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Hermine Agis*, Alice Schmidt', Ludwig Wagner', Nelson Leung® and Wolfgang Winnicki’

" Department of Medicine Ill, Division of Nephrology and Dialysis, Medical University of Vienna, Vienna, Austria, 2 School of
Biomolecular & Biomedical Science, University College Dublin, Dublin, Ireland, ° BiOrbic Bioeconomy Research Centre,
University College Dublin, Dublin, Ireland, * Department of Medicine I, Division of Oncology, Medical University of Vienna,
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Overproduction of human light chains (LCs) and immunoglobulins can result in various
forms of renal disease such as cast nephropathy, monoclonal immunoglobulin deposition
disease, LC proximal tubulopathy, AL amyloidosis, and crystal storing histiocytosis.
This is caused by cellular uptake of LCs and overwhelmed intracellular transport and
degradation in patients with high urine LC concentrations. LC kappa and lambda
purification was evaluated by sodium dodecyl sulfate gel electrophoresis. LC and
myeloma protein binding to immobilized renal proteins was measured by enzyme-linked
immunosorbent assay (ELISA). The human protein microarray (HuProt™) was screened
with purified kappa and lambda LC. Identified LC partners were subsequently analyzed
in silico for renal expression sites using protein databases, Human Protein Atlas, UniProt,
and Bgee. Binding of urinary LCs and immunoglobulins to immobilized whole renal
proteins from 22 patients with myeloma or plasma cell dyscrasia was shown by ELISA.
Forty lambda and 23 kappa interaction partners were identified from HuProt™ array
screens, of which 21 were shared interactors. Among the total of 42 interactors,
12 represented cell surface proteins. Lambda binding signals were approximately
40% higher than kappa signals. LC interaction with renal cells and disease-causing
pathologies are more complex than previously thought. It involves an extended spectrum
of proteins expressed throughout the nephron, and their identification has been enabled
by recently developed methods of protein analysis such as protein microarray screening.
Further biochemical studies on interacting proteins are warranted to elucidate their
clinical relevance.

Keywords: amyloidosis, multiple myeloma, light chains, light chain associated kidney disorders, monoclonal
gammopathy, protein micro array analysis

INTRODUCTION

The most frequent multiple myeloma-associated renal lesion is cast nephropathy (1, 2). This
pathological entity is assumed to develop by precipitation of monoclonal free light chains (LCs)
associated with uromodulin (3, 4). Cast nephropathy can also be associated with other renal
lesions such as monoclonal immunoglobulin deposition disease, LC proximal tubulopathy, AL
amyloidosis, and crystal storing histiocytosis (2). Thereby all parts of the nephron can be
affected (5). The topology of manifestation is specific to the type and physicochemical properties
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of the secreted paraprotein (6). In addition to an increased
presence of LCs in urine, other factors such as a reduction
in tubular flow or an increase in urine salt concentration
and the intake of non-steroidal anti-inflammatory drugs (7)
can negatively influence cast formation. Pharmacotherapeutic
attempts have been performed to improve the outcome in cast
nephropathy through modulation of urine pH (8). Also, an
approach with intravenous application of a cyclic peptide to
inhibit LC aggregation showed promising results in animals (9).

It is well-documented that in healthy individuals LCs appear
in primary urine, but are reabsorbed by the proximal tubule
through cubilin and megalin according to earlier experiments
(10, 11). When the clonal disorder progresses with increasing
monoclonal LC production, the reabsorption rate in the proximal
tubule is overwhelmed, causing high urine concentration in
the distal tubule and LC aggregation and precipitation. The
impairment of urine flow in the tubule is not the only
issue. Moreover, there is an interaction with tubular cell
surface proteins and LCs. This protein binding induces an
altered protein expression (12) and an inflammatory reaction
leading to interstitial inflammation and consequently to a cast
nephropathy-associated interstitial nephritis (13).

Several research reports documented that cast formation can
also occur through other mechanisms than monoclonal LCs such
as by the antibiotic vancomycin (14) and high concentration
of bile salts (15). In this work, we concentrate on LCs, and
it is of note that in particular the lambda LC tends to form
oligomers (16). LCs from their nature should associate with heavy
chains to form immunoglobulins. From this line of thought, it
is evident that LCs, when present in high concentration, find
various interaction partners even with cell surface proteins of
tubular cells. Motivated by the work of previous authors, we
immobilized whole renal cell protein lysate on enzyme-linked
immunosorbent assay (ELISA) plates and investigated binding
intensities of urinary excreted LCs/immunoglobulins obtained
from patients with multiple myeloma and controls. To obtain
more detailed data on specific binding partners, we purified
urinary monoclonal LC kappa and lambda and sought for ways
to investigate their interaction potential with renal tubular cell
proteins. For this purpose, protein microarrays with 23,000
proteins originating from 16,000 human genes were screened
with either purified kappa or lambda LCs. In addition, protein
databases, the Human Protein Atlas, UniProt, and Bgee were
studied to verify the primary structure and to identify the site and
extent of expression in the renal tissue and nephron.

MATERIALS AND METHODS

Urine samples from 22 patients treated at the hematology
outpatient unit for multiple myeloma or plasma cell dyscrasia
were available for analysis in this study. In addition, urine
samples from four patients with acute kidney injury due to
delayed graft function after renal transplantation and from two
healthy individuals were used as controls. Urine obtained from
two patients with monoclonal LC excretion and cast nephropathy
was chosen for LC purification. The study was approved by

the ethics committee of the Medical University of Vienna (EK
2193/2015). All patients were adults older than 18 years and
provided written informed consent.

Patient Characteristics

Patient characteristics including hematological classification and
renal histology are listed in Table 1. The two patients with
monoclonal LC excretion and cast nephropathy selected for LC
purification had the following histological results.

Patient With LC Kappa

The male patient had a fine-needle biopsy of the kidney,
which showed multiple tubular casts with immunohistochemical
reactivity to kappa LC-specific antibodies, conversely negative
for lambda LCs. Peritubular inflammatory reaction with
mononuclear leukocyte infiltration and interstitial fibrosis, as
well as atrophy of tubular cells, was characterized. Glomerular
structure was without evidence of pathology; especially no
LC deposits were present. This was confirmed by electron
microscopy showing no evidence of fibrillary deposit structures.

Patient With LC Lambda

The male patient with lambda LC had a bone biopsy performed,
but no kidney biopsy due to a deranged coagulation status
and poor general condition. In urinary sediment cytoslides,
a remarkable number of LC casts (five casts per optical
field) were visualized. The individual LC casts were collected
under microscope observation and were subjected to mass
spectrometry. Results of these date were published recently (16).

Urine Collection

Clean-catch urine was collected in sterile containers and
immediately centrifuged at 3,000 revolutions/min (RPM) for
10 min. Precleared urine was frozen in 3.5-mL aliquots at —80°C
for further analysis.

LC Purification
Precleared urine was treated with saturated ammonium sulfate

solution. In brief, urine was mixed with equal volume of
saturated ammonium sulfate solution at room temperature.
The resultant mixture turned opaque and was transferred into
ultracentrifuge tubes (polycarbonate, Prod# 343778; Beckman
Coulter) and fitted into the TLA120.2 rotor of an Optima™
MAX-XP ultracentrifuge. Following 1-h centrifugation at 40,000
RPM = 69,000g, the supernatant was separated from the pellet.
The pellet was redissolved in 1/2 phosphate-buffered saline
(PBS) immediately. The redissolved protein was loaded onto
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and run under non-reducing conditions using
TRIS-glycine-SDS as running buffer. The resultant gel was
stained by Coomassie blue, followed by destaining in order to
visualize LC oligomeric or monomeric structures.

The recovered LC protein was dialyzed in slide dialyzers
(Slide-A-Lyzer Dialysis Cassette, Prod# 66330, Thermo
Scientific) against PBS at 4°C for 48h with two changes of
the PBS dialysis buffer. These LCs were subsequently used for
protein array screening.
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TABLE 1 | Demographics of patients with monoclonal gammopathy and paraproteins.

ID Age Gender LC sCr U[P/C] Hematological classification Renal histology Disease duration
1 78 m N 1.03 49 MM n.a. 10
2 71 f K 1.07 194 MGUS n.a. 5
3 82 f K 0.90 256 MM n.a. 3
4 81 f IS 0.97 659 AL amyloidosis n.a. 3
5 88 f K 1.15 1 MGRS n.a. 6
6 50 m K 1.34 214 MM n.a. 1
7 69 m K 0.99 115 MGUS n.a. 7
8 81 f IS 0.72 58 MM n.a. 10
9 70 f N 1.1 112 MGRS LCPT 1
10 77 f s 0.64 81 MM n.a. 10
11 60 m s 1.07 115 MM n.a. 2
12 79 m IS 2.69 460 MGRS FGN 2
13 64 f K 0.90 274 MM n.a. 6
14 75 m N 0.79 245 MM n.a. 6
15 84 m K 1.94 283 MM n.a. 9
16 69 m IS 0.66 1 MGUS n.a. 6
17 81 m K 0.86 118 MM n.a. 1
18 79 m s 1.05 228 MM n.a. 1
19 77 m N 2.43 1714 MM PGNMID 4
20 78 m 2.90 1091 MGRS no pathology 6
21 85 f s 0.91 254 MM n.a. 28
22 73 m K 0.97 54 MM n.a. 2

LC, light chain; '\, lambda light chain; k, kappa light chain; FGN, monotypic fibrillary glomerulonephritis; LCPT, light-chain proximal tubulopathy; MGRS, monoclonal gammopathy with
renal significance; MGUS, monoclonal gammopathy with undefined significance; MM, multiple myeloma; n.a., not available; PGNMID, proliferative glomerulonephritis and monoclonal
immunoglobulin deposits; U[P/C], urinary protein/creatinine ratio given in mg/g; sCr, serum creatinine given in mg/dL after 1-year follow-up. Disease duration is given in years.

LC Binding to Renal Proteins Immobilized
on ELISA Plates

Two hundred milligrams of human renal tissue was homogenized
in 1x tissue lysis buffer (Prod# 9803, Cell Signaling) containing
protease inhibitors (cOmplete tablets, Mini EASYpack, Prod#
04693124001, Roche). The tissue lysis was carried out in a
Precellys 24 lysis and homogenization machine. Precleared lysate
was diluted in PBS (1:1) containing protease inhibitors such
as above, and 100 pL was applied to each well of a 96-
well flat-bottomed ELISA plate for coating at 4°C overnight.
Following a blocking procedure with 1x blocking solution
(Prod# 50-61-01, KPL) for 1h, urine samples were prepared.
Urine samples were diluted 1:6 in PBS and incubated at 37°C for
1 h. ELISA plate washing was carried out with tween phosphate
buffered saline (TPBS) on an automated ELISA washing machine
applying 300-pwL wash solution to each well in three cycles.
For development of LC/immunoglobulin binding, rabbit anti-
human immunoglobulin and LC-specific antibody (PO212,
Dako), diluted 1:1,250 in 1x RayBiotech buffer (EL-ITEME2),
was incubated for 1h at 37°C. Following the second washing
procedure using TPBS and the automated ELISA washing
machine, the LC/immunoglobulin binding was developed using
the dual-component peroxidase substrate solution (Prod# 50-
65-00 and 50-76-01, KPL). The resultant signal was stopped by
adding 50 pL of 2N HCI, and signals were quantitated by an
ELISA reader at 450 nm. Sample and control measurements were
carried out in triplicate.

Protein Array Screening

Human protein microarrays (HuProt™, Human Proteome
Microarrays, Cambridge Protein Arrays) were screened at 4°C.
Arrays were blocked in 5% human serum albumin (wt/vol) in
Tris-buffered saline, 0.1% Tween (TBST), for 60 min followed
by incubation with either purified LC protein at 1 wM for 1.5h.
Samples were applied to the microarray surface and a coverslip
placed on the sample. After incubation, the microarray was
washed for 5 x 2min in TBST. Alexa Fluor 642 polyclonal goat
anti-human heavy chain- and LC-specific secondary antibody
(A21445, Invitrogen), diluted in 5% human serum albumin,
was then incubated on the microarray at a concentration
of 1pg/mL for 60min prior to further washing for 5 x
2min in TBST, rinsing in deionized water, and drying by
spinning in a centrifuge at 250¢ for 3 min. The microarrays
were imaged on a Genepix 4000B scanner (Axon Instruments).
The PMT gain settings were set at 450 for the 635-nm laser
with a focus position of 10pum. A lot-specific gal-file was
used to develop.gpr result files from the array scans, and
these files were analyzed with a software script developed
in house.

Software and Statistical Analysis of
Microarray Data

A python script called MicroarraySF was written to statistically
analyze the .gpr files. The resulting files contained the calculated
total fluorescence (the F635 median minus the background from
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FIGURE 1 | Immunoglobulin/LC binding to immobilized renal whole-cell lysate. Urine of 22 patients with multiple myeloma and plasma cell dyscrasia was incubated in
ELISA plates, coated with whole-cell renal lysate, and compared with urine of four patients with renal reperfusion injury (DGF, delayed graft function, red), transplant
nephropathy (TNP, red), acute kidney injury (AKI, red), and two healthy controls (CO, green). All experiments were carried out in triplicates. Demographics of patients
with multiple myeloma or plasma cell dyscrasia are given in Table 1.

the B635 median), as well as the Z scores for each protein. A
signal-to-noise ratio cutoft of two was imposed, and a Z score
cutoft of three was used, as reported previously (17). Flagged
proteins with a value of <0 were also filtered out. The output
file contained only the proteins that met the parameters and gave
new statistical information such as the Z scores calculated from
the F635 median value.

Data management and data analysis were conducted by
GraphPad Prism (GraphPad Prism version 7.00 for Windows,
GraphPad Software), as well as Microsoft Excel (Microsoft).
A linear regression model was deployed to analyze the
association between LC binding intensity and serum creatinine
as renal function parameter at 1-year follow-up. The regression
coeflicient is reported with 95% confidence intervals, and a two-
sided p < 0.05 was considered significant.

Preparation of LC Affinity Columns and

Renal Protein Affinity Chromatography

The redissolved LCs were dialyzed against PBS at 4°C for 3 days
applying three changes of dialysis fluid (PBS). Following swelling
and washing CNBr-activated Sepharose 4B with 1 mM HCI, the
LC protein was mixed with 1.5mL gel in stopped disposable
column container and rotated for 1h at room temperature.
The column was washed with PBS buffer and exposed to 1M
ethanolamine, pH 8.0, for 2 h. Following the blocking procedure,
the column was mock eluted with elution buffer (50 mM glycine,
0.15M NaCl, 0.1% Tween 20, pH 2.7). Before protein binding, the
column was washed with PBS.

Renal whole-cell lysate was precleared by centrifugation at
13,000¢ for 10 min at 4°C, filtered through a 0.22-pm filter, and
loaded onto the columns, followed by rotation of the column
devices at room temperature for 1h. The column was washed
with 10 column volumes of PBS followed by 10 column volumes
of TPBS and then eluted with elution buffer as indicated above in
a stepwise mode using 100 L for collecting in separated tubes.

Twenty microliters of each fraction was then loaded onto
a 12% SDS-PAGE gel and run under denaturing conditions.
Following the entrance of the loaded protein by 1cm into
the resolving gel, the electrophoresis was stopped, and the gel
was stained by Coomassie blue. After destaining, the protein-
containing parts of the lane were cut out of each gel separately
for kappa and lambda and submitted to proteomics digestion and
peptide mass spectrometry.

Peptide Mass Spectrometry

The procedure was essentially carried out as indicated in
earlier work (16). In brief, following trypsin digestion, peptides
were further cleaned using a C18 column and then injected
into the UltiMate 3000 RSLC nano HPLC (Thermo Fisher
Scientific). This HPLC system is linked to a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific) using a Proxeon
Nanospray source (Thermo Fisher Scientific).

RESULTS

Multiple myeloma is a common cause for various renal diseases,
and a high percentage of affected patients show signs of renal
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FIGURE 2 | Association between immunoglobulin/LC binding to renal
whole-cell lysate by ELISA and serum creatinine after 1-year follow-up. A
significant association between immunoglobulin/LC binding intensity and the
serum creatinine after 12 months (p < 0.0001, n = 22) was shown. Binding
intensity was measured by photometrical density (OD 450 nm).

impairment (1, 18). For this reason, patients with monoclonal
gammopathies were selected from the myeloma outpatient clinic
who showed different extents of protein excretion, with some of
them showing signs of renal impairment. Demographic data of
study patients are given in Table 1.

We examined whether the secreted myeloma protein LCs
would bind to immobilized renal whole-cell protein on ELISA
plates. As depicted in Figure 1, the extent of LC/immunoglobulin
binding of patients with multiple myeloma or plasma cell
dyscrasia was evaluated and compared with control patients
(patients with ischemic-reperfusion injury following renal
transplantation as well as healthy subjects). The extent of
LC/immunoglobulin binding to renal whole-cell lysates varied
among multiple myeloma patients and was found similar to the
extent of patients suffering from renal reperfusion injury who
also secrete LCs and immunoglobulins due to damage of the
glomerular filtration barrier components.

To analyze whether the intensity of in vitro
immunoglobulin/LC binding would allow prediction of the
impact on progressive renal dysfunction, a linear regression
analysis was performed. Hereby, a significant association
between LC binding intensity to renal whole-cell lysate in the
ELISA, measured by photometrical density at OD 450 nm, and
serum creatinine after a 1-year follow-up was detected, R = 0.737
(95% confidence interval, 0.457-0.884; p = 0.0001) (Figure 2).

Protein folding as well as interprotein binding and aggregation
is assumed to be involved in the pathomechanism of cast
formation, intracellular LC deposition, and amyloid formation
in paraprotein-associated renal disease. Of particular interest
is cast nephropathy, as it represents the most frequently
observed manifestation of such disorder in multiple myeloma (1).
Therefore, the monoclonal LC kappa and lambda were purified
from urine of patients presenting with acute kidney injury due

———e——

kDa
-
-
50-» . dimer
- L}
25- ““ monomer
-
- - -

kappa
lambda

FIGURE 3 | SDS-PAGE gel analysis of purified urine light chains kappa and
lambda. Dimers and monomers as well as fragments of LCs are indicated at
the right lane. The protein molecular weight marker is indicated on the left lane
separated from the other part of the gel. The gel was stained by Coomassie
blue following electrophoresis using TRIS-glycine-SDS running buffer. This
experiment represents one out of two.

19 21 2

kappa

lambda

FIGURE 4 | Venn diagram of kappa and lambda overlapping stains. The
lambda light chain interacted with 40 individual proteins and the kappa LC with
23 proteins. Of the total of 42 proteins, 21 interacted with both LCs.

to cast nephropathy. Its grade of purification was visualized by
SDS-PAGE (Figure 3).

Using these purified LCs, the protein array HuProt™
was screened with equal concentration of lambda and
kappa protein each on separate arrays. As demonstrated in
Supplementary Figure 1, the lambda LC binding signals were
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TABLE 2 | Localization and expression of proteins interacting with both kappa and lambda light chain.

Cell surface protein Intracellular protein

Renal expression score

Nephron tubule expression score Interacting light chain

C1QTNF2 64.79
CCNG1 99.18

CYATH n.a.
DIXDC1 85.59
FAM160B2 97.55
GDPD5 79.12
KCNABH 72.78
LPAR4 84.89
PARS2 78.19
PCSK7 89.41
PPP2R5D 91.08
QDPR 98.49
RNF7 97.33
SCLT1 92.75
SIRPB1 71.03
SNX33 84.09
TMEM106B 98.45
TMEM116 90.93
TRGCH 68.89
VRK2 86.66
ZADH2 89.07

n.a. hand k
99.48 hand k
n.a. »and k
81.60 »and k
62.70 hand k
n.a. hand k
53.25 hand k
n.a. hand k
n.a. hand k
74.10 hand k
78.49 hand k
89.84 hand k
91.09 »and k
n.a. »and k
n.a. »and k
n.a. hand k
90.42 hand k
n.a. hand k
n.a. hand k
73.99 hand k
n.a. hand k

Kappa and lambda LC interaction proteins were categorized for membrane domain containing cell surface or intracellular/cytoplasmic localization (according to the Human Protein Atlas
and UniProt database). Renal expression was ascertained and the expression score for adult kidney as well as nephron tubule was extracted from the Bgee database (n.a. = data not

available). Detailed protein names are listed in Supplementary Table 1.

approximately 40% higher at most of the significant interaction
partner proteins when compared with kappa signals.

In the protein array, a total of 40 interaction proteins were
identified in lambda screens. The number of kappa LC interacting
proteins was lower (in total 23), whereas 21 interactors were
binding to both lambda and kappa LCs (Figure 4, Tables 2, 3).

In order to evaluate the potential disease relevance of LC
interactors, their subcellular localization and renal expression
were verified by database mining such as the Human Protein
Atlas and UniProt. The numeric kidney and nephron tubule
expression extent was extracted from the Bgee database (Tables 2,
3). Eight of the kappa and lambda interactors were surface
proteins composed of transmembrane domains and verified cell
surface structures.

A short functional description of each of the proteins
interacting with the two LC subtypes kappa and lambda and
a statement about their potential physiological function and
involvement in the pathology of tubular epithelial cells is given
in Supplementary Data 1.

Lambda Binding Partners

Of the HuProt™ array that identified 42 LC binding proteins,
19 proteins were found to solely bind to the lambda type
LC. Four of them were cell surface proteins (first column of
Table 3), with two (ZDHHC5, ECHDC1) being highly expressed
in the kidney (expression score >94). Of particular note is the
voltage-gated potassium channel subunit beta-2 (KCNAB2), a

plasma membrane protein also highly expressed in the kidney
(expression score >94) that functions at the cytoplasmic side of
cell surface channels and is involved in ion transport.

Kappa Binding Partners

Only two of the 42 binding partners recognized by the HuProt™
array were kappa LC-specific interactors. Of note here is the
cyclin-dependent kinase 10 (CDK10) that is highly expressed in
the kidney (expression score >98) and that is involved in cell
cycle-dependent processes such as tubular cell regeneration, a
constantly ongoing mechanism in mammalian nephrons.

Protein Confirmation

Cubilin and megalin binding to LC and their uptake at the
proximal tubule has been shown in previous studies (11, 19).
As we could not show cubilin and megalin as interaction
molecules in the HuProt™ array screening, we assumed that the
recombinantly generated proteins spotted on the array did not
represent the full spectrum of the in vivo tertiary and quaternary
structure of the proteins. Therefore, we designed a LC affinity
chromatography and could indeed verify cubilin and megalin
(Table 4).

DISCUSSION

Renal amyloidosis, monoclonal immunoglobulin deposition
disease, LC proximal tubulopathy, cast nephropathy, and
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TABLE 3 | Localization and expression of interacting proteins unique to either lambda or kappa light chain.

Cell surface protein Intracellular protein Renal expression score Nephron tubule expression score Interacting light chain
AQP5 70.48 n.a. S
CLIP4 85.19 n.a. IS
COX15 92.96 89.43 S
FAM127B 96.03 73.64 IS
GARS 96.88 93.36 ©
IL12RB1 66.12 n.a. n
KCNAB2 94.79 83.70 n
MECR 92.97 75.24 n
PRH1 72.97 n.a. n
RBM47 99.70 98.71 n
RPRD1A 92.19 80.74 IS
TLK1 95.59 91.95 ©
TRIM21 83.33 n.a. ©
VDR 90.64 93.84 ©
WIPFA1 89.61 83.53 ©
ZDHHC5 94.03 n.a. n
ALB 98.91 99.79 n
CRYZ 99.26 99.22 n
ECHDC1 97.28 91.70 n
BAIAP2L1 84.89 n.a. K
CDK10 98.99 85.38 K

The upper part of the table demonstrates lambda specific, the lower part kappa specific binding partners.

Kappa and lambda LC interaction proteins were categorized for membrane domain containing cell surface or intracellular/cytoplasmic localization (according to the Human Protein Atlas
and UniProt database). Renal expression was ascertained and the expression score for adult kidney as well as nephron tubule was extracted from the Bgee database (n.a. = data not
available). Detailed protein names are listed in Supplementary Table 1.

TABLE 4 | Detection of megalin and cubilin by mass spectrometry of light chain affinity column eluates.

Accession Description Genes MW [kDa] Lambda LC Kappa LC

Norm. area No. Peptides Norm. area No. Peptides
P98164.3 Megalin LRP2 521,6 7,59E+05 21 6,03E+05 20
060494.5 Cubilin CUBN 398,5 4,13E+05 8 3,73E+05 11

Abundance of peptides is calculated as area under the curve (norm. area) of highly specific peptide peaks. Several peptides were identified as specific for megalin and cubilin (no. peptides).

crystal storing histiocytosis are complications associated with  renal cells were identified, all of them involved in renal cell
monoclonal gammopathies and multiple myeloma. Such  activity. Of particular note is the SCLT1 protein named the
manifestations are associated with poor clinical outcome when  sodium channel and clathrin linker 1 (21), which might act as
not diagnosed and treated in early stages. Protein folding and  a member of a potential transport mechanism by which the
LC interaction with cell surface proteins influence the site and  LCs are geared to the coated pits and endosomes, which later
type of LC deposition or transformation into fibrils (20). In  fuse with lysosomes (20). The SCLT1 is also named CAP-1 and
this study, we searched for proteins that directly interact with  regulates the Na(v)1.8 channel density at the cell surface, and
LCs at the nephron. In a first step, this was investigated by  the lysosome has been attributed a specific site for fibrillogenesis
an ELISA method using immobilized renal whole-cell protein  in a mouse model of LC amyloidosis (20). More interestingly,
and patients’ urine. Urine immunoglobulin/LC binding could  the TMEMI106B protein is involved in lysosome trafficking
be verified and was much higher in patients who showed  and formation (22) and might therefore, when disturbed and
progressive renal failure when analyzed 1 year later by renal  partly inhibited by abundant LC presence, represent another
function parameters. In a second step, kappa and lambda LCs  cornerstone in LC-induced degenerative tubular nephropathy.
were purified each from a different patient with myeloma, and  This might also be of relevance in the mesangial transformation
protein microarrays were screened for identification of potential ~ (23) and fibrillogenesis, which has been studied before (20).
binding partners for kappa and lambda LC. For both kappa A second point of note is the KCNAB1 and KCNAB2 channel
and lambda LC binders, 21 different proteins expressed by  proteins involved in potassium transport. Whether the blockage
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through LCs can cause the acquired Fanconi syndrome has to be
left open, the relevance for paraprotein associated neuropathies
is thereby more likely, and this topic deserves further research.
Proteins that bind to both lambda and kappa are specifically
described in Supplementary Data 1, both in terms of their
physiological function and their potential pathomechanism in
renal cells when partially inhibited or blocked by interaction with
an overwhelming amount of monoclonal LC/immunoglobulin.

An interesting observation of our study is that the LCs
did not bind in a direct mode to the spotted cubilin or
megalin on the array. The manufactured proteins for array
printing might be linearized and not glycosylated. Either
a specific tertiary structure or an interaction mediator
should be of relevance, because according to the previous
literature these two proteins ought to represent the
internalizing factors (19). However, we confirmed in LC-
Sepharose affinity chromatography the binding of cubilin
and megalin to both LC types kappa and lambda in almost
similar quantity.

This work demonstrates the impact of recently developed
tools and methods of protein analysis including microarray
screening to screen for a broader range of interaction
partners. Whether these newly identified interactors might
be involved in cellular uptake could not be researched
by these methods, but some of them including SIRPBI,
VRK2, ZADH?2, and others are certainly involved in signal
transduction and initiation of proinflammatory processes at
the tubular structures. The intracellular binding partners
identified in this study might be relevant in LC protein
internalization, accumulation, intracellular transport, and its
way to initiate a redox signaling (24) and transformation
of mesangial cells (23). In this line of thought, the seven-
transmembrane spanning receptor protein LPAR4, binding
to both LCs kappa and lambda, might be involved in cell
activation. It has been demonstrated earlier that nuclear factor
kB might be activated following LC endocytosis (24). Our
screens now demonstrate that activation could already be
initiated by binding to cell surface proteins via the tubular cell
brush border.

