of kidney function fo identify subclinical
disease
Serial moniforing in high-risk occupations or geographic
regions to identify subclinical injury
Preoccupational screening

without the biomarker fo experience a favorable or unfavorable effect from exposure fo a
medical product or an environmental agent.

Prognostic biomarker

Safety biomarker

A biomarker used to identify likelihood of a clinical event, disease recurrence or
progression in patients who have the disease or medical condition of inferest.

A biomarker measured before or after an exposure to a medical product or an

Predicting risk of progression to kidney failure; selection
of individuals for closer clinical monitoring

Preoccupational screening

environmental agent to indicate the likelihood, presence, or extent of foxicity as an

adverse effect.
Susceptibility/risk biomarker

condition.

A biomarker that indicates the potential for developing a disease or medical condition in
an individual who does not currently have clinically apparent disease or the medical

Preoccupational screening; community screening to
identify subclinical disease

CKDu, chronic kidney disease of uncertain etiology; eGFR, estimated glomerular filtration rate; UCr, urinary creatinine; UKIM-1, urinary kidney injury molecule-1.
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approaches to overcome the limitations of such study
designs.

The NIH-funded Chronic Kidney Diseases of Un-
ceRtain Etiology (CKDu) in Agricultural Communities
(CURE) Research Consortium (CURE)* was initiated
to enable discovery science to understand CKDu eti-
ology.”””' CURE has planned a prospective cohort
study involving individuals across the spectrum of
kidney function at risk for CKDu.**”" This interna-
tional research consortium offers an important op-
portunity to evaluate the role of kidney injury
biomarkers in defining CKDu, as well as accumulate
evidence on how CKDu may be diagnosed in earlier
stages.

CONCLUSION

The evidence base, to date, on biomarkers of CKDu is
still premature but growing. No biomarker(s) have yet
been shown to serve as a sufficiently sensitive and
specific marker to diagnose CKDu or its antecedent
exposures. Larger studies with comprehensive expo-
sure assessment, longitudinal follow-up, and biopsies
for diagnosis will substantially accelerate progress in
the study of CKDu biomarkers and facilitate public
health approaches that eventually lead to its prevention
and elimination.
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