The broad spectrum of interaction partners explains the
notion that a high LC concentration in urine is associated
with more than a single pathological entity in the kidney. The
different interaction capabilities depending on the subtype of LC
can influence the pathomorphological features. In this respect,
intracellular interactors might be of significant relevance. Our
data showing higher lambda binding levels might also reflect
clinical observations that the lambda paraprotein is potentially
more harmful and more likely to cause clinicopathological
changes than kappa paraproteins.

The main limitation of this study is that as recombinant
proteins are spotted at the HuProt'™ array, only primary
structure-related protein-protein interactions can be detected.
Therefore, protein interactions due to tertiary and quaternary
structures may not be identified, which might be a determinant

factor for LC interaction in vivo. In our study, this applies,
for example, to the two well-described transport proteins
of LCs cubilin and megalin, which we could not detect
by the HuProt™ array, although we could detect them
by LC affinity chromatography and subsequent proteomic
identification of eluted binders. However, the proteomic workup
of LCs goes beyond the scope of this study and is the focus
of a follow-up.

Continuous advances in protein analysis, applied to clinically
relevant questions, provide detailed insight into disease-causing
mechanisms. The results of our study indicate 42 cellular
LC binding partners with potential pathomechanical relevance
that may contribute to the induction and progression of LC-
associated diseases and kidney injuries. This provides new
perspectives for targeted diagnostic and therapeutic measures in
the future.
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Background: Previous studies have suggested that serum total bilirubin (STB) levels
are associated with heightened chronic kidney disease (CKD) and mortality in both
the general population and nephropathy patients. However, these results remain
inconsistent. The aim of our study was to investigate whether STB was a predictor for
progression of CKD and mortality by meta-analysis.

Methods: We performed a systematic literature search in PubMed, Web of Science,
MEDLINE, EMBASE, Google Scholar, and Cochrane Library’s database up to June 30,
2019. Pooled risk ratios (RR) and corresponding 95% confidence intervals (Cl) were
extracted for the highest vs. lowest category STB levels within the physiological range,
and a random-effects model was applied to calculate the dose—response relationships.
A pooled hazard ratio (HR) was used to investigate the association between STB levels
and mortality in dialysis patients.

Results: A total of 16 studies, wherein participants were followed from 21 months to 7
years, were eligible for inclusion in the study. For the categorized STB, 11 studies with
41,188 participants were identified and analyzed. Patients with the highest STB levels
were associated with a lower risk of CKD (RR = 0.64; 95% CI 0.55-0.73) compared to
those with the lowest STB levels. Furthermore, based on seven studies, a pooled RR of
0.89, 95% CI (0.80-0.99) was observed for the continuous STB levels (per 0.2 mg/dL
increase). Four studies that included 51,764 participants illustrated that there was no
association between STB levels and all-cause mortality (HR = 0.77; 95% CI 0.42-1.41).
A prominent negative linear relationship (X° = 14.70; P = 0.0001) was found between
STB levels and risk of CKD. Subgroup analyses showed that there were no significant
differences in the subgroup adjustment factor except for sample size.

Conclusions: Elevated STB levels within a physiological range are associated with
lower risk of CKD regardless of the study characteristics and coincide with a liner
dose-response relationship. However, whether high STB levels are a protective factor
against mortality remains inconclusive. Large-scale randomized controlled trails are
needed to target STB levels for predicting renal outcomes.

Keywords: serum total bilirubin, chronic kidney disease, disease progression, mortality, meta-analysis
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INTRODUCTION

Chronic kidney disease (CKD), also called chronic kidney
failure, is on the rise, and it has become one of the most
common complications worldwide. It not only increases the
risk of cardiovascular disease and can often progress to end-
stage renal disease (ESRD), but it is also related to premature
mortality. According to the 2013 Global Burden of Disease
Study, CKD ranked 36th in the causes of total number of
global deaths in 1990, but rose to 19th in 2013 (1). Much of
the general population is admitted to hospital with chronic
kidney disease, so early detection, diagnosis, and intervention of
adverse factors that may lead to kidney disease are essential for
improving the prognosis of patients with CKD. It should also be
noted that a rising prevalence of comorbidities and risk factors,
such as hypertension, diabetes mellitus glomerulonephritis, and
infectious diseases, are also contributing to the high burden of
CKD (2). However, these factors do not fully explain the variation
and heterogeneity in the prevalence of CKD.

Recently, several studies have demonstrated that oxidative
stress can play a crucial role in the pathogenesis of CKD
(3-5). Oxidative stress imbalance is generally caused by an
overproduction of reactive oxygen species (ROS) or a deficiency
of the antioxidant reagent. Bilirubin is a heterogeneous group of
antioxidants which derives from the heme catabolism through
a complex sequence of reactions. It exists in two forms of
serum, direct bilirubin and indirect bilirubin, and both are
newly recognized as antioxidant, anti-inflammatory molecules
under physiological conditions (6). However, the role that serum
total bilirubin (STB) plays within the physiological range in
the development and progression of kidney disease remains
controversial. Several studies have suggested that an inverse
association between STB and the progression of ESRD (7-10)
plays a potential protective role in renal outcomes. A large
study of the Korean population that was recently published
demonstrates that individuals with higher bilirubin levels have a
reduced prevalence of CKD originating from diabetes in women
(11). Two studies revealed that elevated bilirubin levels have
a reduced risk of progressing from urinary microalbuminuria
to macroalbuminuria, as well as improved eGFR in diabetic
patients (12, 13). Furthermore, Fukui et al. reported that higher
circulating serum bilirubin levels were associated with reduced
risk of cardiovascular disease and mortality in dialysis patients
(14). Although most investigations indicate a potential beneficial
effect of bilirubin on renal prognosis, there is some evidence
that suggests an inconclusive relationship between bilirubin
and clinical endpoints. Wang et al. noted that lower STB
was not an independent protective factor in kidney disease
progression among hypertensive patients who never smoke
(15). Targher et al. demonstrated that higher STB levels were
significantly associated with lower eGFR in both non-diabetic
and diabetic individuals in unselected outpatients (16). Ryu et
al. proved that neither STB nor indirect bilirubin levels were
associated with the incidence of CKD (17). Additionally, it
was noted that in patients with ESRD who were undergoing
hemodialysis, high concentrations of bilirubin were correlated
with a higher mortality rate (18). These results indicate the need

for evaluating the role of STB levels on the progression of CKD
and mortality.

Keeping in mind the unclear interactions between STB
levels and the impact of renal outcomes, we conducted this
systematic review and meta-analysis to determine whether STB
independently contributes to the progression of CKD in both
the general population and nephropathy patients. We also
evaluate the association between STB and mortality in those who
were undergoing regular dialysis and investigated the possibility
of it acting as a novel biological factor to predict kidney
disease progression.

MATERIALS AND METHODS
Search Strategy

The meta-analysis was conducted according to the checklist
of Preferred Reporting Items for Systematic reviews and
Meta-Analyses guidelines (PRISMA) (Supplementary Table 5).
PubMed, Web of Science, MEDLINE, EMBASE, Google Scholar,
and Cochrane Library were searched from January 1970 to June
2019 in order to identify relevant studies. We set the key word
as “bilirubin” and (“chronic kidney disease” or “chronic renal
disease” or “end-stage renal disease” or “end-stage kidney disease”
or “estimated glomerular filtration rate”) without language
limitation. The references in relevant reports, PubMed “related
articles;,” textbook chapters, and online clinical trial registries
were searched to identify any related articles. Any unpublished
data or incomplete data were requested by contacting authors
through email.

Selection Criteria

The inclusion criteria was as follows: (1) the studies investigated
the relationship between bilirubin concentration and kidney
disease progression, (2) cohort study or random clinical trials,
(3) a comparison between highest STB group and lowest STB
group or per unit STB increase, (4) followed participants for at
least 12 months, (5) reported any of the following renal outcomes:
progression to CKD or all-cause mortality, and (6) Relative
risk (RR) with 95% confidence intervals CIs or the minimum
information necessary to calculate these values were provided as
effect size. Liver dysfunction which could lead to elevated levels
of serum bilirubin were excluded in original research studies.
Studies in review, editorials, letters, and case report forms were
excluded from our meta-analysis. If the study did not meet the
included criteria and could not provide categories of bilirubin
or sufficient data to calculate effect size, then they were also
excluded. The categorization for STB levels and the units used
were in line with the definition in each study. In order to keep the
unit of all included studies in accordance, umol/L was converted
to mg/dL divided 17.1. CKD was defined as a decline in estimated
glomerular filtration rate (éGFR) <60 ml/min/1.73 m? by using
the CKD-EPI equation.

Data Extraction and Quality Assessment

All included studies were independently identified by two
investigators (JL and ZSL). Data extracted included age, sex,
country of origin, study design, populations, serum bilirubin,
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FIGURE 1 | Flow chart of study selection.

follow-up, sample size, smoking status, body mass index, No. of
cases, outcome, adjusted HR or RR or OR per unit of increase
in baseline serum bilirubin, and those for highest and lowest
group of STB levels. The studies which had several estimates
adjusted HR for different numbers of potential confounders; the
greatest number of potential confounding factors was selected for
analysis. The quality of all included studies was assessed by two
reviewers (JL and ZSL) using the Newcastle-Ottawa scale (NOS).
The scores “7-9,” “4-6," and “1-3” were considered as “high,’
“moderate;” and “low” quality, respectively. Any discrepancies
between the two investigators were discussed with a third
independent reviewer (DWL).

Outcomes

There were two outcomes included in this meta-analysis.
The primary outcome was the assessment of kidney disease
progression to CKD [defined as estimated glomerular filtration
rate (eGFR) <60 ml/min/1.73 m2, doubling of serum creatinine,
or 50% decline of kidney function or end-stage renal disease

(ESRD)] and the secondary outcome was assessment of all-
cause mortality in patients who developed CKD and underwent
hemodialysis or peritoneal dialysis. The forest plots illustrate the
two outcomes reproduced from the individual studies and the
size of the symbol for the estimate is proportional to the weight
of each study. A dashed vertical line and diamond at the bottom
of the forest plot highlights the overall estimate and its 95%
confidence interval.

Statistical Analyses

In our study, the pooled RRs and 95% ClIs were used for
the association of STB with the risk of CKD and mortality.
The hazard ratios (HR) and odds ratio (OR) in some original
studies were assumed to provide accurate estimates of the risk
ratio, so it was directly considered as RR (19). After certifying
the connection between STB and kidney disease progression,
we further clarified whether this link displays the dose-
response effect and whether this dose-response relationship was
nonlinear or linear. Detailed information is provided in the
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TABLE 1 | Characteristics of included studies in this meta-analysis (0 = 16).

Author Year Country Populations Cohort designation No. of participants  Age (year) Male (%) Follow-up
Chin 2009 Korea IgA nephropathy CSs 1,469 36.3 56.11%  44.9 months
Kawamoto 2014 Japan Elderly adults CSS 1,050 80.21 39.30%  3years
Tanaka M (men) 2014 Japan General population CS 1,627 47.7 £9.7 100.00% 7.7 years
Tanaka M (women) 2014 CS 1,157 46.3 £ 9.7 0.00% 7.7 years

Ryu 2014 Korea General population CS 12,823 37.2+49 100% 7 years
Riphagen (RENAAL) 2014 Netherland Diabetes nephropathy RCT 1,498 60.1+7.4 63.20% 3.4 years
Riphagen (IDNT) 2014 RCT 1,707 589+ 7.8 66.40% 2.6 years
Tanaka S 2015 Japan IgA nephropathy RCS 694 36 47.42% 4.9 years
Sakoh 2015 Japan CKD PCS 279 73 69.00% 21 months
Lee (men) 2015 Taiwan General population CSS 2,260 51.8+12.2 100.00% NA

Lee (women) 2015 CSS 1,616 49.3+11.8 0% NA

Wang 2016 China Type 2 diabetes patients PCS 2,958 64.06 46.55% 5 years

Ahn Hee 2017  Korea Type 2 diabetes patients RCS 349 55+ 11.7 39% 41 months
Su 2017  Taiwan Hemodialysis patients RCS 47,650 61.4+13.6 50% 3 years

Yang 2017  Taiwan Peritoneal dialysis patients RCS 3,704 535+ 156.0 44% 2.12 £1.07 years
Liu 2018 China CKD RCS 316 61.7 £10.9 56% 29.09 months
Wang 2018 China Hypertension adults RCT 12,633 59.59 37.78% 4.4 years

Wu 2019 China Diabetic nephropathy RCS 118 5258 £9.36 67.80% 25 months
Tsujikawa 2019 Japan Peritoneal dialysis patients PCS 94 555+ 14.2 66.00%  3years

CS, cohort study; CSS, cross-sectional study RCT, randomized controlled trials; PCS, prospective cohort study; RCS, retrospective cohort study; RENAAL, The Reduction in End Points
in NIDDM with the Angiotensin Il Antagonist Losartan study; IDNT, the Irbesartan Diabetic Nephropathy Trial; CKD, Chronic Kidney Disease; NA, not applicable.

Supplementary Material. The Chi-square based Q-test and I
were used to assess the heterogeneity among studies. Subgroup
analysis and meta-regression were performed due to the potential
impact of covariates on study heterogeneity (sample size, study
design, study design, adjusted for albumin, adjusted for eGFR,
adjusted for diabetes mellitus). Sensitivity analysis was also
conducted by omitting each study one by one. Begg’s test and
Egger’s test were used to evaluate publication bias. STATA and
R software were used for statistical analyses and two-sided P <
0.05 was considered to be statistically significant.

RESULTS

Literature Selection and Study

Characteristics

A total of 2,683 studies were screened from the databases
described above, and 16 publications (7-10, 15, 17, 18, 20-28)
(19 data points) that met our criteria were included in the
final selection (Figure 1). The characteristics of the included
studies are provided in Table 1. The score of quality assessment
for each study is shown in Supplementary Table1l. Two
studies provided separate data for men and women. One
study included two different trials (RENAAL and IDNT).
Eleven studies (14 data points) provided a comparison
between highest and lowest STB levels, and seven studies
(10 data points) were viable for analysis on the effect
of per 0.1 mg/dl STB level increase. Further details
on categories and continuous STB levels are shown in
Supplementary Table 2.

Association of Serum Bilirubin With the
Risk of CKD

The association of STB levels with risk of kidney disease
progression were analyzed by the RR of the highest STB
levels compared to the lowest STB levels in 11 studies (14
data points). The results highlighted that patients with the
highest STB levels were associated with lower risk of CKD
progression (RR = 0.64; 95% CI 0.55-0.73), as shown in
Figure 2A. This tendency was also consistent with the results
of per 0.2 mg/dl increases in STB levels. Although moderate
heterogeneity among the 11 studies (I> = 43.8%, P = 0.04)
was found, this also demonstrates the association between the
STB and the progression to CKD. The RR for per 0.1 mg/dl
increases in serum bilirubin were extracted from seven studies
that included 10 data points, and were used for continuous
variable analysis. Considering clinical experience, each 0.1 ml/dl
increase is of little significance, so we calculated the risk ratio
(RR) for 0.2 mg/dl increases (29). To elaborate, each 0.2 mg/dl
serum bilirubin increase was associated with an 11% decreased
risk for progression to CKD. The pooled RR and 95% CI were
0.89, 95% CI (0.80-0.99), as shown in Figure 2B (I = 78.7%;
P < 0.0001).

Association of Serum Bilirubin With the
Risk of Mortality

All-cause mortality was extracted from only four studies,
including 51,764 patients. The adjusted HR of all-cause mortality
for highest STB levels compared to the lowest STB levels was
0.77 (95% CI 0.42-1.41) in dialysis patients with heterogeneity
at 84% (Supplementary Figure 1). Two of the studies proved
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Study %
D RR (95% CI) Weight
T
Chin (2009) _— 0.32(0.13,078) 227
Tanaka M(men) (2014) —_—]| 0.71 (0.56, 0.91) 13.00
Tanaka M(women) (2014) . 073(052,1.02) 962
Ryu (2014) —o— 1.03(0.67,159) 7.13
Riphagen(RENAAL) (2014) —— 0.67 (0.55,082) 1455
Riphagen(IDNT) (2014) —— 064 (0.54,075) 16.48
Tanaka S (2015) —_— 0.19(0.06,062) 136
Sakoh (2015) —_— 0.23(0.09,060) 197
Lee(men) (2015) —— 049 (0.32,075)  7.41
Lee(women) (2015) —_— 0.35(0.17,0.71) 3.38
Wang (2016) E 0.74 (0.56, 0.98) 11.55
Ahn Hee (2017) : 0.31(0.04,2.17) 0.52
Wang (2018) — 0.71(0.51,098)  10.10
Wu (2019) - 0.40(0.07,225) 065
Overall (I-squared = 43.8%, p = 0.040) @ 0.64 (0.55,073)  100.00
NOTE: Weights are from random effects analysis i
T * T
0443 1 226
Study %
D RR (95% Cl) Weight
Kawamoto (2014) —_— 0.62 (0.46, 0.83) 6.70
Tanaka M(men) (2014) — 0.89(0.82,0.97) 13.25
Tanaka M(women) (2014) + 0.85(0.74, 0.98) 11.38
Riphagen(RENAAL) (2014) ——— 1.14 (0.93, 1.40) 925
Riphagen(IDNT) (2014) : ol 1.10(0.94, 1.28) 11.02
Tanaka S (2015) ! —_— 1.39(1.09, 1.78) 7.99
Sakoh (2015) —_— 3 0.53(0.36,0.77) 5.06
Lee(men) (2015) - 0.88 (0.82, 0.95) 13.57
Lee(women) (2015) —0—l— 0.81(0.68, 0.97) 10.14
Wang (2018) —_— 0.80 (0.70, 0.92) 11.63
Overall (I-squared = 78.7%, p = 0.000) <> 0.89 (0.80, 0.99) 100.00
NOTE: Weights are from random effects analysis .
T . T

.365

1 274

FIGURE 2 | Pooled RR with 95% Cls for the association of serum total bilirubin levels and the risk of CKD for the highest compared to the lowest category group (A)
and for each 0.2 mg/dl increase (B). The random-effects model was used and the area of each square stands for the weight of each study in the meta-analysis. The
square sizes are proportional to the weight of each study in the meta-analysis; the diamond shows the overall RR; the horizontal lines indicate the 95% confidence

intervals (Cls). CKD, chronic kidney diseases; RR, risk ratio.

that higher serum bilirubin was linked to a higher risk of
mortality, while the other two studies had contrary conclusions.
Our results illustrated that an increase of STB did not
have a significant association with the risk for mortality in

dialysis patients.

Publication Bias and Sensitivity Analyses

Begg’s and Egger’s test were performed for 11 studies on
association of STB levels with disease progression. The
results show that publication bias did exist, and trim and
fill methods were adapted to adjust for the publication
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p value
RR(95%CI) heterogenity meta-regression

study design
cohort study —a— 0.54(0.35-0.73) <0.001
RCT —a— 0.66(0.58-0.74) 0.845 0.302
cross—sectional study —— 0.44(0.27-0.60) 0.417
population
general population —— 0.63(0.45-0.80) 0.038 0.601
non—general population —a— 0.52(0.38-0.66) 0.002 ’
sample size
>1000 —— 0.63(0.55-0.72) 0.074 S
<1000 —— 0.22(0.05-0.40) 0.977 ’
adjusted for albumin
yes —— 0.25(0.03-0.46) 0.552

0.062
no —a— 0.61(0.51-0.71) 0.013
adjusted for diabetes mellitus
yes —a— 0.60(0.50-0.70) 0.016

0.848
no —_— 0.45(0.08-0.83) 0.023
adjusted for eGFR
yes ———a— 0.60(0.22-0.99) 0.011

0.557
no —a— 0.57(0.46-0.67) 0.004

o 02 04 06 08 1
FIGURE 3 | Subgroup and regression analyses of the association between the serum total bilirubin levels and the risk of CKD for the highest compared and the
lowest category group. P for the heterogeneity within each subgroup.

bias (Supplementary Figures 2, 3). Sensitivity analyses were
conducted to assess the extent of the influence of single
studies on the pooled RR. The results indicated that there was
no single study that dramatically influenced the pooled RR
(Supplementary Figure 4). Detailed procedures and results are
included in the Supplementary Material.

Subgroup and Regression Analyses

We analyzed the effect of potential impacts of covariates on study
heterogeneity through stratified analyses and meta-regression.
The gradually elevated STB levels with decreased risk of CKD
remained for all factors (all RR were <1) (Figure 3). The negative
association between the STB levels and the CKD risk was found
to be significant in both the general population and nephropathy
patients. Adjustment for albumin, diabetes mellitus, and eGFR
were not found to have an influence on the relationship between
the STB levels and risk of CKD (P = 0.06, 0.84, 0.55, respectively).
Although there were significant differences in sample size >1,000
and <1,000 of the groups, the association between the STB levels
and risk of CKD were both significant. We also conducted a
regression analysis to evaluate the reason for the association
between STB levels and all-cause mortality. There were no
significant differences in the subgroup adjustment for albumin,
diabetes mellitus, or eGFR except for sample size (P = 0.04)
(Supplementary Figure 5).

Linear Dose-Response Analyses

A restricted cubic spline regression model was used to explore
potential linearity. A total of seven studies that provided sufficient
data were used to analyze the relationship between STB levels and
risk of CKD. A linear dose-response relationship was illustrated
using random-effects analysis and the results showcased a
prominent, negative linear relationship (X% = 14.70; P < 0.001).
The overall RR per 1 mg/dl increasement was associated with a
20% reduction in risk of CKD (95% CI 0.72-0.90), P < 0.001). No
significant heterogeneity among the included studies was found
(Q = 15.13, P = 0.36) (Figure 4).

DISCUSSION

Recently, many studies have revealed that STB levels play a
critical role in CKD progression and mortality, but other studies
have had inconsistent conclusions. Whether or not lower STB
levels could be a biomarker of reduced kidney function is
currently unclear. As far as we know, this is the first meta-analysis
to focus on both CKD progression and all-cause mortality. Our
meta-analysis demonstrates that higher STB levels may serve as
protective factors for the development of CKD and elevated STB
levels could lead to 36% of a significant decrease in the risk of
CKD progression. However, the meta-analysis also concluded
that there was no significant relationship between STB levels and
risk of all-cause mortality.
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bilirubin, mg/dl

FIGURE 4 | Dose-response relationship between the serum total bilirubin
levels and risk of CKD. The liner dose-response model is based on restricted
cubic splines for STB concentrations at three point (25, 50, 75 percentiles).
The line with short dashes represents the 95% confidence intervals.

Serum bilirubin has long been recognized as an abnormal sign
of liver dysfunction. Recent data strongly indicates that slightly
increased STB concentration can be a potent biological protective
marker. In humans, low (<7 mmol/L) STB levels may be a risk
factor for systemic diseases associated with increased oxidative
stress, such as cardiovascular diseases (CVD) (30), diabetes (31),
metabolic syndrome (32), certain cancers (33), and autoimmune
diseases (34). However, the relationship between STB levels and
kidney disease outcomes and mortality have been less certain.
Based on 11 studies and 41,188 participants, our meta-analysis
displayed a pooled analysis (RR = 0.64 95% CI 0.55-0.73) of
the highest compared to the lowest STB group and demonstrated
that STB levels were associated with CKD progression. Clinically
speaking, each 0.1 ml/dL increase is of little significance, and
therefore, we calculated the RR for 0.2 mg/dl, upon which the
results showed a stronger association between the STB levels and
renal outcomes (RR = 0.89, 95% CI 0.80-0.99). Meanwhile, a
dose-response analysis showed that a 1 mg/dl increment in the
STB levels led to a 20% decrease in the risk of CKD, regardless
of various study characteristics. This result was consistent with
a linear dose-response relationship. To assess the consistency of
the association between STB levels and development of CKD, we
conducted subgroup and meta-regression analysis stratified by
potential confounders. STB is mainly transported in combination
with albumin in the blood and a small amount is combined
with al globulin for complex transport. Targher et al. (35)
demonstrated that STB was inversely associated with eGFR in
the general population in the US while Shin’s et al. (36) research
has concluded the opposite. Hence, according to whether the
STB levels adjust for albumin and eGFR, subgroup analyses
were performed and the results indicated that the significant
relationship between STB and the development of CKD was not
affected by stratified factors, except for sample size. When the
sample size is smaller than 1,000, it has a higher heterogeneity.
This could be explained by the fact that a small sample size has a
different definition for the quartile of the STB levels.

Bilirubin, as the product of heme, has long been considered
a symbol of liver dysfunction or a potentially harmful element
that causes neonatal jaundice. Recent evidence has shown that
mildly elevated bilirubin levels within the physiological range
have shown to be protective against various diseases. Our meta-
analysis identified higher STB levels that were validated for
predicting survival of incident CKD. The potential mechanisms
behind the protective role of serum bilirubin are as follows:
First, serum bilirubin is seen as a potent, endogenous antioxidant
reagent because of persistent recovery in intracellular bilirubin
redox metabolism. Second, it has been previously demonstrated
that STB has a positive association with anti-inflammatory
effects, which are a protective factor of CKD (37). Zucker
et al. supported the finding that bilirubin could prevent an
inflammatory reaction in a mice model of inflammatory colitis
by preventing vascular cell adhesion molecule 1 (VCAM-1) -
mediated leukocyte infiltration in target tissues (38). Third, renal
endothelial dysfunction plays a critical role in progression of
CKD and renal fibrosis through the process of endothelial-to-
mesenchymal transition (End MT) (39). Higher STB levels are
associated with lower levels of oxidative stress and enhancement
of endothelium-dependent vasodilation in Gilbert’s syndrome
patients (40). Vogel M.E reported that bilirubin inhibits
monocyte migration across activated human endothelial cells
by disrupting the VCAM-1/ICAM-1 signaling pathway but does
not affect the expression of the two in vitro or in vivo (41).
Finally, diabetic nephropathy is the most common cause of
ESRD, which accounts for >40% of patients on renal replacement
therapy (42). One study depicts that in diabetic db/db mice,
hyperbilirubinemia has a protective effect against the mesangial
expansion and progression of CKD (43). Moreover, biliverdin
and conjugated bilirubin may have an anticomplement role (44).
More specifically, the protective effects of STB are complex and
include multiple stages of cell and tissue biology. These biological
properties of bilirubin support the finding that it plays a
protective role for STB levels associated with the renal outcomes.

Patients with ESRD often undergo renal replacement therapy,
including hemodialysis and peritoneal dialysis. The dialysis
removes water-soluble circulating antioxidants, including uric
acid and ascorbate, but does not remove hydrophobic substances,
such as unconjugated bilirubin, which is plasma albumin-bound
(18). There is a need to find appropriate biomarkers that
indicate the clinical outcomes of dialysis patients. Therefore,
we analyzed the relationship between STB levels and mortality
in ESRD patients who underwent dialysis. The results showed
no significant improvement in mortality outcomes within this
dialysis population. There may be a few reasons behind this. First,
only four studies and 51,764 participants were included in our
meta-analysis, which led to high heterogeneity and publication
bias. The way of dialysis, study design, adjusted items, and
precise detecting time of STB could have influenced the negative
outcomes. Second, Liu and Tsujikawa’s studies have 316 and 94
patients, respectively. This could have caused low quality of the
two studies. Third, in patients with ESRD, muscle wasting is
accelerated by several catabolic factors. Higher bilirubin levels
are often associated with lower triglycerides and cholesterol
levels, low testosterone levels (45), and abnormalities in the
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insulin growth factor-1 pathway (46). Vitek et al. demonstrated
that there was a strong negative association between bilirubin
levels and total mortality in the general population, especially
in men. There are significant differences between dialysis and
non-dialysis patients in regards to metabolic syndrome (47). It is
postulated that patients with dialysis have higher mortality rates
possibly because of the potent confounding effect of malnutrition
and inflammation in hemodialysis patients with a low BMI index.
Mortality rates for maintenance dialysis patients are much higher
than the general population and this may preclude identification
of small effect size risk factors. Thus, clinical trials and further
research into this matter are needed to evaluate whether higher
STB levels can reduce mortality rates in dialysis patients.

This study did have several strengths. Specifically speaking,
this is the first meta-analysis of studies that examined associations
of STB levels for renal outcomes among different subgroup
populations and also examined associations between STB and
mortality in dialysis populations. Furthermore, we not only
conducted the highest STB groups verse reference groups
analyses but also continuous variables (per 0.2 mg/dl increase)
were used to certify the dose-response relationship.

Nonetheless, there are potential limitations to this study.
First, our meta-analysis was restricted to published aggregate
data. Individual participant-level data were not available, which
is the primary limitation of this meta-analysis. Unpublished
data or incomplete retrieval of identified studies led to an
incomplete set of evidence and produced biased effects in the
summary results. Funnel plot and “trim and fill” methods were
used for assessment to balance out the publication bias and
the relationship between the STB levels, and the risk of CKD
remained statistically significant. Second, the included studies
do not directly report on the data information required for
meta-analysis, which can cause reporting bias. Third, potential
confounding factors, such as age, sex, history of smoking,
and/or alcohol intake (all of which could potentially influence
the STB levels or risk of disease progression to CKD), could
not be excluded. The studies did not adjust for same risk
factors. Considering this fact, we included these factors in
the multiple adjust models as much as possible. Fourth, only
a few studies have differentiated the conjugated bilirubin
and unconjugated bilirubin, and therefore the accurate role
of separating bilirubin could not be investigated. Fifth, only
STB levels in a narrow range (1.5 times the upper limit of
normal) were studied. To translate these findings to clinical
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Anticoagulant Related Nephropathy
Only Partially Develops in C57BL/6
Mice: Hematuria Is Not Accompanied
by Red Blood Cell Casts in the Kidney

Ajay K. Medipally'", Min Xiao '*, Shahzeb Qaisar’, Anjali A. Satoskar’, louri Ivanov’,
Brad Rovin? and Sergey V. Brodsky ™

" Department of Pathology, The Ohio State University Wexner Medical Center, Columbus, OH, United States, ? Department of
Medicine, The Ohio State University Wexner Medical Center, Columbus, OH, United States

Anticoagulant-related nephropathy (ARN) may develop in patients that are on
anticoagulation therapy. Rats with 5/6 nephrectomy treated with different anticoagulants
showed acute kidney injury (AKI) and red blood cell (RBC) casts in the tubules similar to
ARN in humans. The aim of the current study was to investigate the feasibility of inducing
ARN in mice. C57BL/6 5/6 nephrectomy mice were treated with warfarin and dabigatran
3 weeks after ablative surgery for 7 days. Two doses of each anticoagulant were used.
All anticoagulants resulted in serum creatinine and hematuria increase. Mortality was
63% in 5.0 mg/kg/day of warfarin but only 13% in 2.5 mg/kg/day of warfarin or in 400
mg/kg/day of dabigatran and 0% in 200 mg/kg/day of dabigatran. In spite of increasing
hematuria, RBC tubular casts were not seen in mice treated with any anticoagulant. The
5/6 nephrectomy murine model in C57BL/6 mice only partially reproduced ARN in terms
of increasing serum creatinine and hematuria, but there were no RBC tubular casts in
the remnant kidney.

Keywords: anticoagulant related nephropathy,
anticoagulation

acute kidney injury, mouse model, 5/6 nephrectomy,

INTRODUCTION

After our first description of warfarin-related nephropathy [later defined as anticoagulant-related
nephropathy (ARN)] in humans (1, 2), we developed an animal model in rats that has close
fidelity to the human disease (3, 4). Rats with 5/6 nephrectomy developed glomerular hemorrhage,
red blood cell (RBC) tubular casts, and acute kidney injury (AKI) when treated with vitamin
K antagonists or a thrombin inhibitor (3, 5). The mechanisms of this AKI include disruption
of the glomerular filtration barrier that allows RBC crossing into the urine, increased oxidative
stress in the kidney, and acute tubular necrosis (6). The rat model is useful to evaluate the
morphological changes in the kidney associated with anticoagulation, but it is difficult to study
molecular mechanisms that lead to the glomerular filtration barrier disruption. A murine model
could be more useful to study the pathogenesis of ARN because of easier knockout of different
genes in mice as compared to rats. The aim of the current study was to investigate the feasibility of
ARN induction in C57BL/6 mice.
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Murine Model of Anticoagulant-Related Nephropathy

MATERIALS AND METHODS

These studies were approved by the Institutional Animal Care
and Use Committees (IACUC) at the Ohio State University.

C57BL/6 mice were obtained from the Charles River
Laboratories (Wilmington, MA). A 5/6 nephrectomy was
performed in 25-30 g mice as we described previously for rats
(3). Briefly, mice were anesthetized with isoflurane/oxygen (1:5),
a middle laparotomy was performed, the right kidney was
removed, as well as 2/3 of the left kidney at the same time. Kidney
tissue from the nephrectomy was frozen at —80°C for further
studies. Hemostasis was achieved by hemostatic sponges (Quick
clot; Z-medica Corporation, Wallingford, CT). The incision was
closed with 4.0 proline, and the animals were kept on a 12/12h
light/dark cycle and on the standard rodent diet with free access
to water.

Three weeks later, treatment with an anticoagulant was begun,
and daily blood and urine samples were collected. Warfarin
sodium (Sigma-Aldrich, St. Louis, MO) and dabigatran etexilate
(Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, CT)
were given once a day per os via gavage. Animals were sacrificed
on day 7 of the treatment; the remnant kidney was dissected for
histological and molecular studies. The histology of the kidney
was evaluated on 2-3 mcm sections of paraffin-embedded tissue
stained with hematoxylin-eosinophil.

Serum creatinine was measured based on the Jaffe reaction
using a creatinine reagent assay (Pointe Scientific, Inc., Canton,
MI) as we described earlier. Briefly, 10 pL of serum was mixed
with 200 pL of working reagent at 37°C in a 96-well plate,
and the absorbance was read at 510 nm at 40 and 100s using a
Molecular Devices Versa Max plate reader (Molecular Devices,
Sunnyvale, CA).

Hematuria and proteinuria were evaluated by dipsticks
(Siemens reagent strips; Tarrytown, NY) and expressed in a
semiquantitative scale from 0 to 3, where 0 is absent, 1 is mild,
2 is moderate, and 3 is severe.

Coagulation parameters [prothrombin time (PT) and
activated partial thromboplastin time (aPTT)] were measured
using the Biobase coagulation analyzer (model COA01; Genprice
Inc., San Jose, CA) based on the manufacturer’s protocol.
Briefly, blood was collected into a tube containing 3.8% sodium
citrate in a ratio of 9:1. The blood was centrifuged at 3,500
RPM for 10 min. Twenty microliters of plasma was placed in
the incubation station with 20 pL of the aPTT reagent (Fisher
Scientific, Middletown, VA). Then, after 3 min, preheated at 37°C
for 10 min and 20 wL of 0.025M calcium chloride was added.
Clotting time was recorded in seconds. For PT, 20 wL of plasma
was placed in the incubation station; after 2 min, preheated at
37°C for 10 min and 40 uL of PT reagent (Fisher scientific,
Middletown, VA) was added. Clotting time was recorded in
seconds. sINR was calculated as changes of PT to the “standard”
PT (mean PT calculated from all baselines measurements from
all groups), as we described earlier (3).

Statistical Analysis
Descriptive statistics were used to analyze differences between
experimental groups. Data are presented as mean =+ standard

deviation (SD), unless otherwise specified. Student’s two-tailed
t-test was used to analyze differences between two different
time points within the same animal group; one-way ANOVA
was used to analyze dynamic changes associated with the
treatment. Survival plots were built by using Kaplan-Meier
curves. Survival curves were compared by using the Mantel-
Haenszel (logrank) test.

RESULTS

Changes in Coagulation and Mortality

C57BL/6 mice were subjected to ablative surgery (5/6
nephrectomy) and treated with warfarin and dabigatran 3
weeks after the surgery as described in Materials and Methods.
Both warfarin and dabigatran in mice had anticoagulation effects
that are similar to humans. Thus, treatment with 5.0 mg/kg/day
of warfarin resulted in a rapid increase in sINR above 3 a.u. by
day 3 of treatment and remained elevated above 3 a.u. until the
end of the study (Figure 1A). Treatment with 2.5 mg/kg/day
of warfarin resulted in a modest elevation in sINR, and it was
in the range 1.5-2a.u. since day 4 (Figure 1A). Dabigatran
increased aPTT above 50s (upper limit of the reading range
for the coagulometer) on day 3 for 400 mg/kg/day and day 4
for 200 mg/kg/day (Figure 1B). Mortality in warfarin-treated
animals was high in the 5.0 mg/kg/day group (62.5% of mice
died by day 7), whereas it was modest in the 2.5 mg/kg/day
group (12.5% died by day 7, p = 0.0311) (Figure 1C). Among
animals treated with dabigatran, only one mouse died at day 4
in the 400 mg/kg/day group, whereas all mice survived in the
200 mg/kg/day group after 7 days (p = 0.2801) (Figure 1D). The
main cause of death was hemorrhage to the gastrointestinal tract;
no gross evidence of intracranial hemorrhage was noted.

Changes in Serum Creatinine and

Hematuria

All mice had an increase in serum creatinine after 5/6
nephrectomy (from 0.50 £ 0.04 to 0.58 % 0.1 mg/dL 3 weeks
after the surgery, p = 0.004). In mice treated with warfarin, serum
creatinine was increased in both groups. Treatment with 2.5
mg/kg/day resulted in a significant increase in serum creatinine
by day 5 of treatment (0.64 £ 0.03 mg/dL, p = 0.009). Treatment
with 5.0 mg/kg/day resulted in a more rapid increase in serum
creatinine (significantly elevated at day 4 of treatment, 0.76 %
0.11 mg/dL, p = 0.042) (Figure 2A). In control (vehicle-treated)
mice, serum creatinine remained unchanged 7 days after the
treatment (0.60 = 0.05 mg/dL). Simultaneously with the increase
in serum creatinine, there was an increase in hematuria that was
more prominent in mice treated with 5 mg/kg/day of warfarin
(Figure 2C). In the control (vehicle-treated) group, hematuria
did not change by day 7 (0.1 = 0.11 and 0.1 £ 0.21 a.u. days 0
and 7, respectively).

Similarly to warfarin, treatment with dabigatran resulted
in an increase in serum creatinine in 5/6 nephrectomy mice
(Figure 2B). Both 200 and 400 mg/kg/day of dabigatran resulted
in serum creatinine increase, but only with 400 mg/kg/day of
dabigatran was such increase significant at day 6 (0.69 £ 0.11
mg/dL, p = 0.0355), whereas serum creatinine elevation in mice
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FIGURE 1 | Anticoagulation effects and mortality of warfarin and dabigatran treatments in 5/6 nephrectomy mice. (A,B) Changes in prothrombin time calculated as
sINR in 5/6 nephrectomy mice treated with 2.5 mg/kg/day (n = 8) and 5.0 mg/kg/day (n = 8) of warfarin (A) or with 200 mg/kg/day (n = 7) and 400 mg/kg/day (n =
6) of dabigatran (B). (C,D) Kaplan-Meier curves of mortality rate in 5/6 nephrectomy mice treated with 2.5 mg/kg/day (n = 8) and 5.0 mg/kg/day (n = 8) of warfarin
(C) or with 200 mg/kg/day (n = 7) and 400 mg/kg/day (n = 6) of dabigatran (D). 5/6NE, 5/6 nephrectomy; Tx, beginning of treatment.

treated with 200 mg/kg/day of dabigatran was not significant
(Figure 2B). Hematuria was increased in both dabigatran
treatment groups (Figure 2D).

Morphologic Changes in the Kidney
Morphological changes in the kidney in mice treated with both
anticoagulants included mild acute tubular epithelial cell injury
(more pronounced in high dosage groups), but no RBC casts in
the tubules or RBC in the Bowman’s space were seen.

DISCUSSION

Since our kidney biopsy findings in patients treated with
warfarin were described over 10 years ago (2), many
cases of ARN in humans have since been reported (7).
The pathogenesis of this condition is unclear, and it
requires further studies. We had demonstrated that 5/6
nephrectomy rats treated with anticoagulants (warfarin
and dabigatran) 3 weeks after the ablative surgery have an
increase in serum creatinine and morphological changes
in the kidney that are similar to the human disease (3, 5).
Unfortunately, it is not easy to control gene and protein

expression in rats; therefore, there is a need for a murine
model of ARN. Here, we report our findings when we
treated C57BL/6 5/6 nephrectomy mice with warfarin
and dabigatran.

Our data indicate that C57BL/6 mice require higher doses
of anticoagulants as compared to rats, which corresponds to
literature data (8). Thus, in our previous works, we used 0.75
mg/kg/day of warfarin and 50 mg/kg/day of dabigatran in
rats, and we achieved anticoagulation levels similar to those
in humans. These treatments resulted in ARN in rats with an
increase in serum creatinine and RBC casts in the tubules. In
mice, we had to use 2.5 mg/kg/day of warfarin to increase PT
two-fold and 5.0 mg/kg/day to increase PT four times and higher.
The high warfarin dose was fatal for mice, and there was over
50% mortality (Figure 1C). Similarly, dabigatran in the dose of
200 mg/kg/day increased aPTT two-fold in mice (Figure 1B),
whereas in rats a similar effect was achieved with only 50
mg/kg/day (5). Effects on the kidney function were different in
mice and rats. Even though there was the increase in serum
creatinine and hematuria which were associated with treatment
with both anticoagulants in C57BL/6 mice, the morphological
hallmark of ARN such as occlusive red blood casts in the
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FIGURE 2 | Serum creatinine changes and hematuria in 5/6 nephrectomy mice treated with warfarin and dabigatran. (A,B) Serum creatinine changes in 5/6
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dabigatran (B). Control (vehicle-treated group) data on day 0 and 7 are shown in a solid diamond on both (A,B). (C,D) Hematuria in 5/6 nephrectomy mice treated
with 2.5 mg/kg/day (n = 8) and 5.0 mg/kg/day (n = 8) of warfarin (C) or with 200 mg/kg/day (n = 7) and 400 mg/kg/day (n = 6) of dabigatran (D). 5/6NE, 5/6
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tubules was lacking in mice but was present in rats. One possible
explanation of such a difference could be related to the fact
that mice are more resistant to 5/6 nephrectomy compared
to rats and the decline in kidney function in C57BL/6 mice
is less pronounced than in other mouse strains (9). Even
though we observed a significant increase in serum creatinine
3 weeks after the ablative surgery in C57BL/6 mice, the kidney
function was probably still not impaired enough to develop
RBC casts in the tubules. Other mouse strains, such as BALB/c
mice, could be more susceptible to developing ARN, but since
many knockout mice are developed based on the C57BL/6
strain, it is desirable to develop a model to study ARN using
the C57BL/6 mice. One possible solution would be to induce
hypertension by using angiotensin II in C57BL/6 mice after
5/6 nephrectomy and to study ARN after the treatment; this
requires further investigation (9). However, even in the absence
of occlusive tubular RBC casts, we achieved a dose-dependent
increase in serum creatinine and hematuria, indicating that

C57BL/6 5/6 nephrectomy mice, at least partially, could be used
to study ARN.
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Background: Primary hyperoxaluria type 1 (PH1) is a rare monogenic disorder
characterized by excessive hepatic production of oxalate leading to recurrent
nephrolithiasis, nephrocalcinosis, and progressive kidney damage, often requiring renal
replacement therapy (RRT). Though systemic oxalate deposition is well-known, the
natural history of PH1 during RRT has not been systematically described. In this study,
we describe the clinical, laboratory, and echocardiographic features of a cohort of PH1
patients on RRT.

Methods: Patients with PH1 enrolled in the Rare Kidney Stone Consortium PH Registry
who progressed to require RRT, had >2 plasma oxalate (pOx) measurements 3-36
months after start of RRT, and at least one pair of pOx measurements between 6 and 18
months apart were retrospectively analyzed. Clinical, echocardiographic, and laboratory
results were obtained from the Registry.

Results: The 17 PH1 patients in our cohort had a mean total HD hours/week of 17.4
(SD 7.9; range 7.5-36) and a range of age of RRT start of 0.2-75.9 years. The average
change in plasma oxalate (pOx) over time on RRT was —0.74 [—2.9, 1.4] wmol/L/month
with the mean pOx never declining below 50 wmol/L. Over time on RRT, oxalosis
progressively developed in multiple organ systems. Echocardiography performed on 13
subjects showed worsening of left ventricular global longitudinal strain correlated with
pOx (o < 0.05).

Conclusions: Even when a cohort of PH1 patients were treated with intensified RRT,
their predialysis pOx remained above target and they developed increasing evidence of
oxalosis. Echocardiographic data suggest that cardiac dysfunction could be related to
elevated pOx and may worsen over time.

Keywords: primary hyperoxaluria, oxalosis, echocardiography, dialysis, renal replacement therapy 2
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INTRODUCTION

The primary hyperoxalurias are a group of genetic diseases
that result in excessive hepatic oxalate production producing
increased urinary oxalate excretion, which can cause severe
urinary stone disease, nephrocalcinosis, and progressive chronic
kidney disease (CKD). Systemic oxalosis can occur with end-
stage kidney disease (ESKD) if patients are maintained on routine
renal replacement therapy (RRT) long term. The 3 known genetic
causes of primary hyperoxaluria (PH) are caused by mutations in
AGXT (PH1), GRHPR (PH2), and HOGAI (PH3).

On average, PH1 manifests the most severe hyperoxaluria
and the greatest risk of ESKD. In the cohort of PH1 patients
enrolled in the Rare Kidney Stone Consortium (RKSC) registry,
57% progressed to ESKD by 40 years of age and 88% by age
60 (1, 2). Since the vast majority of oxalate is eliminated by the
kidney, once patients progress to ESKD plasma oxalate (pOx)
concentrations dramatically increase. Once pOx exceeds a critical
threshold (believed to be 30-45 pumol/L) (3, 4), systemic oxalosis
can occur due to deposition of calcium oxalate crystals in a variety
of tissues, including the heart, bone, eyes, skin, blood vessels,
endocrine, and nervous systems (2).

Little is known about the natural history of PHI patients
maintained on RRT for a prolonged period of time. Thus,
in this study, we characterized the progression of clinical,
laboratory, and echocardiographic features of a cohort of PH1
patients maintained on RRT to better understand the expected
clinical course including changes in pOx, oxalosis findings, and
echocardiogram findings over time.

MATERIALS AND METHODS
Study Population

This was a retrospective observational study. Clinical, laboratory,
and echocardiographic information were abstracted from PH1
patients enrolled in the RKSC PH registry between 2003 and
2018 (5) and augmented by review of the medical records
as necessary. Informed consent for registry participation was
obtained from each subject after Mayo Clinic Institutional
Review Board approval. All patients in the current study had
confirmed mutations of the AGXT gene. We anticipated that pOx
would increase over time on RRT as any remaining endogenous
kidney function was lost and oligoanuria ensued.

Renal Replacement Therapy

A major objective of this study was to define the natural history
of pOx over time on RRT. Therefore, in order for to be included
in this study, PHI patients were required to have at least 2
pOx measurements by Mayo Clinic Renal Testing Laboratory
between 3 and 36 months after initiation of RRT, with at least
one pair of measurements between 6 and 18 months apart
(Figure 1). One patient was homozygous for the G170R mutation
known to confer responsiveness to this pyridoxine and was
receiving pyridoxine at the time of pOx measurements. The 82
PH patients seen at Mayo Clinic on RRT represent heterogenous
scenarios which accounts for the decreased sample size meeting
our inclusion criteria. For example, some of these patients came

PH1 Patients in Registry (n=389)

4

PH1 Patients on RRT (n=187)

4

PH1 patients seen at Mayo Clinic while on RRT
(n=82)

n=62 - Plasma oxalate measurements during RRT
n=20 - No plasma oxalate measurements during RRT

4

> 2 plasma oxalate measurements between 3
months after start of RRT and before RRT end
date (n=40)

L 4

Plasma oxalate measurements must be 6-18
months apart (n=19)

4

After chart review, two patients with recovered
kidney function were excluded (n=17)

RRT =Renal replacement therapy

FIGURE 1 | Schematic of subject flow.

to Mayo for a brief period for second opinions or follow-up rather
than longer-term care.

Descriptive statistics are provided as counts, mean/standard
deviation (SD) and/or median/interquartile range (IQR), and
range for continuous variables or counts and percentages for
categorical variables. All pOx samples were obtained immediately
prior to RRT sessions and measurements were made in a single
reference laboratory, Mayo Clinic Renal Testing Laboratory
(normal <1.6 pwmol/L) (6). Plasma and urine oxalate was
measured using an enzymatic oxalate oxidase method (Trinity
Biotech, Wicklow, Ireland), as previously described for plasma
(6) and urine (7). The test is based upon oxalate reduction
by oxalate oxidase yielding hydrogen peroxide, which in the
presence of peroxidase reacts with an indamine dye. This colored
end point is measured using a sensitive Beckman Coulter DU800
Spectrophotometer at 590 nm.

Of note, though kidney transplant is considered a form of
RRT, post-transplant patients were not included in this study.
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TABLE 1 | Investigations used to evaluate for oxalate deposition in
specific tissues.

Tissue Investigation

Bone DEXA scan, radiographs, evidence of pathologic
fractures, bone, or bone marrow biopsy

Cardiac ECG, chest radiographs, echocardiography,
persistent hypotension

Musculoskeletal Persistent musculoskeletal pain and weakness

Neurological Exam or nerve conduction confirming neuropathy

Retina Funduscopic examination for crystals by
ophthalmologist

Skin Livedo reticularis, subcutaneous nodules

resembling oxalate deposits, non-healing ulcers

DEXA, dual energy x-ray absorptiometry; ECG, electrocardiogram.

“Standard” RRT regimen is considered 12h per week, given a
typical prescription of 3 weekly sessions, 4 h each, while weekly
durations >12h are considered “intensified.”

Investigations for Tissue-Specific Oxalosis
Since few patients had undergone biopsies to definitively
document the presence of oxalate crystals in extrarenal
body tissues clinical findings associated with oxalosis were
abstracted as a surrogate. Table 1 details investigations used to
evaluate for evidence of systemic oxalosis in specific tissues.
Evaluation of bone density by dual energy X-ray absorptiometry
(DEXA), cardiac function by electrocardiography (ECG)
and echocardiography, and presence of retinal oxalate by
funduscopic examination were obtained for clinical indications
or as screening for systemic oxalosis. Medical records were
reviewed for clinical indicators of systemic oxalate deposition
including pathologic fractures, erythropoiesis-stimulating agents
(ESA) refractory anemia (defined as significant and persistent
anemia despite management with erythropoietin stimulating
agents, requiring periodic transfusions), cardiac arrhythmias
or cardiomyopathy, livedo reticularis, non-healing ulcers,
subcutaneous nodules resembling oxalate deposits, peripheral
neuropathy, and persistent musculoskeletal pain and weakness.
Bone manifestations for this analysis were limited to pathologic
fractures, radiographic evidence suggesting oxalate osteopathy,
or bone biopsy showing oxalate induced changes in osteoclasts
or trabecular architecture. The majority of patients had these
tests performed on a repeated basis while on RRT, although they
were not done on a protocolized schedule.

Echocardiography

Of the 17 subjects, 13 had at least one echocardiogram during
follow-up on RRT. All echocardiograms were reviewed by a
Mayo Clinic cardiologist (PP). For the purposes of demographics
and analysis, a subject’s first echocardiogram was designated
as the echocardiogram after the start of the RRT. Descriptive
statistics are provided as counts, median/IQR, and range. Data
were treated as independent points for analysis. Association of
echocardiographic indices with duration of RRT was examined
using linear regression models.

TABLE 2 | Baseline demographic characteristics of PH1 patients at RRT
start date.

N =17
Age at PH1 diagnosis (years)
Mean (SD) 22.4 (21.9)
Median (IQR) 18.9 (4.1, 28.9)
Range 0.3-74.0
Age at RRT start date (years)
Mean (SD) 37.4 (24.3)
Median (IQR) 27.4(21.2,61.5)
Range 0.2-75.9
Gender
Female 11 (64.7%)
Male 6 (35.3%)

Windows were treated as 60 day rolling periods. If
multiple echocardiograms were performed within the time
window, the first was included, as follow up studies were
frequently abbreviated.

Indices abstracted for the echocardiogram analysis included
left ventricular and right ventricular global longitudinal peak
systolic strain (LV global strain, RV global strain), left ventricular
ejection fraction (LVEF), left ventricular stroke volume index
(LVSVI), left ventricular mass index (LVMI), left atrial volume
index (LAVI), the ratio of the mitral inflow early diastolic velocity
/medial mitral annulus early diastolic velocity (E/€, an indicator
of left ventricular filing pressure), right ventricular systolic
pressure (RVSP), and relative apical strain. Because of the young
age of our 2 pediatric subjects who had echocardiograms and the
age-related differences in echocardiographic measurements, this
analysis was only performed on data from adult subjects. Relative
apical strain was calculated as:

(mean of apical LV strain segments)/[(mean of six basal LV strain

segments) + (mean of six mid LV strain segments)].

RESULTS

Patient demographics are shown in Table 2. Nineteen subjects
with PH1 requiring RRT initially met criteria for inclusion in the
analysis, of whom two patients recovered kidney function during
RRT. Since this improved kidney function likely altered oxalate
dynamics and risk for systemic deposition, these subjects were
excluded from the cohort.

The majority (88.2%) of the cohort was white; 58.8% were
white non-Hispanic or Latino, while ethnicity was unknown or
not reported in 41.2%. The median age (range) for diagnosis was
19 (0.3-74) years and start of RRT was 27 (0.2-75.9) years. Eleven
of the 17 members of our cohort had a diagnosis of PH prior to
initiation of RRT; 4 were first known to have PH within 3 months
before or after starting RRT (including both infants who first
presented in ESKD), and there were 2 in whom the PH diagnosis
was made >3 months after the start of dialysis.
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TABLE 3 | PH1 patients’ RRT regimen, plasma oxalate concentration, and

urine output.

Baseline 1year 2 years 3+ years
N=17) N=12) (N =6) (N =5)
Type of RRT
HD + PD 0 (0.0%) 2 (16.7%) 0 (0.0%) 0 (0.0%)
HD only 16 (94.1%) 10 (83.3%) 6 (100.0%) 5 (100.0%)
PD only 1(5.9%) 0(0.0%) 0 (0.0%) 0 (0.0%)
RRT treatments/week
N 15 11 6 5
Median 4.0 (3.0, 5.5) 6.0 (4.0, 6.0) 5.0 (3.5, 5.8) 5.0 (3.0, 5.0)
(IQR)
Range 3.0-6.0 3.0-6.0 2.0-6.0 2.0-6.0
Hours/RRT session
N 13 11 6 5
Median 4.0 (3.5, 4.0) 3.5 (3.0, 4.0) 3.0 (3.0.3.4) 3.0(3.0, 3.5)
(IQR)
Range 2.5-6.0 2.5-4.0 3.0-4.0 3.0-4.0
Hours RRT/week
N 13 11 6 5
Median 18.0 (11.2, 18.0 (13.5, 15.0 (11.6, 15.0 (10.5,
(IQR) 20.0) 24.0) 17.2) 15.0)
Range 7.5-36.0 7.5-24.0 6.0-24.0 6.0-24.0
First pOx measured after starting RRT (wmol/L)*
N 17 12 6 5
Median 75.0 (40.3, 76.0 (37.0, 80.1 (44.9, 77.0 (34.2,
(IQR) 150.7) 145.7) 133.8) 83.2)
Range 16.1-187.5 16.1-159.8 16.1-159.8 16.1-150.7
Urine (mL/24 h)**
N 6 7 3 1
Median 3,582 (2,380, 1,300 (798, 2,250 (1,204, 1,658 (1,658,
(IQR) 4,243) 1,848) 2,409) 1,658)
Range 28.0-4,637 384-2,392 157-2,568 1,658-1,658

“pOx reference range <1.6 pmol/L.

" A single data point in this set is from a pediatric patient and this volume was not corrected

for BSA.
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slightly over time (though not statistically significant) with RRT, but remained
above 50 wmol/L using a linear mixed-effects model with subject-specific
intercept and slopes.

Baseline characteristics, RRT regimen, and clinical parameters
over time on RRT are shown in Table 3. At baseline, 16 subjects
received HD only and one subject received PD only. The mean
(SD) days of treatment per week was 4.3 (1.3) (range 3-6 days)
and session lengths averaged 3.8 (0.8) h (range 2.5-6.0). Total
HD was 17.4 (7.9) h/week (range 7.5-36). Over the course of
dialysis, three patients received PD either alone or in conjunction
with HD; the remainder received HD only. The decline in sample
size each year represents patients discontinuing RRT due to
transplant. By 2 years after initiation of dialysis, 11 subjects had
been transplanted. A single subject was transplanted between 2
and 3 years and 5 subjects continued on RRT beyond 3 years.

The average change in pOx over the course of RRT was —0.74
[—2.9, 1.4] pmol/L/month with the mean pOx never decreasing
below 50 pwmol/L despite RRT regimens with greater weekly
duration than are standard (Figure 2). Median pOx was slightly
lower immediately after initiation of RRT compared to the first
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measurement included in the analysis (i.e., >90 days after start
of RRT) (75.0-80.3 pmol/L). Urine output was maintained in
6/17 subjects, 3 of whom still had >2000 ml/day after 1 year on
dialysis (Figure 3A). Oxalate excretion ranged from 0.85 to 2.3
mmol/1.73 m?/day measured in 5 subjects 6 months after the
start of dialysis and 1.2-1.4 mmol/1.73m?/day at 1 year (n = 3)
(Figure 3B).

As a group, PHI1 patients had increasing symptoms or clinical
testing evidence of progressive systemic oxalate deposition over
time on RRT in all body systems including bone, cardiovascular,
musculoskeletal, neurological, retina, and skin (Figure 4).

Among the 17 patients studied, 9 had no oxalosis-related
symptoms. Three of these 9 also had no objective findings
suggestive of systemic oxalosis on clinical, laboratory, nor
imaging studies. An additional 5 had findings that were
thought related to ESKD or other causes rather than to
oxalate deposition (osteopenia alone, grade 1-2 diastolic
dysfunction on echocardiography, advanced degenerative
joint disease, mild sensory neuropathy). The remaining
asymptomatic patient had retinal oxalate deposits without change
in vision.

Among 7 patients who had symptoms and findings consistent
with systemic oxalosis, severe hypotension complicating dialysis
was observed in 3, overt cardiomyopathy or complete heart
block in 4, marked musculoskeletal pain and weakness with or
without neuropathy in 4, compromise of vision related to retinal
oxalate deposits in 1, and complex metabolic bone disease with
fractures in 2.

One remaining patient, an infant, had complex metabolic
bone disease, growth, and developmental delay that were
consistent with ESKD in this age group, though could have been
complicated by systemic oxalate deposition.

Five of the patients underwent biopsies during the course of
RRT, among whom 3 had calcium oxalate crystals confirmed
by bone marrow biopsy. One of the 3 also had documented
calcium oxalate crystals in a myocardial biopsy. The remaining
biopsies of bone and a thyroid mass were negative for calcium
oxalate crystals.

Of the 17 subjects in this cohort, 13 had echocardiograms
during the RRT period (Table4). Reference ranges for
echocardiographic indices are found in Table 5 and descriptive
statistics for the cohort are displayed in Table 6. There were
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TABLE 4 | Demographic data for PH1 patients on RRT who underwent
echocardiography.

Overall (N = 13)

Age at RRT Start Date

TABLE 6 | Descriptive echocardiographic data for PH1 patients on RRT.

Overall (N = 30)

Left ventricular ejection fraction

N 30
Median (IQR) 30.7 (22.5,66.0) Median (IQR) 60.5 (56.0, 65.0)
Range 18.5-75.9 Range 32.0-69.0
Age at Diagnosis LVEF in ref range
Median (IQR) 18.9 (5.0, 28.1) N 30
Range 3.3-74.0 No 3 (10.0%)
Gender Yes 27 (90.0%)
Female 7 (53.8%) Left ventricular stroke volume
Male 6 (46.2%) N 8
Race Median (IQR) 87.0 (72.0, 99.5)
White 12(92.3%) Range 63.0-152.0
Unknown 1(7.7%) Left ventricular stroke volume index
Ethnicity N 28
Non-Hispanic or Latino 7 (563.8%) Median (IQR) 43.0(38.0, 51.5)
Unknown or not reported 6 (46.2%) Range 33.0-72.0
Echocardiograms/subject LVSVI in ref. range
Median (IQR) 1.0(1.0,3.0) N 8
Range 1.0-7.0 No 2 (7.1%)
Months to first echocardiogram Yes 26 (92.9%)
Median (1QR) 3.4(28,4.8) Left atrial volume index
Range 0.6-12.5 N 26
Months to last echocardiogram Median (IQR) 33.5(27.0, 43.2)
Median (IQR) 9.9(2.9,19.7) Range 16.0-64.0
Range 1.2-33.6 LAVI in ref. range

N 26
TABLE 5 | Reference ranges for echocardiography measures. No 14 (53.8%)

Yes 12 (46.2%)
Echocardiogram Reference range Left ventricular mass index
parameter

N 29
Left ventricular ejection >50% Median (IQR) 94.5(74.5,112.0)
fraction Range 55.0-169.0
Left ventricular stroke N/A - reference LVSVI LVMI in ref. range
volume N 29
Left ventricular stroke >35 mL/m2 No 10 (34.5%)
volume index Yes 19 (65.5%)
Left atrial volume index <=34 mL/m2 E/e’
Left ventricular mass index Women 43-95 g/m2, men 49-115 g/m2 N o8
E/e’ Normal <10, 10-14 indeterminate, >14 abnormal Median (IQR) 113 (8.0, 13.7)
RV global strain No lower limit to <-20 Range 54-075
LV global strain No lower limit to <-18 E/e’ interpretation
Right ventricular systolic >35 mmHg N o8
pressure

Normal 11 (39.3%)
RV, Right Ventricular; LV, Left Ventricular; LVSVI, Left Ventricular Stroke Volume Index. Indeterminate 11 (39.3%)

Abnormal 6 (21.4%)

. . . . RV global longitudinal strain
a total of 30 echocardiography periods with at least partial N 20
data. The timing of the echocardiograms ranged from 0.6 Median (QR) 245 (-280, —22.8)
to 33.6 months after the start of RRT [mean(SD) 11(8.6)], Range 390-180
with time of first echocardiogram observation ranging . '
. RVGS in ref. range

from 0.6 to 12.5 months after RRT start and time to last N 0
echocardiogram observation 1.2-33.6 months after start of the '
RRT interval. (Continued)
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TABLE 6 | Continued

Overall (N = 30)

TABLE 7 | Association of changes in echocardiography measures related to time
and pOx on RRT in PH patients in linear regression models (up to 30 time points in
13 patients).

4 (20.0%)

Yes 16 (80.0%)

LV global longitudinal strain

N 21

Median (IQR) —19.0 (-20.0, —15.5)
Range —22.0-—10.0
LVGS in ref. range

N 21

No 9 (42.9%)

Yes 12 (67.1%)

Right ventricular systolic pressure

N 28
Median (IQR) 34.0 (30.0, 39.0)
Range 18.0-73.0
RVSP in ref. range

N 28

No 11 (39.3%)
Yes 17 (60.7%)
Basal Mean

N 21
Median (IQR) —16.3 (—19.5, —14.2)
Range —22.8——7.2
BMS in ref. range

N 21

No 14 (66.7%)
Yes 7 (33.3%)
Relative apical strain

N 21
Median (IQR) 0.6 (0.5,0.7)
Range 0.3-0.9

AS ratio <1

N 21

Yes 21 (100.0%)
SBP

N 30
Median (IQR) 126.0 (110.0, 137.5)
Range 88.0-170.0
DBP

N 30
Median (IQR) 71.0 (60.0, 78.0)
Range 52.0-92.0

(N reflects echocardiography readings; some individual patients had multiple readings).

Regression model analysis results related to time on RRT
and pOx are shown in Table 7. Only DBP showed a statistically
significant change, with decline over time on RRT (estimate
[95%CI] —0.54 [—0.97, —0.11], p < 0.05). Sensitivity analyses
of subject-specific influence on model estimates indicated one
subject contributed significant decreases in model estimates for
E/¢, LAVI, LVMI, and nearly significant for RVSP, and another
subject contributed significant positive increases for LVEF, as well
as large positive increases for LVMI and LVSVI. By contrast,

CV parameter Est(months on RRT) Cl p-value
RV global longitudinal strain 0.014 —0.192, 0.219 0.89
LV global longitudinal strain —0.041 —0.187, 0.105 0.57
E/e’ 0.118 —0.114,0.35 0.31
LVEF —0.252 —0.596, 0.092 0.14
LVMI 0.445 —0.842, 1.732 0.49
LVSVI 0.119 —0.423, 0.661 0.66
LAVI 0.303 —0.255, 0.861 0.27
RVSP 0.1 —0.379, 0.579 0.67
basal mean —0.09 —-0.291, 0.112 0.36
Apical mean 0.037 —-0.125, 0.199 0.64
Relative apical strain —0.002 —0.009, 0.004 0.44
SBP —0.619 —1.551,0.313 0.18
DBP —0.539 —0.987, —0.092  0.020
CV parameter Est(pOx) Cl p-value
RV global longitudinal strain 0.061 0.012, 0.109 0.018
LV global longitudinal strain 0.046 0.006, 0.086 0.025
E/e’ —0.027 —0.089, 0.036 0.39
LVEF —0.065 —0.155, 0.025 0.15
LVMI —0.002 —0.337, 0.334 0.99
LVSVI —0.184 —0.306, —0.061  0.005
LAVI 0.126 —0.033, 0.286 0.12
RVSP —0.04 —0.172, 0.093 0.55
Basal mean 0.072 0.021,0.124 0.008
Apical mean 0.029 —0.018, 0.076 0.21
Relative apical strain 0.002 0, 0.003 0.070
SBP —0.283 —0.509, —0.056  0.016
DBP —0.11 —0.232,0.012 0.075

RV, Right ventricular; LV, left ventricular; LVEF, left ventricular ejection fraction; LVMI, left
ventricular mass index; LVSV, left ventricular stroke volume; LVSVI, left ventricular stroke
volume index; LAVI, left atrial volume index; RVSR right ventricular systolic pressure; SBR
Systolic Blood Pressure; DBR, Diastolic Blood Pressure.

regression models using pOx demonstrated decreasing systolic
blood pressure as pOx increased (p < 0.05) (Figure 5A), lower
LVSVI (p < 0.05), worsening of LV (p < 0.05), and RV global
longitudinal strain (p < 0.05), as well as a trend toward lower
DBP (p = 0.075). The mean longitudinal strain of the basal
segments of the LV and RV worsened (p < 0.05) (Figure 5B) with
a trend toward apical sparing (p = 0.07) (Figure 5C).
Echocardiography was performed in two additional pediatric
patients according to a pediatric echocardiography protocol.
Values were not included in the averages because of the
young ages of these patients and age-related differences in
echocardiographic measurements. One patient, age 11 months,
had left ventricular ejection fraction of 65% and mild-moderate
concentric left ventricular hypertrophy. There was no evidence
of coarctation of the aorta. Medial € was low at 0.05 m/s and
E/€ was indeterminate at 12. Strain was not measured. The other
patient, age 2 years, had left ventricular ejection fraction ranging
between 64 and 69% on two serial echocardiograms. Medial ¢
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FIGURE 5 | Regression models of selected markers of cardiac function as a
function of pOx. Dashed line represents a simple linear regression fit. (A)
Systolic blood pressure: Systolic blood pressure decreased at higher pOx, p <
0.05, n = 30 readings in 13 subjects. (B) Basal mean strain: Mean longitudinal
strain of the basal segments of the LV plus RV worsened at higher pOx, p <
0.05, n = 21 readings in 10 subjects. (C) Relative apical strain: Trend toward
apical sparing, p = 0.070, n = 21 readings in 10 subjects.

was normal at 0.10 and E/e’ was normal at 6. Left ventricular GLS
was attempted on the second echocardiogram and an average
value of the 12 visualized segments was normal at —22.

DISCUSSION

Supersaturation of calcium oxalate in blood leading to systemic
oxalosis is thought to occur when pOx increases to >30-45
pmol/L (3, 4). Our data show that most patients with PH1

maintain pOx concentrations above this limit of supersaturation
with no clinically significant decline over time despite intensified
RRT. Standard hemodialysis prescriptions likely lead to
unacceptably high pOx and high risk for worsening systemic
oxalosis. This observation alone highlights the challenge for both
clinicians and patients in managing PH1, the need for thoughtful,
individualized management including regular pOx measurement
to determine the efficacy of the dialysis prescription, and the
urgent need for more efficacious therapy. Our data also show
that PH1 patients are at risk for developing cardiac dysfunction
while on RRT, illustrating one potential consequence from
systemic oxalosis.

Previous work from the Rare Kidney Stone Consortium and
other investigators has shown that, even though HD effectively
clears oxalate from plasma during a given treatment, pre-dialysis
pOxX concentrations are variable and often remain quite elevated
due to oxalate re-entering circulation from other compartments
(3,8,9). Our study expands upon these observations by providing
an analysis of serial pOx values obtained from a relatively large
cohort of PH1 patients maintained on RRT for 1-5 years. Our
previous work illustrated the importance of maintenance of
residual urine output given the decline in oxalate excretion as
urine output diminishes, and data from this study are consistent
with this, though our sample size is too small to generate
statistical significance (8).

When treating patients with PH1 and ESKD, the clinician
is challenged with balancing the risks of systemic oxalosis with
the burden more frequent and longer dialysis sessions impose
on a patient. While nocturnal home HD might be another
option to manage ESKD (10), it has not been rigorously studied
and the efficacy might depend largely upon the dialysis system
available for use since volume flows of dialysate vary in home
systems (11). The risks of elevated pOx and prolonged time to
transplant from starts of RRT are associated with an increased
risk of post-transplant complications in PH, particularly in
regards to rapid recurrence of oxalosis in the transplanted
kidney (12).

The current study demonstrates that clinically evident
manifestations of oxalate on bone, skin, nervous system, and eyes
vary from patient to patient over time on dialysis (13-18). Due
to our small sample size and retrospective review of clinically-
indicated testing for oxalosis, we cannot draw statistically
significant conclusions regarding prevalence. However, our data
suggest that this patient population is susceptible to multi-tissue
involvement from oxalate deposition and that the number of
organ systems per subject increases over time on dialysis. The
dynamic equilibrium between oxalate in plasma and deposits
of oxalate in tissue is not well-understood; it is possible that
accumulating oxalate tissue deposits attenuate the amount of
oxalate circulating in plasma.

Most symptoms as well as laboratory and imaging findings
of systemic oxalosis can mimic those of ESKD. For example,
complex metabolic bone disease and cardiac dysfunction are
characteristic of all patients maintained on chronic RRT. Tissue
biopsies are not often performed, thus indirect methods that lack
specificity are usually relied upon for oxalosis detection. Thus,
our retrospective study may overestimate the frequency of certain
aspects of oxalosis.

Frontiers in Medicine | www.frontiersin.org

36

April 2021 | Volume 8 | Article 592357


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Sas et al.

Primary Hyperoxaluria Patients on RRT

Cardiac manifestations in PH1 patients are described in the
literature, though most are anecdotal observations. Mookadam
et al. found that 82% of PH patients had cardiac abnormalities by
either echocardiography or electrocardiography, with increased
LVMI and left atrial enlargement being most common (19).
Conduction disturbances including bundle branch block and
atrioventricular block were also observed in that study. Quan
and Biblo described a PH patient with ventricular tachycardia
and valvular dysfunction (20). In 2013, Lagies et al. described
a PH1 patient with apical sparing of longitudinal strains, left
ventricular rotational abnormalities, and short-axis dysfunction
along with characteristics of infiltrative cardiomyopathy with
restrictive physiology (21). A more recent publication from the
same group reports impaired global longitudinal strain despite
preserved left ventricular ejection fraction in 15 PH patients (13
PHI, 1 PH2, and 1 PH3) not on RRT, demonstrating subclinical
myocardial disease and supporting early monitoring of cardiac
function in PH patients (22).

Intracardiac deposition of calcium oxalate crystals would be
expected to result in progressive worsening of cardiac function.
Mode sensitive markers of ventricular function, namely left
ventricular and right ventricular global longitudinal strain did
not worsen over the course of RRT in the group as a whole.
However, worse global longitudinal strain was associated with
higher plasma oxalate. This is of particular concern given
that abnormal global longitudinal strain leads to increased
risk for cardiovascular morbidity and mortality (23, 24). Basal
strain showed particular worsening, with a trend toward apical
sparing as pOx increased in our patients. Thus, the functional
consequences of calcium oxalate deposition in cardiac tissue
appear similar to that of infiltration with amyloid proteins. In
cardiac amyloidosis, longitudinal strain in the basal ventricular
segments typically deteriorates first; apical segments may be
spared despite the systemic nature of the disease (25, 26). We
also observed a decline in blood pressure over the course of
RRT overall, with 3 patients developing severe hypotension that
complicated dialysis. Systolic blood pressure correlated inversely
with pOx with a similar trend for diastolic pressure.

Published reports of echocardiography in non-PH patients
maintained on HD describe some degree of myocardial
impairment despite preserved ejection fraction (27-29). Lagies
et al. also reported abnormal longitudinal cardiac rotation and
left ventricular longitudinal strain in a significant proportion
of a cohort of HD patients (30). It is possible that oxalosis
may impact myocardial function differently from general ESKD
and RRT. Further investigation regarding impaired myocardial
function in PH patients on HD compared to non-PH patients
on HD is warranted to further delineate the impact of PH on
cardiac function compared to HD alone. Our findings showing
worsening diastolic function and worsening of left ventricular
global longitudinal strain correlating with pOx suggest the
importance of serial echography for this patient population.

Our data demonstrating a sustained elevation in pOx and
progressive systemic oxalate deposition over the duration of
intensive RRT highlight the urgency for new innovative therapies
for PH. Standard RRT alone is not effective for many PH patients
to achieve an acceptable pOx; thus, treatment options that reduce

oxalate production or enhance removal would greatly benefit this
patient population. Moreover, data show that after PH1 patients
maintained on HD receive a liver and kidney transplant, urinary
oxalate excretion remains quite high for a long period of time
(31), posing potential risk to the transplanted allograft, providing
further evidence that strategies to more effectively lower pOx
while maintained on HD are needed.

Urine volume and oxalate excretion were maintained in a
subset of our PHI1 patients despite markedly reduced GFR.
Thus, renal excretion provides another critical opportunity for
additional elimination of oxalate. Strategies to maintain urine
volume, including avoidance of aggressive fluid removal during
dialysis sessions and generous oral intake between dialysis
sessions should be considered where appropriate.

Our study has some limitations. Most importantly, the
retrospective nature limited the number and timing of clinical
variables and tests that were available for analysis. These patients
also were seen at a single tertiary medical center though ongoing
care was provided by local dialysis centers, so the results and
frequency of outcomes might not transfer to all settings. In
addition, there may have been selection bias regarding who
received which tests over time based upon the clinical situation.
Our data set lacks objective measures of dialysis delivery like
Kt/V, so we relied on hours of dialysis, acknowledging that it
would have been more meaningful to show suboptimal pOx in
the context of proven adequate Kt/V. Also, our echocardiography
cohort had a wide range of ages, so we cannot exclude that some
of our findings may be related to age differences. Nevertheless,
this is one of the largest PH1 cohorts reported to date maintained
on HD for a prolonged period of time.

CONCLUSIONS

Patients with PH1 are exposed to persistently high pOx
concentrations even when they receive an intensified dialysis
regimen. Thus, they are increasingly at risk for systemic oxalosis
in multiple organ systems over time on RRT. Failure to
recognize the risks of insufficient dialysis in PH1 patients may
have significant consequences. Echocardiographic data suggests
worsening of diastolic dysfunction over time. Decline in blood
pressure and worsening of basal ventricular strain consistent with
an ongoing infiltrative process correlated with higher pOx. These
observations support an urgent need for improved management
strategies for PH1 patients who develop ESKD.
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Henoch-Schonlein purpura nephritis (HSPN) is a common glomerulonephritis secondary
to Henoch-Schonlein purpura (HSP) that affects systemic metabolism. Currently, there
is a rarity of biomarkers to predict the progression of HSPN. This work sought
to screen metabolic markers to predict the progression of HSPN via serum-urine
matched metabolomics. A total of 90 HSPN patients were enrolled, including 46 HSPN
(+) patients with severe kidney damage (persistent proteinuria >0.3 g/day) and 44
HSPN (-) patients without obvious symptoms (proteinuria < 0.3 g/day). Untargeted
metabolomics was determined by liquid chromatography-quadrupole time-of-flight
mass spectrometry (LC-Q/TOF-MS). A total of 38 and 50 differential metabolites
were, respectively, identified in serum and urine from the comparison between HSPN
(+) and HSPN (-) patients. Altered metabolic pathways in HSPN (4) mainly included
glycerophospholipid metabolism, pyruvate metabolism, and citrate cycle. A panel of
choline and cis-vaccenic acid gave areas under the curve of 92.69% in serum and
72.43% in urine for differential diagnosis between HSPN (+) and HSPN (-). In addition,
the two metabolites showed a significant association with clinical indices of HSPN. These
results suggest that serum-urine matched metabolomics comprehensively characterized
the metabolic differences between HSPN (4) and HSPN (=), and choline and cis-vaccenic
acid could serve as biomarkers to predict HSPN progression.

Keywords: choline and cis-vaccenic acid, differential diagnosis, Henoch-Schonlein purpura nephritis, nephrotic
proteinuria, serum-urine matched metabolomics

INTRODUCTION

Henoch-schonlein purpura (HSP) is a common systemic vasculitis affecting the skin, joints,
gastrointestinal tract, and kidney (1). Henoch-Schonlein purpura nephritis (HSPN) is the most
severe complication of HSP accompanied by renal injury that accounts for 20-80% of HSP
incidence (2). Epidemiological investigations showed that renal involvement may be the principal
cause of morbidity in HSPN patients (3, 4). Under physiological conditions, protein levels in
urine is <150 mg/L per 24h (5). In patients with HSPN, the filtration barrier is damaged
pathologically, resulting in proteinuria. In clinic, the degree of proteinuria has been proposed as
being symptomatic of kidney damage in HSPN.

Clinically, routine urinalysis and renal biopsy are the two main diagnostic methods for HSPN.
Urinalysis is simple, non-invasive and speedy, but lacks sensitivity and specificity. Although renal
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biopsy is the gold standard to assess the degree of renal damage,
its invasiveness, potential damage and possible complications
limit its application. The 24 h urine protein test combined
with renal biopsy provides a reliable strategy to assess kidney
damage in HSPN, however, proteinuria can only be detected
after severe kidney damage has occurred and could sometimes
be detected within 1-3 months of onset, thereby hindering early
intervention (6).

Metabolomics measures the alteration of endogenous low-
molecular-weight metabolites in response to stress stimulation
and diseases. It has shown potential in diagnosing occurrence
and progress of diseases (7). Metabolomics shows advantages
in comprehensive profiling, high-throughput analysis, and non-
invasive sampling (8). In this work, 90 HSPN patients comprising
46 HSPN (+) patients with severe kidney damage (persistent
proteinuria >0.3 g/day) and 44 HSPN (-) patients without
obvious symptoms (proteinuria <0.3 g/day) were recruited.
A serum-urine matched metabolomics strategy was developed
with the following underlying goals: (1) to comprehensively
characterize the metabolic differences between HSPN (+) and
HSPN (-) patients, and (2) to screen for potential metabolic
biomarkers for assessing the progression of renal damage in
HSPN patients.

MATERIALS AND METHODS
Study Participants

All the subjects in this study were recruited from Huashan
Hospital of Fudan University (Shanghai, China). The patients
were subjected to serological antibody tests prior to diagnosis,
including anti-neutrophil cytoplasmic antibody (ANCA), anti-
nuclear antibody (ANA), and anti-double-stranded DNA anti-
body (dsDNA) tests. Negative outcomes of these tests excluded
the possibility of these patients having vasculitis or lupus
erythematosus. In accordance with guidelines of the American
College of Rheumatology, HSPN was confirmed by renal biopsy
and was defined as those HSP patients with evidence of kidney
damage such as hematuria, proteinuria, and/or renal failure. IgA
deposits in the glomeruli were observed in all biopsies of the
HSPN patients. The 2012 Kidney Disease: Improving Global
Outcomes (KDIGO) Clinical Practice Guideline categorized the
patients with proteinuria <0.3 g per 24 h as complete remission.
In this study, the HSPN patients with severe kidney damage
(persistent proteinuria >0.3 g/day) were regarded as HSPN (+)
patients, while those without obvious symptoms (proteinuria
<0.3 g/day) were defined as HSPN (-). The exclusion criterion
included patients with hepatitis B nephritis, diabetes mellitus,
systemic lupus erythematosus, any form of malignancy, and liver
cirrhosis. Clinical information of the enrolled participants was
systematically collected at baseline, including age, sex, routine
blood tests, 24-h urine protein tests, and clinical symptoms such
as purpura and renal damage.

Sample Collection

The blood and urine samples were collected from the patients
prior to biopsy. All blood samples were collected in the morning
after a 12-h fast. After storing at room temperature for 1h, the

whole blood was centrifuged at 3,000 rpm at 4°C for 20 min. The
supernatant serum was then immediately transferred and stored
at —80°C before use. The 24-h urine samples were collected by
patients at the Huashan Hospital of Fudan University. Samples
were frozen and stored at —80°C until metabolomics analysis.

Sample Preparation

Serum

After thawing at 4°C, an aliquot of 135 wL methanol/acetonitrile
(3:1, v/v) (containing 0.4 jg/mL L-2-chlorophenylalanine and
10 pg/mL ketoprofen as the internal standards for the positive
and negative ion modes, respectively) was added to 45 L serum
and vortexed for 2min. The mixture was then centrifuged at
13,000 rpm at 4°C for 10 min. The supernatant fraction was
divided into two 60-pL aliquots (for ESI*T and ESI™ mode) and
subsequently dried under nitrogen gas at room temperature.
Finally, 60 L of 50% acetonitrile was chosen to redissolve the
residue and 1 pwL supernatant was injected for further liquid
chromatography-quadrupole time-of-flight mass spectrometry
(LC-Q/TOF-MS) analysis. Quality control (QC) samples were
prepared by pooling equal volumes (10 pL) from each sample
and pretreated under the same procedure as study samples.

Urine

Briefly, an aliquot of 150 wL methanol was added to 50 wL urine
to extract the metabolites. After vortexing for 2 min, the mixture
was centrifuged (13,000 rpm, 4°C, 10 min). Then, 150 pL of the
supernatant was divided into two parts and dried under nitrogen
gas at room temperature. The residues were redissolved in 75 pL
of 50% aqueous acetonitrile and 2 L injection was analyzed.

Chromatographic and Mass Spectrometric

Conditions

Chromatographic separation of the serum and urine samples
were achieved on an Agilent 1290 UPLC system equipped with
an ACQUITY UPLC HSST3 column (2.1 x 100 mm, 1.8 Lm)
at 40°C. All the analytical batches were run with a randomly
generated sequence and one injection of QC sample was analyzed
after every 10 test samples to evaluate the stability of the analytical
platform. The mobile phase of ESIT mode consisted of 0.1%
formic acid/water (A) and acetonitrile (B). For ESI™ mode,
water and acetonitrile/water (9:1, v/v) both containing 10 mM
ammonium acetate were used as phases A and B, respectively.
In serum metabolomics, the gradient of elution was programmed
as follows: 1% B at 0-1min, 1-15% B at 1-3min, 15-70% B at
3-5min, 70-85% B at 5-9 min, 85-100% B at 9-10 min, 100%
B at 10-12 min, and then back to initial conditions, with 3 min
for equilibration. For the urine analysis, the gradient elution
program was 1% B at 0-1min, 1-15% B at 1-4min, 15-50% B
at 4-10 min, 50-95% B at 10-12 min, 95% B at 12-14.5 min, and
then back to initial conditions for equilibration with 3 min. The
flow rate was set at 0.4 ml/min. Detection of metabolite ions was
performed on a 6545 Quadrupole time-of-flight spectrometric
system (Agilent Technologies, USA) operated in both positive
and negative ion modes. The detailed MS parameters were set
as follows: fragmental voltage, 120 V; capillary voltage, 3,500 V;
nozzle voltage, 1,000 V; drying gas flow rate, 8 L/min; drying gas
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temperature, 320°C; sheath gas temperature, 250°C; sheath gas
flow, 11 L/min. A full scan with mass ranges from m/z 50 to 1,050
was performed for the raw data acquisition.

Data Processing

All the raw spectral data acquired from LC-Q/TOF-MS were
first transformed to “mz data® format using data reprocess
analysis software (DA Reprocessor, Agilent, 6.0 version) with
the threshold of the peak height set at 1,000 counts. Data
pretreatment including nonlinear retention time alignment,
peak discrimination, filtering and alignment were subsequently
processed by running the XCMS package in R-3.3.3 platform.
The ion features with more than 20% missing values across all
samples were deleted. Data normalization of sera were done
through internal standard while urine data were normalized
by area abundance. Identification of differential metabolite
signatures were performed based on the accurate mass and
MS/MS fragments by searching through online databases such
as Human Metabolome Database (HMDB; https://hmdb.ca/)
and METLIN (http://metlin.scripps.edu). Some of them were
unambiguously confirmed with available reference compounds.
The pathway enrichment analyses were conducted with
MetaboAnalyst 4.0 software (https://www.metaboanalyst.ca/)
based on KEGG database.

Statistical Analysis

Multivariate analysis was carried out with R-3.3.3 platform.
Mann-Whitney U-test combined with hochberg false discovery
rate (FDR) correction was performed for the statistical
measurement of each metabolite between the comparisons.
FDR-adjusted p < 0.05 was considered statistically significant.
Unsupervised principal component analysis (PCA) was
performed to provide information on the overall distribution
of the analyzed data matrix. Supervised orthogonal partial
least-squares discriminant analysis (OPLS-DA) was applied
to identify the differences in metabolic phenotypes between
groups. Those metabolic features with an adjusted p < 0.05
and variable importance in the projection (VIP) value >1.0 in
the OPLS-DA model were screened as differential metabolites.
The relative levels of the differential metabolites between the
groups were visualized as heatmap by hierarchical clustering
analysis. Receiver operating characteristic (ROC) analysis and
other statistical analyses were performed with R-3.3.3.

RESULTS

Participants’ Clinical Characteristics

A total of 90 HSPN patients (>15 years old) were enrolled
in this work. Their detailed clinical baseline characteristics are
summarized in Table 1. The 46 patients identified as HSPN
(+) showed severe kidney damage with persistent proteinuria
of 1.95 £ 1.73 g/day. The 44 patients identified as HSPN (-)
showed no obvious symptoms with proteinuria of 0.15 £ 0.16
g/day. Among the HSPN (+) patients, 43.18% had segmental
sclerosis and 70.45% had crescent formation, while for the HSPN
(-) patients, no segmental sclerosis or crescent formation was
observed. Statistical significance in the levels of blood creatinine,

TABLE 1 | Clinical baseline characteristics of the study subjects.

Characteristic HSPN (+) HSPN (-) p-value
(n =46) (n=44)
Male (%) 27 (59%) 20 (45%) 0.296
Age, years 42.15 £18.91 32.36 + 14.20  0.007
Proteinuria/24 h 1.95+1.73 0.156+0.16  <0.001
Blood creatinine, wmol/L 90.59 + 78.35 65.45 + 12.58  0.038
Urea nitrogen, mmol/L 8.04 +12.56 460 +117 0.075
Uric acid, mmol/L 0.37 £0.13 0.33 &+ 0.06 0.093
19G, g/L 10.04 + 3.45 13.00 £2.09 <0.001
IgA, g/L 3.37 + 1.54 3.50 + 1.22 0.690
IgM, g/L 1.07 £0.48 1.20+0.58 0.298
Urinary red blood cell counts/pl  278.36 +421.95 81.19 + 148.52 0.006
Urinary white blood cell 40.16 £ 42.76 17.07 £22.43  0.003
counts/pl
Urinary ACR mg/g 1,3569.95 + 1,601.95 77.28 £ 168.11 <0.001
Segmental sclerosis (%) 19 (43.18%) 0 (0%)
Crescent formation (%) 31 (70.45%) 0 (0%)

19G, immunoglobulin G; IgA, immunoglobulin A; IgM, immunoglobulin M; Urinary ACR,
urinary albumin-to-creatinine ratio.

urinary red blood cells, and urinary white cells between the
two groups indicated that kidney damage may be linked to
inflammatory cytokines and the immune system.

Metabolomics Analysis

The solvents for metabolites extraction and redissolution were
optimized. For serum, methanol/acetonitrile (3:1, v/v) was
found to show the best extraction efficiency over methanol
(100%), acetonitrile (100%), methanol/acetonitrile (1:1, v/v), and
methanol/acetonitrile (1:3, v/v) based on the total number of ion
features (Supplementary Figure 1). For urine, methanol (100%)
was selected as the best solvent for metabolite extraction. During
the re-dissolution stage, 50% aqueous acetonitrile exhibited
highest efficiency by producing more metabolites both in the
serum and urine samples (Supplementary Figure 2). The typical
total ion chromatograms of HSPN serum and urine samples
both in positive and negative ion modes are presented in
Supplementary Figure 3. Totally, 2,770 ions were captured in
the serum, and 3,992 ion features were detected in urine.

Serum Metabolic Differences Between
HSPN (+) and HSPN (-) Patients

The unsupervised PCA showed a clear separation between
HSPN (4) and HSPN (-) with PC1 at 76.2% and PC2 at
11.1% (Figure 1A). An OPLS-DA model further confirmed the
significant distinction in metabolic patterns (Figure 1B). The
cumulative R2Y and Q2 were 0.855 and 0.675, respectively. With
the selection criterion of VIP >1.0 and adjusted-p < 0.05, a
total of 587 differential ions were screened out. Among them,
38 metabolites were identified. The details of the differential
metabolites including name, retention time, mass-to-charge
ratio, VIP value, fold change, and p-value are provided in Table 2.
Their relative levels are summarized in a heatmap in Figure 1C.
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FIGURE 1 | Serum metabolic comparison of HSPN (+) and HSPN (-) patients. (A) PCA score plots of HSPN (+) vs. HSPN (-). (B) OPLS-DA score plots of HSPN (+)
vs. HSPN (). (C) Heatmap of the 38 metabolites identified from the comparison of HSPN (+) vs. HSPN (). The colors from green to red in the heatmap indicate the
elevation in levels of metabolites. (D) Disturbed metabolic pathways identified from the comparison of HSPN (+) vs. HSPN (-) using serum samples. (E) ROC curve
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TABLE 2 | Statistical analysis of 38 differential metabolites in serum identified from the comparison of HSPN (+) vs. HSPN (-).

Differential metabolites Retention time (min)  Mass-to-charge ratio VIP Fold change  p-value®  Adjusted p-value®  Adduct
Oxalacetic acid 0.95 133.0135 2.70 2.14 <0.001 <0.001 M+H
PE-NMe (16:1/18:3) 7.28 726.5133 2.56 1.81 <0.001 <0.001 M+H
2-Methyl-3-pentenoic acid 1.89 132.1014 2.45 1.34 <0.001 <0.001 M-+NH4
PE-NMe2 (18:4/14:0) 6.62 712.4977 2.47 1.81 <0.001 <0.001 M-+H
Eicosapentaenoic acid* 7.25 303.2329 2.35 7.02 <0.001 <0.001 M+H
7-Hydroxyeicosatetraenoic acid® 6.52 319.2283 2.30 7.50 <0.001 <0.001 M-H
PS (14:0/24:0) 7.13 820.6026 2.29 1.38 <0.001 <0.001 M+H
TG (18:4/14:1/20:5) 7.04 865.6317 2.27 1.38 <0.001 <0.001 M+Na
Glycerophosphocholine 0.66 280.0938 2.18 0.65 <0.001 <0.001 M+Na
PC (14:1/P-16:0) 7.52 688.5217 2.23 1.35 <0.001 <0.001 M-+H
Linoleyl carnitine 6.15 424.344 2.22 1.80 <0.001 <0.001 M+H
PC (22:6/24:1) 6.52 938.6656 217 1.37 <0.001 <0.001 M+Na
PE (P-18:1/14:0) 6.96 674.5069 2.14 1.34 <0.001 <0.001 M-+H
5b-Cholestane-3a,7a,12a,23-Tetrol 11.04 437.3639 2.11 0.58 <0.001 <0.001 M-+H
PS (22:6/24:1) 11.79 935.6486 2.10 0.76 <0.001 <0.001 M-+NH,4
8alpha-Hydroxy-gama-tocopherone 10.41 433.3692 2.09 0.61 <0.001 <0.001 M+H
6,10,14-Trimethyl-5,9,13- 11.90 263.2382 2.08 0.42 <0.001 <0.001 M+H
Pentadecatrien-2-one

Phenylpropiolic acid 1.25 147.0443 2.04 1.32 <0.001 <0.001 M+H
Cystathionine ketimine 3.04 204.0329 2.04 1.25 <0.001 <0.001 M-+H
2-Hydroxyhexadecanoylcarnitine 6.47 426.3589 1.97 1.66 <0.001 <0.001 M-+H
Ribothymidine® 0.64 257.0788 1.96 1.73 <0.001 <0.001 M-H
Cinnamic acid 3.04 149.0594 1.95 1.16 <0.001 <0.001 M-+H
67,9Z-octadecadienoic acid 10.70 281.2483 1.94 0.62 <0.001 <0.001 M+H
Choline* 0.65 104.1074 1.89 1.46 <0.001 <0.001 M-+H
Dihydroxyacetone® 0.65 89.02451 1.88 1.63 <0.001 <0.001 M-H
p-Pseudouridine®” 1.29 243.0626 1.82 1.44 <0.001 <0.001 M-H
Cis-vaccenic acid® 8.59 300.2904 1.77 1.26 <0.001 <0.001 M+NH,
LysoPA (20:4/0:0)° 6.65 457.2372 1.76 2.28 <0.001 <0.001 M-H
5-(3-methoxyphenyl)-4-(sulfooxy) 0.58 327.0523 1.64 1.29 <0.001 <0.001 M+Na
Pentanoic acid

L-Carnitine* 0.67 162.1129 1.64 0.82 <0.001 <0.001 M+H
Tryptophyl-Phenylalanine 4.63 3562.1637 1.62 0.70 <0.001 <0.001 M-+H
PE (P-16:0e/0:0) 7.05 438.2994 1.62 1.65 <0.001 <0.001 M+H
Benzoic acid 1.69 123.0436 1.62 1.25 <0.001 <0.001 M-+H
Galbanic acid® 5.36 397.2054 1.62 0.55 <0.001 <0.001 M-H
LysoPC (15:0)* 7.83 482.3255 1.51 1.47 <0.001 <0.001 M+H
3-Pyridinebutanoic acid® 2.87 164.0721 1.46 1.31 <0.001 0.001 M-H
1-Pyrroline-4-hydroxy-2-Carboxylate® 0.68 128.0356 1.44 1.47 <0.001 <0.001 M-H
Aminocaproic acid® 1.28 130.0877 1.35 1.24 0.008 0.034 M-H

*means that the metabolites were confirmed with reference compounds.

The metabolites were listed in a decreasing order based on variable importance in the projection (VIP) values.

Fold change with a value >1 indicates a relatively higher concentration present in the HSPN (+) patients.

ap-values from Mann-Whitney U-test; PAdjusted by false discovery rate correction across all the metabolites within the comparison. °means that the metabolite was detected in the
negative ion mode. PE, Phosphatidylethanolamine; PS, Phosphatidylserine; TG, Triglyceride; PC, Phosphatidylcholine; LysoPA, Lysophosphatidic acid; LysoPC, lysophosphatidylcholine.

On the basis of the altered metabolites, the perturbed pathways  evaluate their diagnostic potentials based on receiver operating
between the two groups mainly related to glycerophospholipid  characteristic (ROC) curve analyses. The results showed that the
metabolism, citrate cycle, pyruvate metabolism and alanine, = combination of the 10 metabolites provided an area under curve
aspartate, and glutamate metabolism (Figure 1D). A panel of the ~ (AUC) of 0.9872 with high sensitivity (93.48%) and specificity
top 10 metabolites with the highest VIP values were selected to  (97.73%) at a cutoff value of 0.912 (Figure 1E).
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FIGURE 2 | Urine metabolic comparison of HSPN (+) and HSPN (-) patients. (A) PCA score plots of HSPN (+) vs. HSPN (-). (B) OPLS-DA score plots of HSPN (+)
vs. HSPN (-). (C) Heatmap of the 50 differential metabolites identified from the comparison of HSPN (+) vs. HSPN (-) using urine samples. The colors from green to
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Urine Metabolic Differences Between
HSPN (+) and HSPN (-) Patients

A clear discrimination from the unsupervised PCA scores plots
(PC1 at 39.7%, PC2 at 24.9%) was observed between HSPN
(+) and HSPN (-) patients, indicating that the two groups
have distinctly different metabolic phenotypes (Figure 2A). In
the OPLS-DA model, HSPN (-) were significantly separated
from HSPN (+4) patients with R2Y of 0.88 and Q2 of 0.287,
suggesting that the model had good predictability for discovering
potential biomarkers (Figure2B). A total of 396 differential
metabolite features were screened out, of which, 50 differential
metabolites were identified (Table 3). Their relative levels across
the samples were visualized in a heatmap (Figure2C). The
metabolic perturbations in urine between the two groups mainly
focused on pyruvate, pentose, and glucuronate interconversions,
histidine metabolism and citrate cycle (Figure 2D). With the
same criterion, ROC analysis was performed to evaluate the
diagnostic capacity of the top 10 metabolites in terms of VIP
values. The panel provided AUC of 0.9471 (CI: 0.9055-0.9888,
sensitivity: 89.13%, specificity: 93.18%) at a cutoff value of 0.823
(Figure 2E).

Metabolic Markers for the Prediction of
HSPN Progression

To simplify the metabolic biomarker panel for potential clinical
application, we focused on the metabolites that: (1) have
commercially available reference compounds and (2) are present
as differential metabolites both in serum and urine. In line
with this, two differential metabolites namely choline and cis-
vaccenic acid were screened out as biomarkers for predicting
HSPN progression. As compared to HSPN (-), HSPN (+)
patients showed an elevated level of choline in both serum
(Figure 3A) and urine (Figure 3B). The results of spearman
correlation analysis indicated that the levels of choline in
serum and urine exhibited a significant correlation with p-
value of 0.0059 (Figure 3C). Similarly, cis-vaccenic acid was
significantly increased in HSPN (4) patients (Figures 3D,E) and
showed a significant correlation in serum and urine (Figure 3F).
Through ROC analysis, the calculated area under curve (AUC)
of choline, cis-vaccenic acid, and their combination were 88.69%
(95% CI: 0.8155-0.9582), 79.15% (95% CI: 0.6968-0.8862) and
92.69% (95% CI: 0.8687-0.9851), respectively (Figures 4A-C).
Obviously, the combined panel showed a better predictive
potential for distinguishing the HSPN (-) from HSPN (+)
group. In urine, choline, cis-vaccenic acid, and their combination
provided area under curve (AUC) values of 72.53% (95% CI:
0.6213-0.8293), 63.51% (95% CI: 0.5160-0.7543) and 72.43%
(95% CI: 0.6203-0.8284), respectively (Supplementary Table 1).

Besides proteinuria, the urinary albumin excretion rate (ACR)
and blood creatinine are also considered as important indicators
to justify the renal involvement of HSPN in clinic. We then
performed correlation analysis to assess the association between
the metabolic markers and these clinical indices (Figure 4D).
We found that the level of cis-vaccenic acid in serum and
choline in urine were correlated with proteinuria. Meanwhile, the
choline in both serum and urine, and cis-vaccenic acid in serum

showed a positive correlation with urinary ACR. Also, choline
in serum showed a positive correlation with blood creatinine.
These findings further confirmed the potential of choline and
cis-vaccenic acid as biomarkers for predicting HSPN progression.

DISCUSSION

HSPN is the most common and severe form of HSP complication
that could lead to chronic kidney disease. Clinically, it is
important to assess the risk of developing renal complications
in HSPN. Routine urinalysis and renal biopsy are commonly
used to diagnose HSPN, albeit some shortcomings. Although
the degree of proteinuria reflects the severity of kidney damage,
its detection in the latter phase of the disease makes it
unreliable for early intervention of HSPN. Metabolomics has
the advantages of dynamic detection and non-invasiveness,
and shows potential in diagnosing occurrence and progress of
diseases. The occurrence of kidney diseases has been shown
to be closely related to metabolic disorders (9, 10). Hence,
we conducted a comprehensive untargeted metabolomics to
identify markers that could predict HSPN progression. Biofluids
including blood, urine, and saliva are most commonly used
as pools of endogenous metabolites for metabolomics studies
(11, 12). In contrast to the use of one biofluid type, our use
of serum-urine matched samples provided a wider coverage of
metabolite information with more than 6,000 metabolic features.

The perturbed metabolic pathways both identified from serum
and urine metabolomics mainly included glycerophospholipid
metabolism, citrate cycle, and pyruvate metabolism, which is
indicative of abnormal lipid metabolism and energy metabolism
in the progress of renal damage. These results are consistent
with previous studies on kidney diseases (12-14). In addition,
serum metabolomics supplied other disturbed pathways such
as alanine, aspartate, and glutamate metabolism, glyoxylate,
and dicarboxylate metabolism. Urine metabolomics provided
histidine metabolism, glycolysis/gluconeogenesis, and purine
metabolism as the disturbed pathways. These findings suggest
that the diverse pathophysiological changes inherent during renal
damage in HSPN is reflective of the varied metabolic phenotypes
in serum and urine.

Lipid accumulation has been proposed as a risk factor of
renal injury (15). In this work, we found significant increase
of phosphatidylethanolamines (PE) including (PE)-NMe
(16:1/18:3), PE-NMe2 (18:4/14:0), PE (P-18:1/14:0), and PE
(P-16:0e:/0:0). PE is a key phospholipid of cytomembrane
and its externalization has been regarded as a signal of early
apoptosis (16). The up-regulation of PE in HSPN (+) indicates
that cell apoptosis possibly accelerates the decline in renal
function. Under physiological conditions, the kidney is exposed
to a wide range of fluctuation in terms of extracellular solutes
and responds to hypertonic stress through the accumulation
of the organic osmolytes (17). Glycerophosphorylcholine, a
choline derivative, is one of the four major organic osmolytes
in renal medullary cells. During cellular osmoadaptation,
an increased intracellular glycerophosphorylcholine level
contributes in maintaining osmotic equilibrium (18). The
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TABLE 3 | Statistical analysis of 50 differential metabolites in urine identified from the comparison of HSPN (+) vs. HSPN (-).

Differential metabolites Retention time (min) Mass-to-charge ratio VIP Fold change P-value? Adduct
10,20-Dihydroxyeicosanoic acid 10.71 362.3240 3.41 1.37 <0.001 M+NH,
7-Hydroxyoctadecanoic acid 10.63 318.3003 3.16 1.27 <0.001 M+NH4
Choline* 0.65 104.1070 3.15 1.44 <0.001 M+H
5-Ethenylbenzene-1,2,3-triol® 4.52 151.0406 2.84 0.58 0.002 M-H
Valyl-Leucine 4.48 231.1698 2.83 6.08 0.005 M+H
Dodecanedioic acid 7.23 231.1581 2.83 0.48 0.006 M+H
1,2,3,4-Tetrahydroisoquinoline 7.27 134.0961 2.71 0.67 0.008 M-+H
Dihydroxy-1H-indole glucuronide 1P 2.94 324.0731 2.67 1.45 0.036 M-H
N-Acetyl-a-neuraminic acid 0.75 310.1136 2.55 1.29 0.014 M+H
Perillic acid 5.99 167.1063 2.41 0.57 0.007 M+H
Genistein 4',7-O-diglucuronide 5.18 623.1245 2.37 0.31 <0.001 M+H
3-Phenylpropionylglycine® 4.31 206.0827 2.36 1.69 0.004 M-H
3-Hydroxytetradecanedioic acid® 6.91 273.1709 2.19 0.51 0.001 M-H
Cyclohexane 6.00 107.0838 2.15 0.71 0.039 M+Na
2,6-Dimethylheptanoyl carnitine 8.71 302.2325 2.10 0.62 0.008 M+H
Urocanic acid® 2.41 137.0355 2.06 1.28 0.003 M-H
(3-Phenyloxiran-2-yl) methanol® 7.46 149.0609 2.06 0.55 0.032 M-H
[N-acetylneuraminosy! (a2-6) lactosamine] 0.83 675.2462 2.05 1.19 0.027 M+H
5-Ethyl-3-methoxybenzene-1,2,4-triol 3.65 202.1068 2.03 0.78 0.037 M+NHy4
Alpha-CEHC glucuronide® 7.58 453.1770 1.98 0.32 0.042 M-H
N-Acetylaminooctanoic acid® 6.41 200.1296 1.97 1.29 0.002 M-H
5'-Carboxy-gamma-chromanol 9.12 324.2163 1.91 0.64 0.023 M-+NH,4
Creatine riboside 0.75 264.1179 1.91 1.74 0.003 M-+H
Pyruvic acid® 0.56 87.00843 1.90 0.77 0.003 M-H
Vanillic acid 4-O-sulfate® 2.94 246.9922 1.85 0.61 0.010 M-H
Adenosine 2’,3'-cyclic phosphate 2.79 330.0597 1.84 0.74 0.017 M+H
Androsterone glucuronide 10.02 484.2900 1.82 0.64 0.049 M+NH,
L-Hexanoylcarnitine 5.93 260.1856 1.67 0.59 0.014 M-+H
Adenosine* 2.60 268.1037 1.64 0.74 0.006 M+H
Tyrosyl-Proline 3.86 279.1333 1.62 0.66 0.018 M-+H
6-Hydroxy-5-methoxyindole Glucuronide 4.65 340.1028 1.60 0.72 0.013 M+H
8-Hydroxy-7-methylguanine 2.89 182.0670 1.60 1.24 0.020 M+H
Threoninyl-Tyrosine 6.32 283.1282 1.59 0.76 0.021 M-+H
3-Hydroxy-4-aminopyridine 0.74 111.0552 1.58 0.84 0.004 M-+H
3-Furoic acid® 0.55 111.0082 1.58 0.83 0.032 M-H
Alpha-Carboxy-delta-decalactone® 3.90 213.1135 1.55 0.67 0.017 M-H
4-Methoxybenzene-1,3-diol° 4.33 139.0403 1.53 0.71 0.004 M-H
4-Hydroxybenzaldehyde® 417 121.0294 1.50 1.74 0.007 M-H
Cis-vaccenic acid* 11.56 300.2875 1.48 1.10 0.028 M+NH,
(4-Ethyl-2,6-dihydroxyphenyl) Oxidanesulfonic acid® 5.20 233.0127 1.48 0.64 0.017 M-H
Phenylbutyrylglutamine 8.21 315.1326 1.41 0.78 0.040 M+Na
Pyrogallol-2-O-sulfate® 2.77 204.9817 1.39 0.67 0.002 M-H
But-2-enoic acid® 0.57 85.02898 1.39 0.87 0.024 M-H
Arginyl-Gamma-glutamate 3.85 320.2052 1.38 0.75 0.019 M-+NH4
4-Ethylbenzaldehyde® 7.89 133.0658 1.37 0.69 0.011 M-H
Heptanoylcarnitine 710 274.2012 1.36 0.42 0.009 M+H
Pregnanediol-3-glucuronide® 9.36 495.2969 1.31 0.64 0.005 M-H
p-Cresol° 5.20 153.0557 1.21 0.72 0.011 M+FA-H
5-Decenoic acid 8.73 171.1369 1.21 0.75 0.045 M+H
11,12,15-Trihydroxyeicosatrienoic acid 8.75 372.2741 1.13 0.61 0.022 M+NH4

*means that the metabolites were confirmed with reference compounds.

The metabolites were listed in a decreasing order based on VIP values.

Fold change with a value >1 indicates a relatively higher concentration present in the HSPN (+) patients.
ap-values from Mann-Whitney U-test; Pmeans that the metabolite was detected in negative ion mode.
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FIGURE 3 | Boxplot analysis of choline in (A) serum and (B) urine between HSPN (=) and HSPN (+) patients. (C) Spearman correlation analysis of the levels of choline
in serum and urine. Boxplot analysis of cis-vaccenic acid in (D) serum and (E) urine between HSPN (-) and HSPN (+) patients. (F) Spearman correlation analysis of
the levels of cis-vaccenic acid in serum and urine. **p < 0.01 and ***p < 0.001.

decreased glycerophosphorylcholine may indicate cell osmolar
dysfunction was involved in HSPN (4). Free fatty acids
(FFAs) are harmful to the kidneys. We observed some FFAs
including 6Z,9Z-octadecadienoic acid and cis-vaccenic acid were
significantly elevated in the HSPN (+) group. High FFA levels
accelerate the production of reactive oxygen species (ROS),
a phenomenon that could induce mitochondrial damage and
tissue inflammation, resulting in renal damage (19, 20).
Abnormal energy metabolism is associated with a decline
in renal function (21). Pyruvate, the end-product of glycolysis,
is down-regulated in serum, which indicates the possible
occurrence of renal ischemia in HSPN (+) patients (22). We
found that the tricarboxylic acid cycle (TCA) intermediate
oxaloacetate was significantly up-regulated in serum but
decreased in the urine of HSPN (+) patients. These contrasting

levels of TCAs in the serum and urine may be an indication of
renal dysfunction (23).

Choline is the precursor of trimethylamine N-oxide and acts
as a methyl donor in various metabolic processes, especially in
lipid metabolism. In our study, the level of choline in both serum
and urine were up-regulated in HSPN (+) patients. It has been
reported that elevated levels of choline could lead to an increase
in KIM-1 level—a marker of early kidney damage resulting in
an increased risk of developing renal fibrosis (24). In addition,
a long-term hypercholinergic state can induce an increase in
plasma cystatin C level, which is a sensitive indicator of renal
function impairment (25).

Cis-vaccenic acid is a monounsaturated fatty acid derived
from intestinal flora. A cross-sectional cohort study showed cis-
vaccenic acid to be positively associated with reduced estimated
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glomerular filtration rate (eGFR), an important indicator of
renal function (26). In our results, the increased level of
cis-vaccenic acid in HSPN (+) patients further confirmed
this observation.

Identification of novel biomarkers contributes to early
detection and prediction of diseases. The moderate sample
size, integrative analysis of serum and urine, and biopsy-
proven cohort in this study contributed to screening for
the reliable biomarkers for HSPN. The panel of choline

and cis-vaccenic acid exhibited differential capacity with
area under the curve value of 92.69% in serum and 72.43%
in urine between HSPN (+4) and HSPN (-), and showed
significant correlations with clinical indices of HSPN.
These results highlight the early diagnostic potential of the
metabolic biomarkers as an alternative method to predict
HSPN progression.

This work has some limitations. First, the single cohort
of HSPN patients constitutes the primary limitation. In
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future studies, a large sample size from multi-centers
including healthy controls could be considered to validate
our results or otherwise. Second, due to the unavailability of
reference compounds, the confirmation of the metabolites
mainly depended on the databases and this remains a
challenge for accurate identification. Finally, targeted
quantification of the metabolic markers is necessary in future
and a suitable animal model could be applied for further
biological validation.

CONCLUSIONS

In this work, we described an untargeted metabolomics by LC-
Q/TOF-MS to characterize the underlying metabolic differences
between HSPN (+) and HSPN (-) patients. The use of serum-
urine matched samples provided a broad-scope for detection of
metabolic information. Choline and cis-vaccenic acid that were
both identified in serum and urine were screened as markers
to predict HSPN progression. The panel of choline and cis-
vaccenic acid showed the potential to differentiate between HSPN
(+) and HSPN (-) patients with area under the curve value
of 92.69% in serum and 72.43% in urine. In addition, choline
and cis-vaccenic acid showed a significant association with the
clinical indices of HSPN. These results suggest that choline and
cis-vaccenic acid could serve as biomarkers to predict HSPN
progression, and we do believe that following further studies with
larger cohorts, the findings of this study hold great promise for
clinical application.
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Background: Because obesity is associated with the risk of posttransplant diabetes
mellitus (PTDM), the precise estimation of visceral fat mass before transplantation
may be helpful. Herein, we addressed whether a deep-learning based volumetric fat
quantification on pretransplant computed tomographic images predicted the risk of
PTDM more precisely than body mass index (BMI).

Methods: We retrospectively included a total of 718 nondiabetic kidney recipients
who underwent pretransplant abdominal computed tomography. The 2D (waist) and
3D (waist or abdominal) volumes of visceral, subcutaneous, and total fat masses were
automatically quantified using the deep neural network. The predictability of the PTDM
risk was estimated using a multivariate Cox model and compared among the fat
parameters using the areas under the receiver operating characteristic curves (AUROCS).

Results: PTDM occurred in 179 patients (24.9%) during the median follow-up period
of 5 years (interquartile range, 2.5-8.6 years). All the fat parameters predicted the risk
of PTDM, but the visceral and total fat volumes from 2D and 3D evaluations had higher
AUROQOC values than BMI did, and the best predictor of PTDM was the 3D abdominal
visceral fat volumes [AUROC, 0.688 (0.636-0.741)]. The addition of the 3D abdominal
VF volume to the model with clinical risk factors increased the predictability of PTDM, but
BMI did not.

Conclusions: A deep-learning based quantification of visceral fat volumes on computed
tomographic images better predicts the risk of PTDM after kidney transplantation
than BMI.

Keywords: artificial intelligence, body mass index, fat, deep learning, kidney transplantation, post-transplant
diabetes mellitus
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INTRODUCTION

Posttransplant  diabetes mellitus (PTDM), a metabolic
complication after kidney transplantation, occurs in 10-
40% of kidney recipients depending on the patient characteristics
(1-4). Because PTDM correlates with adverse outcomes
such as cardiovascular events and death, it is crucial to
predict PTDM precisely and manage its occurrence in
advance (4-6). Several risk factors for PTDM have been
identified, such as obesity (7, 8), high blood pressure (9),
immunosuppressive agents (10-12), infection with hepatitis
C virus (4, 13), hyperuricemia (13), and hypertriglyceridemia
(13). High values of body mass index (BMI), one of the
crude measures for body fat, predict the risk of DM (14),
but this relationship has not necessarily happened in PTDM
(4, 15-18).

BMI is a simple and convenient measure for adiposity
but does not reflect body shape and fat distribution, which
leads to inevitable limitations in the precise estimation of
visceral fat (VF) volumes (19). Furthermore, the relationship
with worse outcomes may depend on the race as Asians
have a higher proportion of body fat mass for a given

BMI than Caucasians (20). A bioelectrical impedance
analysis, dual-energy X-ray absorptiometry, and cross-
sectional computed tomography (CT) have been used

to substitute BMI (21-25). Analyzing body components
in cross-sectional CT imaging is regarded as a reference
standard. However, its clinical use remains limited because
the analysis requires a considerable amount of time and effort
of specialists.

The introduction of a deep-learning algorithm in medicine
attempts to change the paradigm of the clinical process (26, 27),
particularly of diagnostic imaging (28). Deep learning algorithms
have shown potential in automatic fat quantification on CT
images and thus can reduce the laborious work involved in
fat segmentation (29). Herein, we addressed whether deep-
learning-based volumetric fat quantification on CT images after
segmenting body fat distribution predicted the risk of PTDM
more precisely than BMI.

METHODS
Study Subjects

The study was approved by the institutional review board of
the Seoul National University Hospital (no. H-1907-072-1047)
and complied with the Declaration of Helsinki. Among 1,377
adults (aged > 18 years) who consecutively underwent kidney
transplantation at Seoul National University Hospital between
2003 and 2017, 983 patients who underwent abdominal CT scans
within 1 year before transplantation were initially reviewed. Of
these, 38 patients in whom the CT scan did not sufficiently cover
the abdominal waist from the iliac crest to the lower margin of the
ribs and 227 patients who had DM before transplantation were
excluded. Accordingly, 718 patients were analyzed in the present
study. Under the review board’s approval, informed consent
was waived.

Data Collection and Definition

Baseline information such as age, sex, weight, height, type
of pretransplant dialysis, donor type (living or deceased),
ABO incompatibility, positivity for hepatitis B surface antigen
and anti-hepatitis C virus antibody, the number of human
leukocyte antigen mismatches, and the immunosuppressive
regimens for induction (e.g., basiliximab and anti-thymocyte
globulin) and maintenance (e.g., steroid, calcineurin inhibitor,
and mycophenolic acid) were collected. A combination therapy
of steroids, tacrolimus, and mycophenolic acid was primarily
used for maintenance in our center. BMI was calculated as weight
(kg)/height (m?). Laboratory findings such as total cholesterol,
high-density lipoprotein cholesterol, triglyceride, and uric acid
were collected in the fasting state before kidney transplantation.

TABLE 1 | Baseline characteristics of the study subjects.

Variables Total (n = 718)
Age (years) 452 +12.6
Male sex (%) 60.0
Body mass index (kg/m?) 225+ 3.4

Deceased donor (%) 34.5
Type of pre-transplant dialysis (%)

Preemptive 14.4
Hemodialysis 66.4
Peritoneal dialysis 19.2
Pre-transplant dialysis duration, months 23 [2-79]
Cause of kidney failure (%)
Hypertension 9.5
Glomerulonephritis 51.7
Polycystic kidney disease 10.3
Others 28.6
Hypertension (%) 81.8
Positivity for anti-hepatitis C virus antibody (%) 2.1
Positivity for hepatitis B surface antigen (%) 6.7
ABO incompatibility (%) 9.6
Number of HLA mismatch > 3 (%) 39.7
Induction agent (%)
None 11.8
Basiliximab 85.8
Anti-thymocyte globulin 2.4
Calcineurin inhibitor (%)
None 2.9
Cyclosporine 8.6
Tacrolimus 88.4
Mycophenolic acid (%) 98.6
Laboratory findings
Total cholesterol (mg/dL) 159.0 + 36.7
Triglyceride (mg/dL) 123.7 £ 80.3
HDL cholesterol (mg/dL) 50.2 +16.5
LDL cholesterol (mg/dL) 924+ 325
Uric acid (mg/dL) 6.0+ 20

HLA,  human  leukocyte
low-density lipoprotein.

antigen;  HDL,  high-density  lipoprotein;  LDL,
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Low-density lipoprotein cholesterol was calculated using the
following formula: total cholesterol - high-density lipoprotein
cholesterol - (triglyceride/5).

The primary outcome was PTDM. PTDM was diagnosed
when recipients needed antidiabetic medications because of high
blood glucose levels. The secondary outcomes were delayed graft
function (i.e., the requirement of dialysis within 7 days after
transplantation) and biopsy-proven acute rejection such as acute
T-cell-mediated and antibody-mediated rejections.

Deep Learning-Based Measurement of 2D
and 3D Fat Volumes

All abdominal CT scans were performed using multidetector
CT scanners without the intravenous administration of
contrast media. The mean interval between CT scanning
and transplantation was 91.1 £ 54.5 days. After uploading
precontrast volumetric abdominal CT images to commercially
available segmentation software (MEDIP Deep Catch v1.0.0.0,
MEDICALIP Co. Ltd., Seoul, Korea), a 3D U-Net automatically
generated a volumetric mask of 7 compartments in <1.5min
with the recommended specifications (30): skin, bone, muscle,
VE subcutaneous fat (SF), internal organs with vessels, and
central nervous system. The network was developed using
39,286 labeled whole-body CT images and provided an average
segmentation accuracy for VF and SF of 92.4-98.9% and 94.1-
99.7%, respectively, in internal and external validation datasets
of whole-body CT scans. After the volumetric segmentation
of VF and SE the range of the whole abdominal waist was
automatically extracted between the iliac crest and the margin
of the lowest rib, with subsequent calculation of the 3D

volumes of VF and SF in the whole abdominal or waist area
and 2D volumes at the midpoint of the abdominal waist
(31). An experienced body radiologist (SH Yoon) identified
whether the results of segmentation and the range of the
abdominal waist were appropriate. VF and SF volumes
were summed to calculate total fat (TF) volumes. All of
the TE VE and SF volumes were normalized by the height
squared (m?) (32).

Statistical Analysis

All statistical analyses were performed with the STATA (version
15.1; StataCorp, College Station, TX, USA) and R (version
3.5.0; R Core Team) software. Continuous variables are

TABLE 2 | 2D and 3D fat volumes and their correlations with body mass index.

Parameters Mean =+ standard deviation r? P

2D volume of waist TF 0.66 & 0.41 m?/m? 0.539  <0.001
2D volume of waist VF 0.28 4 0.23 m?/m? 0.426  <0.001
2D volume of waist SF 0.38 4 0.23 m?/m? 0.420  <0.001
3D volume of waist TF 0.41 + 0.36 m®/m? 0.448  <0.001
3D volume of waist VF 0.17 £ 0.18 m3/m? 0.399  <0.001
3D volume of waist SF 0.24 + 0.21 m®/m? 0.381  <0.001
3D volume of abdominal TF 2.08 + 1.42 m3/m? 0.526  <0.001
3D volume of abdominal VF 0.76 £ 0.57 m3/m? 0.466  <0.001
3D volume of abdominal SF 1.32 + 0.90 m3/m? 0.454  <0.001

TF, total fat; VF, visceral fat; SF, subcutaneous fat.

images.

FIGURE 1 | Representative image of the volumetric extraction of body compositions. (A) 3D translucent image shows a volumetric segmentation of muscle (pink),
subcutaneous fat (light yellow), abdominal visceral fat (orange), and bone (green) using a deep neural network. Two black horizontal planes indicate the range of the
abdominal waist between the lowest end of the rib cage and the uppermost end of the iliac crest. Blue and red lines indicate the levels of the umbilicus and the middle
of the abdominal waist, respectively. Axial (B), coronal (C), and sagittal (D) images show the results of segmentation, which are overlaid on orthogonal cross-sectional
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FIGURE 2 | Nonlinear regression models of body mass index (BMI) with 2D waist (A), 3D waist (B), and 3D abdominal fat volumes (C). The gray area indicates 95%
confidence intervals. TF, total fat; VF, visceral fat; SF, subcutaneous fat.

TABLE 3 | Risk of posttransplant diabetes mellitus according to the fat parameters.

Model 1 Model 2 Model 3

Parameters HR (95% Cl) P HR (95% CI) P HR (95% CI) P

2D volume of waist TF (per 1 m?/m?) 3.71 (2.74-5.04) <0.001 3.22 (2.31-4.48) <0.001 3.01 (2.07-4.36) <0.001
2D volume of waist VF (per 1 m?/m?) 8.73 (5.36-14.22) <0.001 5.88 (3.44-10.05) <0.001 5.74 (3.07-10.73) <0.001
2D volume of waist SF (per 1 m?/m?) 5.64 (3.25-9.79) <0.001 6.45 (3.50-11.90) <0.001 4.94 (2.565-9.57) <0.001
3D volume of waist TF (per 1 m3/m?) 3.05 (2.26-4.11) <0.001 2.98 (2.17-4.09) <0.001 2.47 (1.74-3.50) <0.001
3D volume of waist VF (per 1 m3/m?) 9.45 (5.36-16.65) <0.001 7.41 (4.04-13.62) <0.001 6.45 (3.15-13.23) <0.001
3D volume of waist SF (per 1 m®/m?) 5.31 (3.04-9.26) <0.001 6.24 (3.49-11.16) <0.001 4.02 (2.15-7.53) <0.001
3D volume of abdominal TF (per 1 m®/m?) 1.34 (1.24-1.44) <0.001 1.30 (1.21-1.41) <0.001 1.24 (1.14-1.35) <0.001
3D volume of abdominal VF (per 1 m3/m?) 2.41(1.98-2.94) <0.001 2,22 (1.78-2.77) <0.001 2.10 (1.64-2.70) <0.001
3D volume of abdominal SF (per 1 m3/m?) 1.42 (1.27-1.59) <0.001 1.40 (1.25-1.57) <0.001 1.29 (1.13-1.46) <0.001
Body mass index (per 1 kg/m?) 1.12 (1.07-1.16) <0.001 1.10 (1.05-1.15) <0.001 1.08 (1.03-1.13) 0.001

Model 1: Unadjusted.

Model 2: Adjusted for age and sex.

Model 3: Adjusted for age, sex and variables which had P < 0.1 in univariate analysis (ABO incompatibility, induction agents, triglyceride level, high density lipoprotein cholesterol level
and positivity for anti-hepatitis C virus antibodly).

HR, hazard ratio; Cl, confidence interval; TF, total fat; VF, visceral fat; SF, subcutaneous fat.
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FIGURE 3 | Restricted cubic spline curves for the risk of posttransplant diabetes mellitus (PTDM) according to the 2D waist (A), 3D waist (B), 3D abdominal fat
volumes (C), and body mass index (BMI) (D). Curves were adjusted by multiple variables, such as age, sex, ABO incompatibility, anti-hepatitis C virus antibody, the
induction agents, and serum levels of high-density lipoprotein cholesterol. Solid and dashed lines indicate hazard ratios and 95% confidence intervals, respectively. TF,
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presented as the mean and standard deviation or median and
interquartile ranges and compared by Student’s t-test or the
Wilcoxon rank-sum test, respectively. Categorical variables are
presented as percentages and compared by the chi-squared
test. Ordinary least-squares linear regression and fractional
polynomial regression with continuous variables were used to
determine a nonlinear relationship. Univariate and multivariable
Cox regression models were applied to estimate the hazard
ratio of the risks of outcomes. The Stata function mkspline was
used to create a restricted cubic spline function to describe
the hazard ratio of outcomes according to the fat parameters.
The areas under the receiver operating characteristic curves
(AUROC:) for predicting the risk of PTDM were compared
between fat parameters using permutation tests (33, 34). The
AUROC:s for cumulative predictive probability depending on the
follow-up duration were drawn using the survivalROC package
in R. For the risk of delayed graft function, a multivariate
logistic regression model was applied. A P-value of < 0.05 was
considered significant.

RESULTS

Baseline Characteristics
The mean age was 45.2 £+ 12.6 years old, and 431 patients
(60.0%) were male. A total of 81.8% of patients were treated with

anti-hypertensive agents. A total of 65.5% of patients received
transplants from living donors. The mean preoperative BMI
was 22.5 £ 3.4 kg/m?. Other baseline characteristics of kidney
recipients are shown in Table 1.

Fat Volume Parameters and Their
Correlation With BMI

Figure 1 shows the schematic diagram to measure 2D waist,
3D waist, and 3D abdominal fat volumes using the deep
neural network algorithm on 3D-reconstructed CT images.
The mean values of 2D waist, 3D waist, and 3D abdominal
TF volumes were 0.66 + 0.41, 041 + 0.36, and 2.08 =+
1.42 m3/m?, respectively. Although all the 2D and 3D fat
volumes correlated with BMI (Table 2), their coefficients of
determination (r2) in linear regression models were <0.6.
When the nonlinear relationship was subsequently applied, a J-
shaped relationship, but not a linear one, was shown between
them (Figure 2).

Fat Volume Parameters and the Risk of
PTDM

During the median follow-up duration of 5 years (2.5-
8.6 years), PTDM occurred in 179 patients (24.9%). The
prevalence of PTDM was 13.2 and 18.1% at 1 year and 3
years after transplantation, respectively. Among the baseline
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clinical variables, age, ABO incompatibility, induction regimens,
and serum levels of high-density lipoprotein cholesterol were
associated with the risk of PTDM (Supplementary Table 1). All
2D and 3D fat parameters and BMI were associated with the
risk of PTDM irrespective of adjustment for multiple variables
(Table 3). When a nonlinear relationship was applied, the
relationship with the PTDM risk seemed to be more prominent
in the VF and TF volumes compared with the SF volumes and
BMI (Figure 3).

The AUROCs for predicting the 3-year risk of PTDM
were higher in VF and TF volumes from 2D and 3D
quantification than in BMI (Table 4). The highest value was
identified in 3D abdominal VF volumes. The corresponding
curves support these results (Supplementary Figure 1). When
the cumulative AUROCs were evaluated, VF volumes had
higher values than BMI irrespective of the follow-up period
(Supplementary Figure 2). We evaluated whether the addition
of fat parameters to the risk model with other clinical
factors, which had P < 0.05 in Supplementary Table 1,
increased the overall predictability for the 3-year PTDM.
The 3D abdominal VF volumes elevated the predictability
of the model when added (P = 0.015), but BMI did not
(P = 0.206). The corresponding ROC curves support these
results (Figure 4).

Association With Other Transplant

Outcomes

Because high fat volumes may confer the risk of rejection
and delayed graft function according to previous studies (35,
36), other risks such as delayed graft function and rejections
were assessed. For delayed graft function, the 3D volumes
of abdominal VF and TF were predictors with odds ratios
of 2.08 (1.12-3.87) and 1.33 (1.01-1.75) per l-unit increase,
respectively, but other fat parameters, including BMI, were
not (Supplementary Table 2). None of the fat parameters were
associated with the risk of rejections in the present cohort
(Supplementary Table 3).

DISCUSSION

The present study used the deep learning algorithm to
quantify the 2D and 3D fat volumes in pretransplant CT
images and identified that their relationship with BMI was
not linear. Although all the fat parameters were associated
with the risk of PTDM, the predictability was greater in VF
volumes than in BMI. The addition of 3D abdominal VF
volume to the model with clinical risk factors increased the
predictability of PTDM, but BMI did not. The present results
indicate that precise quantification of fat volumes by deep
learning algorithm may help to alert clinicians of the risk
of PTDM.

Precise measurement of fat components is a critical issue
in classifying risky patients based on obesity-related outcomes.
BMI, which is based on weight and height, is a commonly
used method to measure fat mass, but it does not take into
account other body compositions such as muscle and bone. BMI

TABLE 4 | Area under the receiver operating characteristic curves of fat
parameters in predicting 3-year posttransplant diabetes mellitus.

Parameters AUROC (95% CI) P
2D volume of waist TF 0.684 (0.632-0.735) 0.001
2D volume of waist VF 0.688 (0.635-0.740) 0.001
2D volume of waist SF 0.628 (0.576-0.679) 0.532
3D volume of waist TF 0.669 (0.617-0.720) 0.023
3D volume of waist VF 0.685 (0.634-0.735) 0.002
3D volume of waist SF 0.628 (0.575-0.681) 0.561
3D volume of abdominal TF 0.672 (0.619-0.724) 0.008
3D volume of abdominal VF 0.688 (0.636-0.741) < 0.001
3D volume of abdominal SF 0.634 (0.581-0.687) 0.378
Body mass index 0.612 (0.559-0.664) Reference

AURQOC, area under the receiver operating characteristic curve; Cl, confidence interval;
TF, total fat; VF, visceral fat; SF, subcutaneous fat.
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FIGURE 4 | Receiver operating characteristic curves in predicting the 3-year
risk of posttransplant diabetes mellitus along with clinical risk factors.
According to Supplementary Table 1, clinical risk factors included age, ABO
incompatibility, induction regimens, and serum levels of high-density
lipoprotein cholesterol. VF, visceral fat; AUROC, area under the receiver
operating characteristic curve; BMI, body mass index.

seems to be an insufficient marker to assess PTDM based on
inconsistent research results (16-18). VF components have been
revealed as a risk factor for metabolic and cardiovascular diseases
in the general population, independent of BMI (37). VF was
related to glucose intolerance in kidney recipients (38). Based
on both the previous and present results, the estimation of VF
volumes is needed to predict the risk of PTDM more precisely
than BML

Abdominal imaging methods, including CT, have been used to
assess the volumes of fat components using computer calculator
more than before (9, 39-41). This method has been validated in
several studies, but optimization is needed to reduce bias and the
time consumed by the task (42-44). The present study applied
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a deep learning algorithm to automatically segment the VF and
SF components and exclude muscle and bone, which eventually
detected the fat volumes quickly and unbiasedly for a number of
images. Because kidney transplant recipients undergo abdominal
CT scans for routine preoperative work-up, our approach using
readily available software is implementable for more accurate
prediction of PTDM than BMI, which may help in designing a
plan to prevent PTDM occurrence.

Despite the valuable findings of our study, there are some
limitations that need to be addressed. Waist circumference, a
useful method for fat volume, was not evaluated. Follow-up CT
images may be helpful to predict the risk of PTDM, but the
present study could not obtain these data. Other unidentified
factors, such as diet and exercise information, could have an
interacting effect on the relationships observed in the study.
Only Korean patients were analyzed, and no other populations
were analyzed. Nevertheless, the primary purpose of the study
was to address the application of the deep-learning-algorithm-
based quantification of 2D and 3D fat volumes in kidney
recipients, not to build a final model. A prospective application
and adjustment of our algorithm to other cohorts is warranted in
future studies.

Quantification of VF components with a deep learning
algorithm successfully predicts PTDM, which is better than
the measurement of BMI. Deep-learning-based approaches are
increasingly used in many clinical aspects, and the present results
will be a basis for application in the transplant field.
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Background: Molecular biology has recently added new insights into the
comprehension of the physiopathology of the medullary sponge kidney disease
(MSK), a rare kidney malformation featuring nephrocalcinosis and recurrent renal stones.
Pathogenesis and metabolic alterations associated to this disorder have been only
partially elucidated.

Methods: Plasma and urine samples were collected from 15 MSK patients and 15
controls affected by idiopathic calcium nephrolithiasis (ICN). Plasma metabolomic profile
of 7 MSK and 8 ICN patients was performed by liquid chromatography combined with
electrospray ionization tandem mass spectrometry (UHPLC-ESI-MS/MS). Subsequently,
we reinterrogated proteomic raw data previously obtained from urinary microvesicles of
MSK and ICN focusing on proteins associated with sphingomyelin metabolism. Omics
results were validated by ELISA in the entire patients’ cohort.

Results: Thirteen metabolites were able to discriminate MSK from ICN (7 increased
and 6 decreased in MSK vs. ICN). Sphingomyelin reached the top level of discrimination
between the two study groups (FC: —1.8, p < 0.001). Ectonucleotide pyrophophatase
phosphodiesterase 6 (ENPP6) and osteopontin (SPP1) resulted the most significant
deregulated urinary proteins in MSK vs. ICN (p < 0.001). ENPP6 resulted up-regulated
also in plasma of MSK by ELISA.

Conclusion: Our data revealed a specific high-throughput metabolomics signature of
MSK and indicated a pivotal biological role of sphingomyelin in this disease.

Keywords: medullary sponge kidney, metabolomics,

proteomics

idiopathic calcium nephrolithiasis, sphingomyelin,

INTRODUCTION

Medullary sponge kidney disease (MSK) is a kidney malformation with a rare frequency in the
general population but relatively common in renal stone formers (1). This clinical condition
is associated with nephrocalcinosis and renal stones, urinary acidification and concentration
alterations, and cysts formation in the precalyceal ducts (1). Its pathogenesis is complex and not
fully understood.
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MSK development in childhood and its relationship with
developmental disorders (e.g., congenital hemihypertrophy and
Beckwith-Wiedemann syndrome) and with kidney anomalies
(e.g., horse-shoe kidney, unilateral renal aplasia, contralateral
congenital small kidney) (2-4) support the hypothesis of
an inherited condition. Genetic studies revealed that familial
clustering of MSK is common and has an autosomal dominant
inheritance with a reduced penetrance and variable expressivity
(5, 6). Additionally, mutations in the glial cell line-derived
neurotrophic factor (GDNF) and receptor tyrosine kinase (RET)
genes, disrupting the “ureteric bud-metanephric mesenchyme”
interface, could be responsible of the disease pathogenesis (7, 8).

Moreover, as demonstrated by urinary proteomic analysis,
some regulators of epithelial cell differentiation, kidney
development, cell migration/adhesion, extracellular matrix
organization, and complement may be deregulated in MSK
and could serve as non-invasive MSK diagnostic biomarkers
(9, 10). Among them laminin subunit alpha 2 (LAMA-2) seems a
good candidate.

Laminin, a family of at least 15 afy heterotrimeric proteins of
the extracellular matrix and a major constituent of the basement
membrane (11), mediates the attachment, migration, and
organization of cells into tissues during embryonic development
by interacting with other extracellular matrix components.
Additionally, laminin may have a role in the cysts’ formation
being responsible of cellular apical pole orientation (12-14).
LAMA-2 and other selected proteins could be proposed as
diagnostic biomarkers to replace invasive procedures or imaging
techniques with low sensitivity (e.g., Intravenous Urography and
CT urography).

A subsequent analysis of the protein content of
microvesicles/exosomes isolated from urine of MSK and
idiopathic calcium nephrolithiasis (ICN) patients identified
a core panel of 20 proteins that distinguished the two study
groups (15). Among them, three exosome proteins involved in
the lectin complement pathway maximized the discrimination
between MSK and ICN: Ficolin 1, Mannan-binding lectin serine
protease 2 and Complement component 4-binding protein f.
This revealed, for the first time, a possible involvement of the
complement pathway in MSK. In particular the downregulation
of MASP2 together with the upregulation of C4BPB that inhibits
the activation of the complement cascade by preventing the
formation of the classical C3 and C5 convertases, may reflect the
physiological attempt of the kidneys to mitigate the activation
of the lectin complement pathway, also to preserve renal
function. Indeed, the hyperactivation of complement may induce
glomerular and tubulointerstitial injury (16).

Additionally, our group has recently described extra-renal
alterations involving the cardiovascular apparatus, the central
nervous system, and bone metabolism (17, 18) in MSK
patients suggesting that it may be considered a systemic
disease. These patients are more prone to develop hypertrophic
cardiomyopathy with adipose metaplasia and mitral valve
prolapse and bone mineralization defects.

Therefore, to obtain additional information on the molecular
mechanisms underlying MSK and to discover systemic factors
of this disease, we used an untargeted approach to compare

TABLE 1 | Main demographic and clinical characteristics of the patients.

MSK ICN p
(n = 15) (n = 15)
Males, n (%) 10 (66.7) 8(53.9) 0.709
Age, years, mean (SD) 55.80 (15.50) 57.33(14.80) 0.784
Serum creatinine, mg/dL, mean (SD) 0.86 (0.17) 0.82 (0.12) 0.420
Urinary Ca, mg/die, mean (SD) 317 (107) 222 (107) 0.045
Urinary protein, mg/dL, median ((QR) 0.11 (0.06, 0.13) 0.09 (0.00, 0.15) 0.835
Urinary volume, mi/die, mean (SD) 2136 (450) 1635 (542) 0.026

the plasma metabolomic profile of MSK vs. idiopathic calcium
nephrolithiasis (ICN) patients, used as control group, and we
reinterrogated proteomic raw data previously obtained from
urinary microvesicles of MSK and ICN (15) focusing on proteins
associated with sphingomyelin metabolism.

MATERIALS AND METHODS

Patients

A total of 15 adult patients with medullary sponge kidney disease
(MSK) and 15 with idiopathic calcium nephrolithiasis (ICN)
matched for age, gender, and geographical origin followed up at
Renal Unit of University/Hospital of Verona were included in the
study. The main demographic and clinical characteristics of the
patients have been reported in Table 1.

The inclusion criteria for the MSK group were the same
as described in our previous study (9). Particularly, patients
had both kidneys involved, nephrocalcinosis and/or cysts in
at least 2 papillae in each kidney. For MSK, patients had
papillary precalyceal ectasias on films obtained at least 10 min
after contrast medium injection in the absence of compression
maneuvers and signs of obstruction. The X-ray films were
reviewed by an independent radiologist to confirm the diagnosis.
For ICN patients the inclusion criteria were as follows:
calcium stone disease, normal serum creatinine and electrolyte
concentrations, and urinary pH < 5.5 measured in spot morning
urine (after overnight fasting) to exclude tubular acidosis. Major
exclusion criteria for ICN were as follows: the presence of
endocrine diseases and cystic kidney disorders, nephrocalcinosis,
and obstructive nephropathy.

Plasma and urine samples were obtained from all patients
enrolled in the study. Whole-blood samples were collected in
EDTA-coated tubes. The tubes were centrifuged (1,800 x g for
10 min), and the plasma was extracted and aliquoted. Second
morning urine were collected and centrifuged to eliminate cells
and debris. The supernatants were divided into aliquots and
stored at —80°C until use.

Laboratory data were electronically registered for all
patients enrolled. All subjects gave their informed consent for
inclusion before they participated in the study. The study was
conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Local Ethics Committee
(AOUI Verona, 1312CESC).

Frontiers in Medicine | www.frontiersin.org

61

May 2021 | Volume 8 | Article 671798


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Granata et al.

Metabolomics and Proteomics in MSK

Sample Preparation and Set-Up for

Metabolomics

Plasma samples from 7 MSK patients and 8 controls affected
by idiopathic calcium nephrolithiasis (ICN) were used for
metabolomics using liquid chromatography combined with
electrospray ionization tandem mass spectrometry (UHPLC-
ESI-MS/MS).

Sample preparation was performed according to standard
protocols (19). MS setup: plasma metabolites were detected using
liquid chromatography combined with electrospray ionization
tandem mass spectrometry (HPLC-ESI-MS/MS). The analytic
system consists of an Accela 1250 pump, Accela autosampler
and a LTQ Orbitrap Velos mass spectrometer (Thermo Scientific,
USA). The analytes were separated on Kinetex C18 100 mm x
2.1mm x 1.7 um and mobile phase [solvent A: aqueous solution
of acetic acid (pH 2); solvent B: methanol] in gradient elution
at a flow rate of 300 ul/min. The HPLC elution program was
as follows: 5% B (2Min), 30% B (linear increase in 1 Min),
30% B (5Min), 5% B (linear decrease in 1 min), 5% B (3 min).
The column temperature was maintained at 25°C. The injection
volume was 5 ul. The metabolites were detected both in the
positive (ESI +) and in the negative (ESI -) ionization mode (20).

Processing of Raw Data

Raw mass spectrometry (MS) files were processed using XCMS
software version 3.2.7.1. Features were associated with known
metabolites, when possible, searching their M/Z and RT values
in the Metlin data base. Features presenting a missing value rate
>20% were removed. Variables showing a poor variation in their
values and outlier values were removed through a filtering based
on Inter Quartile Range (IQR). Each feature was normalized
by median-normalization and scaled by Auto scaling (mean-
centered and divided by the standard deviation of each variable)
(21). Statistical analyses were performed with MetaboAnalyst
software version 4.0 (22).

ELISA

The concentration of sphingomyelin in plasma and urine, of
the entire cohort of patients was determined by ELISA (Abcam,
ABI133118 and LifeSpan BioScience, LS-F30127) following the
protocols provided by the manufacturer. ELISA kits were also
used to measure the content of SPP1 and ENPP6 (Abcam,
ab100618 and MyBiosource, MBS§9327272).

Statistical and Bioinformatics Analyses

For ELISA data analysis, U-Mann-Whitney test was used to assess
differences in the protein levels of sphingomyelin, SPP1 and
ENPP6 between the 2 study groups. Results were expressed as
median and IQ range. A value of P < 0.05 was considered to be
statistically significant.

For metabolomics, differences in feature mean values between
paired samples (i.e., pre and post run) were tested by estimating
a fold-change value between groups and an associated p-value.
Dysregulated features (fold change > 1.5 and nominal p <
0.05, arbitrarily chosen) were plotted in a Cloud plot, reporting
intensities of signals between groups.

For t-test analysis p-values were adjusted for multiple testing
using the Benjamini-Hochberg false discovery rate. Principal
component analysis (PCA) was used to explore the data and
identify any possible resemblances among subjects, based on the
value of all features. Statistical analysis of metabolite-associated
features was performed using XCMS and MetaboAnalyst
(v.4.0) (22).

Enrichment analysis of the biological process was performed
using information of the Kegg database.

For urine proteomic analysis, we have re-interrogated our
previous proteomic datasets obtained from whole urinary and
urinary microvesicles isolated from 15 MSK and 15 ICN (9, 15).

In particular, mass spectrometry data were analyzed as
previously reported (15). Then, the fold change of the identified
proteins associated to the sphingomyelin metabolism (23-25)
and their —Logl0 P-values were visualized in a volcano plot.
The proteomic profile, after Z-score normalization, of these
associated proteins were visualized by Heatmap diagram. Finally,
Support Vector Machine (SVM) was used to identify a rank
list of sphingomyelin metabolism proteins for discrimination
between MSK and ICN samples. Proteins were considered to be
significantly differentially expressed between the two conditions
with power of 80% and an adjusted P < 0.05 in the T-test after
correction for multiple interactions (Benjamini-Hochberg) and
a fold change of >2. In addition, the proteins needed to show
at least 70% identity in the samples in one of two conditions.
In SVM a 4-fold cross-validation approach was applied to
estimate the prediction and classification accuracy of ranked
list of statistically significant proteins. All proteomic statistical
analysis were performed using OriginLab and the latest version
of software package R available at the time of the experiments.

RESULTS

Metabolomic Profiling Discriminated MSK
From ICN Patients

After missing values estimation, 4,005 signals have been obtained
and subjected to statistical analysis. Thirteen metabolites were
able to clearly discriminate MSK from ICN (7 metabolites
increased and 6 decreased in MSK compared to ICN patients)
(Figure 1A). Using the principal Component Analysis (PCA)
plot of the selected 13 metabolites, it was possible to clearly
differentiate MSK from ICN (Figure 1B).

Sphingomyelin, which level was significantly decreased in
MSK vs. ICN, reached the higher level of discrimination between
the two study groups (Log2 fold change: —1.8, p < 0.001).

ELISA for Sphingomyelin Confirmed

Metabolomics Results

To validate metabolomics data, we performed ELISA on plasma
samples collected from all enrolled patients (15 MSK and
15ICN).

Data analysis clearly demonstrated that the level of
sphingomyelin was significantly lower in MSK patients than in
ICN [Median/(IQR) MSK vs. ICN, 28.33 (12.73, 30.76) vs. 36.52
(33.48, 41.67), p < 0.01] (Figure 2A). ROC curve showed that
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FIGURE 1 | 2-D Supervised hierarchical clustering and Principal Component Analysis (PCA) discriminating MSK from ICN patients. (A) 2-D Supervised hierarchical
clustering able to discriminate patients with Medullary Sponge Kidney (MSK) from controls (ICN, nephrolithiasis). Patients are represented as vertical columns, with red
symbols indicating MSK patients (n = 7) and green symbols ICN (n = 8). Thirteen metabolites (rows) were used for hierarchical grouping. The scale intensity of the
metabolites is depicted according to the color key shown on the right. Red indicates high intensity level; blue, low intensity level. The figure also shows the mean levels
of the fold change of expression of each metabolite in the MSK group compared to controls. (B) PCA plot built using the 13 metabolites selected by statistical analysis
showed high discrimination accuracy between the two study groups.

the level of sphingomyelin can discriminate MSK from ICN  The cutoff, sensitivity, specificity were 1.2ng/ml, 93%,
patients (Figure 2B). The AUC, 95% CI and p values for the ROC ~ 87% respectively.
analysis were 0.913, 0.808-1.000, and p < 0.001, respectively.
The cutoff, sensitivity, specificity were 31.5 mg/dl, 87%, Proteomic Profile of Urinary Microvesicles
87%, respectively. Differentiated MSK From ICN

To confirm whether sphingomyelin was reduced also in  pp. analysis of urinary proteomic data of MSK and
kidney, we decided to measure its urinary level by ELISA in MSK 1N focused on proteins associated with sphingomyelin

and ICN p.atients. ) ) metabolism did not show any statistically significant difference
According to the results obtained in plasma, the level of (Supplementary Methods and Supplementary Figure 1).
sphingomyelin in urine was lower in MSK patients than in Then, since microvesicles seem to be involved

ICN (Figure 3A) [Median/(IQR) MSK vs. ICN, 1.13(1.08- in  the complex biological machinery  associated
1.21) ng/ml vs. 125 (1.23-1.31) ng/ml p < 0.0001]. The with MSK (15) and appear highly enriched in
AUC, 95% CI and p values in ROC analysis were 0.960, sphingomyelin (26), we decided to re-interrogate
0.902-1.000, and p < 0.001, respectively (Figure3B). proteomic raw data previously obtained (15) from urinary
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FIGURE 2 | ELISA for sphingomyelin validated metabolomic results. (A) Dot plot shows sphingomyelin plasma levels (mg/dl) in 15 patients with MSK (green) and 15
with nephrolithiasis (ICN, red). Solid lines indicate median values. The p value was calculated using the t-test. (B) ROC curve analysis of plasma sphingomyelin
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FIGURE 3 | ELISA for the urinary content of sphingomyelin was in accordance with the results obtained in plasma. (A) Dot plot shows sphingomyelin urinary levels
(ng/ml) measured in 15 patients with MSK and 15 with ICN. Solid lines indicate median values. The p value was calculated using the U Mann-Whitney test. (B) ROC
curve analysis of urinary sphingomyelin revealed that the reported values allow to discriminate MSK from the ICN.

microvesicles isolated from MSK
on proteins associated with
(Supplementary Methods).

As shown in Figure 4, twenty-nine proteins associated to
sphingomyelin metabolism were identified. Among these,
14 proteins were able to discriminate MSK from ICN
patients. SPP1 (Osteopontin) and ENPP6 (Ectonucleotide
Pyrophosphatase/Phosphodiesterase ~ 6),  two  proteins

and ICN focusing
sphingomyelin metabolism

involved in renal morphogenesis, were the top de-regulated
proteins identified by the SVM to distinguish between
urinary microvesicles isolated from MSK and ICN. In
particular, SPP1, in four isoforms (2, 3, 4, and 5) appeared
over-expressed, while ENPP6 under-expressed in MSK
compared to ICN (Figures 4A,B). ENPP6 down-regulation
in MSK was also confirmed by urinary ELISA (Figure5).
Instead, SPP1 levels did not reach statistical differences
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in MSK vs. ICN (see whole urinary proteomics results
in Supplementary Figure 1).

ELISA Demonstrated Low Levels of ENPP6
in Plasma of MSK vs. ICN Patients

Statistical analysis showed that the ENPP6 was under-expressed
in plasma of patients with MSK compared to ICN (controls)
[Median/(IQR) MSK vs. ICN, 0.9 (0.8, 1.1) vs. 1.2 (1.0, 1.5), p
= 0.017]. ROC analysis revealed the power of discrimination of
this biological factor (Figure 6A). The AUC, 95% CI and p-values
for the ROC analysis were 0.756, 0.578-0.933, and p = 0.009,
respectively. The cutoff, sensitivity, specificity were 0.93 ng/ml,
87%, 60% respectively.

Contrarily, no difference was found at plasma level in SPP1
between the two groups [Median/(IQR) MSK vs. ICN, 7.06
(6.18, 10.00) vs. 7.34 (5.93, 9.48), p = 0.663] (Figure 6B). The
AUC and 95% CI for the ROC analysis were 0.453, 0.238-
0.668. The cutoff, sensitivity, specificity were 5.3 ng/ml, 93%,
27% respectively (Figure 6C).

DISCUSSION

This study demonstrated, for the first time, the involvement
of the sphingolipid metabolic pathway in medullary sponge
kidney (MSK) disease pathogenesis and offered new insights
into the biological machinery associated with this complex and
neglected disorder.

Results of omics research strategy
revealed  that metabolites  (sphingomyelin,
phosphatidylcholine, lysophosphatidylethanolamine, citrulline,
lysophosphatidylcholine, Ganglioside GA2, diglyceride, 2-
Hexaprenyl-6-methoxy-1,4-benzoquinol) were able to clearly
discriminate MSK from ICN. Sphingomyelin, a sphingolipid
and major component of mammalian cells, resulted the
most down-regulated.

Sphingomyelin can be synthesized from ceramide by
sphingomyelin synthase (SMS) types 1 and 2 (27). SMS1 is
constitutively expressed in the Golgi apparatus and is involved
in the homeostatic synthesis of SM (28), while the expression
of SMS2 in the Golgi depends on numerous stimuli (29).

our
several
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The reverse process of sphingomyelin hydrolysis to ceramide
and phosphorylcholine is induced by different isoforms of
sphingomyelinase and represents an alternative route for the
synthesis of ceramide (30).

At our knowledge, this is the first report describing a specific
metabolic fingerprint of MSK and the possible involvement of
sphingomyelin in the MSK-associated biological impairment.
Instead, alterations in the metabolism of sphingomyelin and
other sphingolipids have been extensively reported in other
diseases including neurodegenerative [Alzheimer’s disease (31),
Parkinson’s (32), multiple sclerosis (33), Lewy body dementia
(34)], vascular (35), and bone disorders (30).

Sphingomyelin and ceramide are implicated the
survival of osteoclasts (36) and in the mineralization of the
extracellular matrix. As demonstrated in animal models, a
neutral Sphingomyelinase 2 deficiency is responsible for defects
in bone and dental mineralization, probably due to deficiencies
in ceramide and phosphocholine synthesis secondary to the
degradation of sphingomyelin (37).

The involvement of sphingomyelin in MSK could partially
explain the pathogenesis of systemic alterations observed in
these patients. MSK patients, in fact, seem to have an altered
neuroprotection capability against oxidative stress/ischemia
and several bone metabolic defects (17, 18). As previously
reported by our group, some MSK patients may develop central
nervous system alterations (17) with the genetic derangement
of the RET-GDNF axis having a possible pathogenetic role
(38). Sphingomyelin, involved in several neurodegenerative
disorders (39), may also contribute to the development of these
clinical features.

As previously pointed out, about 75% of patients with MSK
have alterations in bone mineralization (60% osteopenia and
about 15% osteoporosis) in the absence of common risk factors
such as menopause or hyperparathyroidism and also due to the
persistent hypercalciuria (18). This high secretion of calcium may
be the result of the renal calcium-handling defect (1), absorptive
hypercalciuria (40), and defective urinary acidification (41) that
characterize these patients.

The reduction of sphingomyelin, observed in MSK patients,
could represent an adaptive response of the bone tissue to
modulate osteoblastic/osteoclastic activity in the presence of a
negative calcium balance and altered tubular acidification typical
changes in the kidneys of these patients.

Sphingomyelin and some of its associated proteins, enriched
in microvesicles [characterized by a high content of sphingolipids
(42)] resulted also deregulated in the urines of our MSK
patients demonstrating a possible ubiquitously alteration of this
pathway in these patients. The absence of statistical difference
in the level of the proteins associated with sphingomyelin
metabolism in whole urinary proteomics may be due to
the fact that it is mainly synthesized/compartmentalized
in Golgi by the biological/biochemical machinery of the
renal epithelial tubular cells and then, probably, excreted
in urine. Additionally, we cannot exclude that part of the
sphingomyelin detected in urine by ELISA could derive from
plasma. Further studies are necessary to better understand
this issue.

in

Interestingly, ectonucleotide pyrophophatase
phosphodiesterase 6 (ENPP6) and osteopontin (SPP1) resulted
the most down- and high-regulated protein, respectively.

ENPP6 belongs to a family of 7 phosphodiesterases
involved in multiple cellular processes. ENPP6 hydrolyzes
only choline-containing lysophospholipids to phosphocholine
and monoacylglyceride (43). It is expressed in multiple tissues
including the heart, central nervous system, kidney and bone
tissue. In the kidney it is mostly expressed on the luminal side of
proximal tubular epithelial cells. It is possible that ENPP6 in the
kidney contributes to the reabsorption of choline by hydrolyzing
glycerophosphocholine in the primary urine (43).

ENPP6, then, would participate in the synthesis of inorganic
phosphate, a constituent of the bone matrix, through the
metabolism of phosphocholine (44) and its higher level in ICN
could predispose these patients to stone forming (45).

SPP1 is a widely expressed and multifunctional
phosphorylated acid glycoprotein, it regulates the synthesis
of bone matrix and the activity of osteoclasts. Osteopontin
increases bone resorption by stimulating osteoclastogenesis
and by anchoring osteoclasts to the matrix (46, 47). SPP1 in
physiological conditions is expressed in the distal nephron,
especially at the level of the thick segment of the loop of Henle.

In humans, there is an increased expression of osteopontin in
the urine in several kidney diseases: hypertensive nephropathy,
renal carcinoma, membranous glomerulonephritis, IgA
nephropathy, lupus nephritis and in mouse models of ADPKD.

In addition, high expression of osteopontin in urine from
MSK has been already reported by our group (48). Then, Ricci
et al., have described a similar up-regulation in a group of
pediatric patients suffering from ADTKD (Autosomal dominant
Tubulointerstitial Kidney Disease) associated with a mutation
of HNFIB, a hereditary tubulointerstitial nephritis with cystic
dilatation of the renal tubules (49) and in kidney from rat model
of ADPKD (50). It is possible that this protein could mediate the
cyst formation in MSK patients similarly to ADPKD. The absence
of a significant difference in its plasma level in our MSK vs. ICN
patients could be explained by a possible paracrine urinary effect
of this protein in MSK.

Therefore, our study, although performed on a small
cohort of patients (particularly in metabolomics), highlighted
a specific metabolic profile associated with MSK and
confirmed our hypothesis that this disease could have
systemic implications. Sphingomyelin, then, could represent
a new disease pathogenetic element and a potential novel
biomarker or therapeutic target. Further studies that
could employ urinary metabolomics and in vitro/in vivo
functional experiments, need to be undertaken to validate our
research hypothesis and to translate our results into the daily
clinical practice.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession numbers can be found below: Proteomics data are

Frontiers in Medicine | www.frontiersin.org

67

May 2021 | Volume 8 | Article 671798


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Granata et al.

Metabolomics and Proteomics in MSK

available at PRIDE repository, https://www.ebi.ac.uk/pride/.
Accession: PXD025744 and PXDO025547. Metabolomics data
supporting the conclusions of this article will be made available
by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comitato Etico per la Sperimentazione Clinica delle
Province di Verona e Rovigo Azienda Ospedaliera Universitaria
Integrata Verona. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

SG and GZ: conceptualization and draft of the manuscript. SG,
MB, MD, AP, AV, and RE: investigation. SG, MB, MD, GL, GC,

REFERENCES

1. Gambaro G, Feltrin GP, Lupo A, Bonfante L, D’Angelo A, Antonello
A. Medullary sponge kidney (LenarduzziCacchi-Ricci disease): a Padua
medical school discovery in the 1930s. Kidney Int. (2006) 69:663—
70. doi: 10.1038/sj.ki.5000035

2. Lambrianides AL, John DR. Medullary sponge disease in horseshoe kidney.
Urology. (1987) 29:426-7. doi: 10.1016/0090-4295(87)90516-4

3. Fabris A, Anglani E Lupo A, Gambaro G. Medullary sponge kidney: state of
the art. Nephrol Dial Transplant. (2013) 28:1111-9. doi: 10.1093/ndt/gfs505

4. Gambaro G, Fabris A, Citron L, Tosetto E, Anglani E Bellan F et al.
An unusual association of contralateral congenital small kidney reduced
renal function and hyperparathyroidism in sponge kidney patients: on the
track of the molecular basis. Nephrol Dial Transplant. (2005) 20:1042-
7. doi: 10.1093/ndt/gfh798

5. Torregrossa R, Anglani E Fabris A, Gozzini A, Tanini A, Del Prete D,
et al. Identification of GDNF gene sequence variations in patients with
medullary sponge kidney disease. Clin ] Am Soc Nephrol. (2010) 5:1205-
10. doi: 10.2215/CJN.07551009

6. Fabris A, Lupo A, Ferraro PM, Anglani F Pei Y, Danza FM, et al
Familial clustering of medullary sponge kidney is autosomal dominant with
reduced penetrance and variable expressivity. Kidney Int. (2013) 83:272-
7. doi: 10.1038/ki.2012.378

7. Diouf B, Ka EH, Calender A, Giraud S, Diop TM. Association of medullary
sponge kidney disease and multiple endocrine neoplasia type IIA due to RET
gene mutation: is there a causal relationship? Nephrol Dial Transplant. (2000)
15:2062-3. doi: 10.1093/ndt/15.12.2062

8. Janjua MU, Long XD, Mo ZH, Dong CS, Jin P. Association of
medullary  sponge kidney and hyperparathyroidism with RET
G691S/S904S  polymorphism: a case report. | Med Case Rep. (2018)
12:197. doi: 10.1186/513256-018-1736-6

9. Fabris A, Bruschi M, Santucci L, Candiano G, Granata S, Dalla Gassa A, et al.
Proteomic-based research strategy identified laminin subunit alpha 2 as a
potential urinary-specific biomarker for the medullary sponge kidney disease.
Kidney Int. (2017) 91:459-68. doi: 10.1016/j.kint.2016.09.035

10. Panfoli I, Granata S, Candiano G, Verlato A, Lombardi G, Bruschi M, et al.
Analysis of urinary exosomes applications for rare kidney disorders. Expert
Rev Proteomics. (2020) 17:735-49. doi: 10.1080/14789450.2020.1866993

11. Guldager Kring Rasmussen D, Karsdal MA. Chapter 29 - Laminins. In:
Morten A, editor. Biochemistry of Collagens. Karsdal Laminins and Elastin:
Academic Press (2016). p. 163-96. doi: 10.1016/B978-0-12-809847-9.00029-5

12. O’Brien LE, Jou TS, Pollack AL, Zhang Q, Hansen SH, Yurchenco P, et al.
Racl orientates epithelial apical polarity through effects on basolateral laminin
assembly. Nat Cell Biol. (2001) 3:831-8. doi: 10.1038/ncb0901-831

and GZ: formal analysis. GM: critical revision of the final version
of the manuscript. GZ, GG, and GM: review and editing of the
manuscript. GZ: project administration. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was performed (in part) in the LURM (Laboratorio
Universitario di Ricerca Medica) Research Center, University
of Verona.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.671798/full#supplementary-material

13. Shannon MB, Patton BL, Harvey SJ, Miner JH. A hypomorphic mutation in
the mouse laminin alpha5 gene causes polycystic kidney disease. ] Am Soc
Nephrol. (2006) 17:1913-22. doi: 10.1681/ASN.2005121298

14. Vijayakumar S, Dang S, Marinkovich MP, Lazarova Z, Yoder B, Torres
VE, et al. Aberrant expression of laminin-332 promotes cell proliferation
and cyst growth in ARPKD. Am ] Physiol Renal Physiol. (2014) 306:F640-
54. doi: 10.1152/ajprenal.00104.2013

15. Bruschi M, Granata S, Candiano G, Fabris A, Petretto A, Ghiggeri GM,
et al. Proteomic analysis of urinary extracellular vesicles reveals a role for the
complement system in medullary sponge kidney disease. Int ] Mol Sci. (2019)
20:5517. doi: 10.3390/ijms20215517

16. Chen SE Chen M. Complement activation
chronic  kidney disease. Adv Exp Med Biol.
41. doi: 10.1007/978-981-13-8871-2_20

17. Ria P, Fabris A, Dalla Gassa A, Zaza G, Lupo A, Gambaro G. New non-renal
congenital disorders associated with medullary sponge kidney (MSK) support
the pathogenic role of GDNF and point to the diagnosis of MSK in recurrent
stone formers. Urolithiasis. (2017) 45:359-62. doi: 10.1007/s00240-016-0913-6

18. Fabris A, Bernich P, Abaterusso C, Marchionna N, Canciani C, Nouvenne
A, et al. Bone disease in medullary sponge kidney and effect of
potassium citrate treatment. Clin ] Am Soc Nephrol. (2009) 4:1974-
9. doi: 10.2215/CJN.02360409

19. Yuan M, Breitkopf SB, Yang X, Asara JM. A positive/negative ion-
switching, targeted mass spectrometry-based metabolomics platform for
bodily fluids, cells, and fresh and fixed tissue. Nat Protoc. (2012) 7:872-
81. doi: 10.1038/nprot.2012.024

20. Kubesova A, Tejkalova H, Syslova K, Kacer P, Vondrousova J, Tyls E, et al.
Biochemical, histopathological and morphological profiling of a rat model of
early immune stimulation: relation to psychopathology. PLoS ONE. (2015)
10:¢0115439. doi: 10.1371/journal.pone.0115439

21. Xia ], Wishart DS. Web-based inference of biological patterns, functions and
pathways from metabolomic data using MetaboAnalyst. Nat Protoc. (2011)
6:743-60. doi: 10.1038/nprot.2011.319

22. Xia J, Wishart DS. Using MetaboAnalyst 3.0 for comprehensive
metabolomics ~ data  analysis. Curr  Protoc  Bioinformat.  (2016)
55:14.10.1-14.10.91. doi: 10.1002/cpbi.11

23. UniProt Consortium. UniProt: a worldwide hub of protein knowledge.
Nucleic Acids Res. (2019) 47:D506-15. doi: 10.1093/nar/gky1049

24. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res.
(2017) 45:D353-61. doi: 10.1093/nar/gkw1092

25. Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, et al.
The reactome pathway knowledgebase. Nucleic Acids Res. (2020) 48:D498-
D503. doi: 10.1093/nar/gkz1031

in progression of
(2019)  1165:423—

Frontiers in Medicine | www.frontiersin.org

May 2021 | Volume 8 | Article 671798


https://www.ebi.ac.uk/pride/
https://www.frontiersin.org/articles/10.3389/fmed.2021.671798/full#supplementary-material
https://doi.org/10.1038/sj.ki.5000035
https://doi.org/10.1016/0090-4295(87)90516-4
https://doi.org/10.1093/ndt/gfs505
https://doi.org/10.1093/ndt/gfh798
https://doi.org/10.2215/CJN.07551009
https://doi.org/10.1038/ki.2012.378
https://doi.org/10.1093/ndt/15.12.2062
https://doi.org/10.1186/s13256-018-1736-6
https://doi.org/10.1016/j.kint.2016.09.035
https://doi.org/10.1080/14789450.2020.1866993
https://doi.org/10.1016/B978-0-12-809847-9.00029-5
https://doi.org/10.1038/ncb0901-831
https://doi.org/10.1681/ASN.2005121298
https://doi.org/10.1152/ajprenal.00104.2013
https://doi.org/10.3390/ijms20215517
https://doi.org/10.1007/978-981-13-8871-2_20
https://doi.org/10.1007/s00240-016-0913-6
https://doi.org/10.2215/CJN.02360409
https://doi.org/10.1038/nprot.2012.024
https://doi.org/10.1371/journal.pone.0115439
https://doi.org/10.1038/nprot.2011.319
https://doi.org/10.1002/cpbi.11
https://doi.org/10.1093/nar/gky1049
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkz1031
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Granata et al.

Metabolomics and Proteomics in MSK

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bruno S, Porta S, Bussolati B. Extracellular vesicles in renal
tissue damage and regeneration. Eur ]  Pharmacol.  (2016)
790:83-91. doi: 10.1016/j.ejphar.2016.06.058

Tafesse FG, Ternes P, Holthuis JC. The multigenic sphingomyelin synthase
family. J Biol Chem. (2006) 281:29421-5 doi: 10.1074/jbc.R600021200

Villani M, Subathra M, Im YB, Choi Y, Signorelli P, Del Poeta M, et al.
Sphingomyelin synthases regulate production of diacylglycerol at the Golgi.
Biochem J. (2008) 414:31-41. doi: 10.1042/BJ20071240

Taniguchi M, Okazaki T. The role of sphingomyelin and sphingomyelin
synthases in cell death, proliferation and migration-from cell and animal
models to human disorders. Biochim Biophys Acta. (2014) 1841:692-
703. doi: 10.1016/j.bbalip.2013.12.003

Khavandgar Z, Murshed M. Sphingolipid metabolism and its
role in the skeletal tissues. Cell Mol Life Sci. (2015) 72:959-
69. doi: 10.1007/s00018-014-1778-x

Han X, Rozen S, Boyle SH, Hellegers C, Cheng H, Burke JR, et al.
Metabolomics in early Alzheimer’s disease: identification of altered
plasma sphingolipidome using shotgun lipidomics. PLoS ONE. (2011)
6:€21643. doi: 10.1371/journal.pone.0021643

Hu L, Dong MX, Huang YL, Lu CQ, Qian Q, Zhang CC, et al. Integrated
metabolomics and proteomics analysis reveals plasma lipid metabolic
disturbance in patients with parkinson’s disease. Front Mol Neurosci. (2020)
13:80. doi: 10.3389/fnmol.2020.00080

Villoslada P, Alonso C, Agirrezabal I, Kotelnikova E, Zubizarreta I,
Pulido-Valdeolivas I, et al. Metabolomic signatures associated with disease
severity in multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. (2017)
4:e321. doi: 10.1212/NXI1.0000000000000321

Savica R, Murray ME, Persson XM, Kantarci K, Parisi JE, Dickson
DW, et al. Plasma sphingolipid changes with autopsy-confirmed
Lewy Body or Alzheimers pathology. Alzheimers Dement. (2016)
3:43-50. doi: 10.1016/j.dadm.2016.02.005

Borodzicz S, Czarzasta K, Kuch M, Cudnoch-Jedrzejewska A. Sphingolipids
in cardiovascular diseases and metabolic disorders. Lipids Health Dis. (2015)
14:55. doi: 10.1186/512944-015-0053-y

Iwamoto T, Fukumoto S, Kanaoka K, Sakai E, Shibata M, Fukumoto
E, et al. Lactosylceramide is essential for the osteoclastogenesis
mediated by macrophage-colony-stimulating factor and receptor
activator of nuclear factor-kappa B ligand. ] Biol Chem. (2001)
276:46031-8. doi: 10.1074/jbc.M 104464200

Stoffel W, Hammels I, Jenke B, Schmidt-Soltau I, Niehoff A. Neutral
sphingomyelinase 2 (SMPD3) deficiency in mice causes chondrodysplasia
with unimpaired skeletal mineralization. Am ] Pathol. (2019) 189:1831-
45. doi: 10.1016/j.ajpath.2019.05.008

Ibafiez CF, Andressoo JO. Biology of GDNF and its receptors - Relevance
for disorders of the central nervous system. Neurobiol Dis. (2017) 97(Pt
B):80-9. doi: 10.1016/j.nbd.2016.01.021

Bouscary A, Quessada C, René F, Spedding M, Turner BJ, Henriques A,
et al. Sphingolipids metabolism alteration in the central nervous system:

amyotrophic lateral sclerosis (ALS) and other neurodegenerative diseases.
Semin Cell Dev Biol. (2021) 112:82-91. doi: 10.1016/j.semcdb.2020.10.008

40. O’Neill M, Breslau NA, Pak CY. Metabolic evaluation of nephrolithiasis
in patients with medullary sponge kidney. JAMA. (1981) 245:1233-
6. doi: 10.1001/jama.245.12.1233

41. Osther PJ, Mathiasen H, Hansen AB, Nissen HM. Urinary acidification and
urinary excretion of calcium and citrate in women with bilateral medullary
sponge kidney. Urol Int. (1994) 52:126-30. doi: 10.1159/000282590

42. Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular vesicles:
composition, biological relevance, and methods of study. Bioscience. (2015)
65:783-97. doi: 10.1093/biosci/biv084

43. Morita ], Kano K, Kato K, Takita H, Sakagami H, Yamamoto Y, et al. Structure
and biological function of ENPP6, a choline-specific glycerophosphodiester-
phosphodiesterase. Sci Rep. (2016) 6:20995. doi: 10.1038/srep20995

44. Stewart AJ, Leong DTK, Farquharson C. PLA2 and ENPP6 may act in concert
to generate phosphocholine from the matrix vesicle membrane during skeletal
mineralization. FASEB J. (2018) 32:20-25. doi: 10.1096/1j.201700521r

45. Khan SR, Glenton PA, Backov R, Talham DR. Presence of lipids in urine,
crystals and stones: implications for the formation of kidney stones. Kidney
Int. (2002) 62:2062-72. doi: 10.1046/j.1523-1755.2002.00676.x

46. McKee MD, Nanci A. Osteopontin: an interfacial extracellular
matrix protein in mineralized tissues. Connect Tissue Res. (1996)
35:197-205. doi: 10.3109/03008209609029192

47. Reinholt FP, Hultenby K, Oldberg A, Heinegérd D. Osteopontin-a possible
anchor of osteoclasts to bone. Proc Natl Acad Sci USA. (1990) 87:4473-
5. doi: 10.1073/pnas.87.12.4473

48. Bruschi M, Granata S, Santucci L, Candiano G, Fabris A, Antonucci N,
et al.. Proteomic analysis of urinary microvesicles and exosomes in medullary
sponge kidney disease and autosomal dominant polycystic kidney disease.
Clin ] Am Soc Nephrol. (2019) 14:834-43. doi: 10.2215/CJN.12191018

49. Ricci P, Magalhaes P, Krochmal M, Pejchinovski M, Daina E, Caruso MR,
et al. Urinary proteome signature of Renal Cysts and Diabetes syndrome in
children. Sci Rep. (2019) 9:2225. doi: 10.1038/s41598-019-38713-5

50. Cowley BD Jr, Ricardo SD, Nagao S, Diamond JR. Increased renal expression
of monocyte chemoattractant protein-1 and osteopontin in ADPKD in rats.
Kidney Int. (2001) 60:2087-96. doi: 10.1046/j.1523-1755.2001.00065.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Granata, Bruschi, Deiana, Petretto, Lombardi, Verlato, Elia,
Candiano, Malerba, Gambaro and Zaza. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

69

May 2021 | Volume 8 | Article 671798


https://doi.org/10.1016/j.ejphar.2016.06.058
https://doi.org/10.1074/jbc.R600021200
https://doi.org/10.1042/BJ20071240
https://doi.org/10.1016/j.bbalip.2013.12.003
https://doi.org/10.1007/s00018-014-1778-x
https://doi.org/10.1371/journal.pone.0021643
https://doi.org/10.3389/fnmol.2020.00080
https://doi.org/10.1212/NXI.0000000000000321
https://doi.org/10.1016/j.dadm.2016.02.005
https://doi.org/10.1186/s12944-015-0053-y
https://doi.org/10.1074/jbc.M104464200
https://doi.org/10.1016/j.ajpath.2019.05.008
https://doi.org/10.1016/j.nbd.2016.01.021
https://doi.org/10.1016/j.semcdb.2020.10.008
https://doi.org/10.1001/jama.245.12.1233
https://doi.org/10.1159/000282590
https://doi.org/10.1093/biosci/biv084
https://doi.org/10.1038/srep20995
https://doi.org/10.1096/fj.201700521r
https://doi.org/10.1046/j.1523-1755.2002.00676.x
https://doi.org/10.3109/03008209609029192
https://doi.org/10.1073/pnas.87.12.4473
https://doi.org/10.2215/CJN.12191018
https://doi.org/10.1038/s41598-019-38713-5
https://doi.org/10.1046/j.1523-1755.2001.00065.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

1’ frontiers
In Medicine

ORIGINAL RESEARCH
published: 09 June 2021
doi: 10.3389/fmed.2021.679171

OPEN ACCESS

Edited by:

Zaid A. Abassi,

Technion Israel Institute of
Technology, Israel

Reviewed by:

Gerardo Gamba,

National Autonomous University of
Mexico, Mexico

Gautam Bhave,

Vanderbilt University, United States

*Correspondence:
Shih-Hua Lin
1621116@ndmctsgh.edu.tw

Specialty section:

This article was submitted to
Nephrology,

a section of the journal
Frontiers in Medicine

Received: 11 March 2021
Accepted: 11 May 2021
Published: 09 June 2021

Citation:

Sung C-C, Chen M-H, Lin Y-C,

Lin Y-C, Lin Y-J, Yang S-S and Lin S-H
(2021) Urinary Extracellular Vesicles
for Renal Tubular Transporters
Expression in Patients With Gitelman
Syndrome. Front. Med. 8:679171.
doi: 10.3389/fmed.2021.679171

Check for
updates

Urinary Extracellular Vesicles for
Renal Tubular Transporters
Expression in Patients With Gitelman
Syndrome

Chih-Chien Sung’, Min-Hsiu Chen’, Yi-Chang Lin?, Yu-Chun Lin?3, Yi-Jia Lin?,

Sung-Sen Yang' and Shih-Hua Lin™

" Division of Nephrology, Department of Medicine, National Defense Medical Center, Tri-Service General Hospital, Taipei,
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Background: The utility of urinary extracellular vesicles (UEVs) to faithfully represent
the changes of renal tubular protein expression remains unclear. We aimed to evaluate
renal tubular sodium (Na™) or potassium (K*) associated transporters expression from
UEVs and kidney tissues in patients with Gitelman syndrome (GS) caused by inactivating
mutations in SLC12A3.

Methods: uEVs were isolated by ultracentrifugation from 10 genetically-confirmed
GS patients. Membrane transporters including Na*t-hydrogen exchanger 3 (NHE3),
Nat/K*/2CI~ cotransporter (NKCC2), NaCl cotransporter (NCC), phosphorylated NCC
(p-NCC), epithelial Na™ channel g (ENaCB), pendrin, renal outer medullary K1 channel
(ROMK), and large-conductance, voltage-activated and Ca®t-sensitive Kt channel
(Maxi-K) were examined by immunoblotting of uEVs and immunofluorescence of biopsied
kidney tissues. Healthy and disease (bulimic patients) controls were also enrolled.

Results: Characterization of uEVs was confirmed by nanoparticle tracking analysis,
transmission electron microscopy, and immunoblotting. Compared with healthy controls,
UEVs from GS patients showed NCC and p-NCC abundance were markedly attenuated
but NHE3, ENaCp, and pendrin abundance significantly increased. ROMK and
Maxi-K abundance were also significantly accentuated. Immunofluorescence of the
representative kidney tissues from GS patients also demonstrated the similar findings
to uEVs. uEVs from bulimic patients showed an increased abundance of NCC and
p-NCC as well as NHE3, NKCC2, ENaCB, pendrin, ROMK and Maxi-K, akin to that in
immunofluorescence of their kidney tissues.

Conclusion: uEVs could be a non-invasive tool to diagnose and evaluate renal
tubular transporter adaptation in patients with GS and may be applied to other renal
tubular diseases.

Keywords: Gitelman syndrome, renal tubular transporters, hypokalemia, renal tubular disease, urinary
extracellular vesicles (exosomes)

Frontiers in Medicine | www.frontiersin.org

70 June 2021 | Volume 8 | Article 679171


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.679171
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.679171&domain=pdf&date_stamp=2021-06-09
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:l521116@ndmctsgh.edu.tw
https://doi.org/10.3389/fmed.2021.679171
https://www.frontiersin.org/articles/10.3389/fmed.2021.679171/full

Sung et al.

UEVs Analysis in Gitelman Syndrome

INTRODUCTION

Gitelman syndrome (GS) is one of the most common inherited
tubulopathy with a prevalence ranging from 0.25 to 4/10,000
per population. It is caused by biallelic inactivating mutations in
the SLCI2A3 gene encoding thiazide-sensitive sodium-chloride
cotransporter (NCC) expressed in the apical membrane of
distal convoluted tubules (DCT) (1, 2). To date, more than
450 different mutations scattered throughout SLCI12A3 have
been identified in GS (1, 3, 4). Clinical characteristics include
renal sodium (Na™) wasting with secondary hyperreninemia and
hyperaldosteronism, renal potassium (K*) wasting with chronic
hypokalemia and metabolic alkalosis, and renal magnesium
wasting with hypomagnesemia, but hypocalciuria (5). The
defective NCC function caused by different classes of SLC12A3
mutations leads to the reduced sodium chloride (NaCl)
reabsorption in DCT with increased luminal NaCl delivery
to downstream collecting ducts (CD) responsible for NaCl
reabsorption via epithelial Na™ channel (ENaC) and K™ secretion
via renal outer medullary K1 channel (ROMK) and large-
conductance, voltage-activated and Ca?*"-sensitive K* channel
(Maxi-K). Although the expression of ENaCpB, ROMK and Maxi-
K in mouse GS model has been reported to be significantly
increased in both immunoblotting and immunofluorescence
of mouse kidney (6), the adaptive response of upstream and
downstream Na™ and K associated transporters in response to
renal Na®™ and K* wasting in GS patients remains unknown.

Urinary extracellular vesicles (uEVs) containing membrane
and cytosolic proteins, nRNAs, miRNA and signaling molecules
from each renal epithelial cell type may reflect the physiological
state of their cells of origin (7, 8). The isolation of uEVs had the
potential to shed much insight on the health status of the kidney
and expression of urinary proteins (9-11). Knepper et al. has
identified more than one thousand proteins including solute and
water transporters, vacuolar HT-ATPase subunits, and disease
related proteins (12). It has been also reported that the isolated
uEVs had an increased NCC abundance in patients with primary
aldosteronism (13, 14) and Cushing syndrome (15) as well as
a rapid increase in abundance of NCC and p-NCC in healthy
subjects following the mineralocorticoid administration (16). In
the inherited renal tubular disorders, uEVs have been used as a
non-invasive tool to detect the defect of mutated renal tubular
transporter such as NCC and Na®/Kt/2Cl™ cotransporter
(NKCC2) expression in patients with GS and Bartter syndrome,
respectively (17, 18). Nevertheless, uEVs for other renal Na™
and K1 associated transporters expression has not been also
investigated in GS.

The aim of this study was to evaluate the changed expression
of NCC, phosphorylated NCC (p-NCC), upstream DCT such as
Na™-hydrogen exchanger 3 (NHE3), NKCC2, downstream DCT
such as ENaCB, pendrin, as well as KT -secreting channels such
as ROMK and Maxi-K from uEVs and representative kidney
tissues in patients with GS. Results to be reported indicated that a
marked attenuation of NCC and p-NCC expression from uEVs
could be used as a non-invasive diagnostic biomarker for GS.
Both upstream NHE3 and downstream ENaCp and pendrin from
uEVs were increased in response to salt-losing and an enhanced

ROMK and Maxi-K expression were associated with renal K™
wasting in GS patients. These findings from uEVs were similar
to those obtained from renal biopsied tissues in GS patients.

MATERIALS AND METHODS

Study Design

The study protocol was approved by the Ethics Committee
on Human Studies at Tri-Service General Hospital (TSGHIRB
No0.2-103-05-160 and TSGHIRB No.2-105-05-062). We
prospectively collected 10 genetically confirmed GS patients.
Their mutations included homozygous intronic mutation (n =
2), compound heterozygous mutati on (n = 8) in the SLC12A3
gene encoding NCC (Table 1). Five healthy controls and three
bulimic patients as hypokalemic disease controls were also
enrolled. The diagnosis of bulimia was based on the American
Psychiatric Association’s Diagnostic and Statistical Manual, Fifth
Edition (19). Clinical characteristics and laboratory examination
were collected and determined. Renal biopsied tissues were
collected from three different GS patients with definite SLC12A3
mutations (compound heterozygous mutation of intronic c1670-
191/p.I888_H916del, p.T60M/p.R959fs, and p.T60M/splicing
€.965-1G>A+c965-977gcggacatttttgt>accgaaaattttt) and
one bulimic patient. All of them had long-standing, severe
hypokalemia refractory to aggressive Kt supplementation and
significant proteinuria. Control kidney tissue was obtained from
normal part of kidney in one patient with renal cell carcinoma
undergoing total nephrectomy.

uEVs Studies

Urine Collection and uEVs Isolation

Secondary morning spot urine with forty milliliters with
protease inhibitors were collected for uEVs isolation by
ultracentrifugation-based protocol. The urine sample was
centrifuged at 17,000 x g for 10 min at 37°C. Supernatant was
then ultracentrifuged at 200,000 x g for 2h at 4°C. The pellet
was resuspended in PBS or laemmli buffer with dithiothreitol.

Nanoparticle Tracking Analysis

Nanoparticles from isolated uEVs were analyzed using the
NanoSight NS300 instrument (NanoSight Ltd, Amesbury, UK).
Following published method (20), all experiments were carried
out at a 1:1,000 dilution, yielding particle concentrations in
the region of 1 x 10% particles ml~! in accordance with the
manufacturer’s recommendations.

Transmission Electron Microscopy

uEVs pellet was carefully fixed the with enough volume of
2.5% glutaraldehyde (G5882, Sigma-Aldrich) in 0.1 M sodium
cacodylate, pH 7.4 and 4% paraformaldehyde mix buffer (1:1) for
1h at 4°C and then washed with PBS. Pre-fix the sample with
1 ml of 1% Osmium tetroxide (in ddH,O) for 50 min at 4°C in
dark. Post-fix the sample with 5% uranyl acetate (UA) blocking
overnight at 4°C. Incubate for 10 min with a graded EtOH series
(50, 70, 90, 95, 100%) and followed by EPON (Resin 20 ml,
DDSA 7ml, NMA 14 ml, DMP-30 0.8 ml). The uEVs samples
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TABLE 1 | Characteristics of SLC12A3 mutation among 10 patients with Gitelman syndrome.

Patients Genotypes Nucleotide change (NM_000339.3) AA change (NP_000330.3) Topological localization
1 Compound heterozygous €.1924C>T + ¢.2548+253 p.R642C + Intronic Transmembrane + C-terminal
2 Homozygous c.1670-191C>T + ¢c.1670-C>T Intronic + Intronic Transmembrane +
Transmembrane
3 Compound heterozygous €.2875_76delAG + ¢.2548+253 p.R959fs + Intronic C-terminal +
C-terminal
4 Compound heterozygous €.2129C>A + ¢.2875-76delAG p.S710X + p.R959fs C-terminal +
C-terminal
Compound heterozygous €.488C>T+c.2660+1G>A p.T163M + splicing Transmembrane + C-terminal
Compound heterozygous €.1000C>T+c¢.1326C>G p.R334W + p.N442K Transmembrane + Transmembrane
Homozygous €.1670-191C>T + ¢.1670-C>T Intronic+ Intronic Transmembrane +
Transmembrane
8 Compound heterozygous €.2129C>A + ¢.2875_76delAG p.S710X + p.R959fs C-terminal +
C-terminal
9 Compound heterozygous €.911C>T/c.2875_76delAG p.T304M —+ p.R959fs Transmembrane + C-terminal
10 Compound heterozygous €.2532G>A+.c.805-06insTTGGCGTGGTCTCGG p.W844XxX + C-terminal + Transmembrane

p.T269delinsIGVVSA

were analyzed with a Hitachi TEM HT7700 electron microscope
operated at 60 kV.

Immunoblotting

For immunoblotting, the loading volume of each uEVs
sample was adjusted so that the loaded amount of creatinine
was constant (21, 22). SDS/PAGE was carried out on an
8% polyacrylamide gel, and proteins were transferred to
Immobilon®-P membranes (Millipore, Amsterdam, The
Netherlands). The primary antibodies were as follows: NSE
(ab254088, Abcam, Cambridge, UK), TSG101 (ab125011,
Abcam, Cambridge, UK), CD9 (GTX55564, Genetex, HsinChu
City), AQP2 (sc-515770, Santa Cruz Biotechnology, Santa Cruz,
CA), NHE3 (NHE31-A, Alpha Diagnostic Intl Inc., San Antonio,
TX) (6), NKCC2 (AB2281, Millipore, Temecula, CA), NCC
(AB3553, Millipore, Temecula, CA) (23), ENaCB (ASC-019,
Alomone labs, Jerusalem, Israel) (23), p-NCC (177, in-house
antibody) (23), Maxi-K (APC-021, Alomone labs, Jerusalem,
Israel) (6), ROMK (APC-001, Alomone labs, Jerusalem, Israel)
(6), and pendrin (ARP41739_P050, Aviva system biology,
San Diego, CA). The membranes were incubated with the
secondary antibody. Immunoreactive proteins were detected by
the enhanced chemiluminescence method (Pierce, Rockford, IL,
USA). The immunopositive bands from immunoblotting were
quantified using pixel density scanning and calculated using
Image ] and the relative band intensity was normalized to the
healthy controls.

Immunofluorescence of Kidney Tissue

After paraffin removal and rehydration, the slides were
heated in 1x citrate buffer (ThermoFisher) and exposed to
3% H,0; (ThermoFisher) at room temperature and then
the blocking solution. After washing with PBS plus 0.1%
Tween 20 (J.T. Baker), the tissue was incubated with primary
antibodies at 4°C overnight. The primary antibodies of AQP2,
NHE3, NKCC2, NCC, p-NCC, ENaCp, Maxi-K, ROMK, and

pendrin were used. The tissues were exposed to species-specific
secondary antibodies conjugated to Alexa Fluor fluorophores
(ThermoFisher). Immunofluorescence images were obtained by
Zeiss LSM880 confocal microscope.

Statistical Analyses

Serum and urine biochemistry data were expressed as mean =+
standard deviation. Correlation between uEV's particles and urine
creatinine were calculated by Pearson’s correlation coefficient
statistic in Excel. Data analyses were performed with the Prism
(v5) software (GraphPad Software). Group comparisons of renal
transporters from uEVs between GS patients and healthy controls
were made using a two-tailed unpaired Student’s ¢-test. Statistical
significance was defined as p-values <0.05.

RESULTS

Clinical Characteristics in GS

As shown in Table2, all GS patients (Male/Female = 9/1,
age 33.4 £ 7.8 years old) were normotensive with renal Na™
and Cl~ wasting and secondary hyperreninemia (plasma renin
activity, PRA 289 + 144 ng/mL/h) but normal to high
plasma aldosterone concentration (PAC) (229.4 & 69.6 pg/mL),
chronic hypokalemia (K*, 2.34 & 0.45 mmol/L) with higher
urinary Kt excretion (transtubular potassium gradient, 13.46
+ 10.91), metabolic alkalosis (HCO3~, 28.7 + 3.9 mmol/L),
hypomagnesemia (Mg?* 0.63 + 0.07 mmol/L), and hypocalciuria
(Ca?*/Creatinine 0.07 & 0.06 mmol/mmol).

Characterization of uEVs

Characterization of the uEVs in healthy controls was validated
by nanoparticle tracking analysis (NTA), transmission electron
microscopy (TEM), and immunoblotting of uEVs makers. NTA
identified size distribution of particles in the expected uEVs size
range of 20-120 nm shown in Figures 1A,B. The mean particle
size and concentration were 132.9 4+ 65.8 nm and 6.6 x 10'*/ml,
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TABLE 2 | Clinical characteristics and biochemistries in patients with Gitelman syndrome.

Patients 1 2 3 4 5 6 7 8 9 10 Mean + SD
SBP/DBP (mmHg) 123/65 111/68 120/80 114/78 128/70 120/64 126/64 120/70 105/84 115/68 116.2+7.5/69.7 £7.4
Serum Reference

BUN (mmol/L) 2.50-8.93 5.71 5.36 7.85 4.64 6.07 5.36 7.14 4.64 4.28 5.71 5.68 +1.12
Creatinine (wmol/L) 61.9-106.1 79.6 88.4 114.9 530 106.1 106.1 88.4 97.2 70.7 97.2 90.17.0 + 18.54
Sodium (mmol/L) 136-145 135 135 138 132 140 142 138 137 134 134 137.1 £ 3.1
Potassium (mmol/L) 3.5-5.1 2.6 1.9 2.4 2.9 2.8 2.3 2.1 2.1 1.5 2.8 2.34 +0.45
Chloride (mmol/L) 98-107 97 100 98 94 97 99 97 98 96 96 97.2+1.7
Total Calcium (mmol/L)  2.15-2.55 2.33 2.20 2.33 2.35 2.53 2.45 2.50 2.23 2.45 2.45 2.38 +0.11
Magnesium (mmol/L) 0.7-1.05 0.53 0.66 0.62 0.62 0.70 0.66 0.74 0.58 0.62 0.53 0.63 + 0.67
Hematocrit (%) 38.0-47.0 45.7 49.0 46.3 39.9 53.9 54.0 48.3 46.8 44.4 45.6 474+ 4.3
Albumin (g/L) 35-567 43 37 43 48 47 46 43 38 46 45 44 + 4
PRA (ng/ml/hr) 1.31-3.95 17.15 10.29 4713 6.32 50.00 31.97 38.35 29.04 30.35 29.14 289+ 144
PAC (pg/ml) 70-350 252 206 140 147 134 266 304 320 288 237 229.4 £+ 69.6
HCO3~ (mmol/L) 24 31.6 27.2 30.7 28.0 33.0 26.8 28.0 22.6 241 35.1 28.7 £ 3.9
Urine

Creatinine (mmol/L) 10.6 9.4 7.9 5.7 7.3 2.1 7.9 6.2 4.7 5.2 8.6+3.8
Sodium (mmol/L) 172 53 58 66 64 46 96 32 42 199 82.8 +57.1
Potassium (mmol/L) 45 21 27 48 43 26 17 56 37 49 36.9 +13.3
Chloride (mmol/L) 143 86 93 67 44 59 51 35 7 207 86.2 + 52.4
Calcium (mmol/L) 0.58 0.55 0.25 1.28 0.23 0.05 0.10 0.63 0.38 0.53 0.46 + 0.35
Magnesium (mmol/L) 3.09 2.55 2.34 3.58 3.17 0.86 0.62 2.26 1.62 4.61 2.46 +1.23
TTKG 715 7.28 7.10 10.80 12.51 12.61 718 41.13 22.67 6.23 13.46 £ 10.91

SBR, systolic blood pressure; DBF, diastolic blood pressure; PRA, plasma renin activity; PAC, plasma aldosterone concentration; TTKG, transtubular potassium gradient.

respectively. uEVs number was correlated strongly with urine
creatinine (r2 for 0.81, P < 0.0001) shown in Figure 1C. TEM
also confirmed the quality of uEVs isolated by ultracentrifugation
(Figure 1D). To further validate the uEVs purification protocol,
we evaluated four commonly used uEVs makers including AQP2,
TSG101, NSE, and CD9 in immunoblotting shown in Figure 1E.
Expression pattern of selected renal transporters including
NHE3, NKCC2, NCC, p-NCC, ENaCB, pendrin, ROMK, and
Maxi-K in healthy controls were shown in Figure 1F.

uEVs for Renal Tubular Nat and K+

Associated Transporter Expression in GS
Compared with healthy controls, GS patients with different
biallelic mutations exhibited a markedly attenuated expression of
NCC and p-NCC protein isolated from their uEVs, indicative of
an impaired NCC expression and function in GS (Figures 2A,B).
The expression of NHE3, ENaCp, and pendrin significantly
increased although NKCC2 was not significantly increased.
For uEVs associated renal tubular Kt associated transporter
expression, GS patients had significantly increased ROMK and
Maxi-K expression.

Renal Tubular Nat and K+ Associated
Transporter Expression From Kidney

Tissues in GS
AQP2 used for a tubular maker of CD was clearly stained.
Compared with control kidney tissue, the representative kidney

tissues from GS patients showed obviously diminished expression
in both NCC and p-NCC. The expression of NHE3, ENaCf and
pendrin was significantly increased (Figure 3). The expression
of ROMK was increased and the Maxi-K unexpressed in
control kidney tissue without hypokalemia was also significantly
enhanced in three GS patients. Overall, these finding from
immunofluorescence of kidney tissues supported the findings
of the isolated uEVs to examine Nat and K* associated renal
transporter adaptation in GS patients.

Tubular Transporter Expression From uEVs

and Kidney Tissue in Bulimic Patients

Three bulimic patients (male/female = 2/1, age 23.3 £+ 4.0
years old) with normotension (systolic blood pressure 102 =+
17 mmHg, diastolic blood pressure 63 = 5 mmHg) exhibited
chronic hypokalemia (Kt 2.73 + 0.55 mmol/L), metabolic
alkalosis (HCO3~, 46.6 £ 11.9 mmol/L), with secondary
hyperreninemia (PRA 4.3 + 1.3 ng/mL/h) but normal to
high PAC (127.6 £ 26.7 pg/mL). They all exhibited higher
urinary KT excretion, high Na® (120.3 £ 80.4 mmol/L) but
low ClI~ (18.7 & 6.4 mmol/L), alkaline urine (bicarbonaturia),
indicative of recent vomiting. As shown in Figure 4A, uEVs from
them showed an increased abundance of NCC and p-NCC as
well as NHE3, NKCC2, ENaCp, pendrin, ROMK and Maxi-K.
Immunofluorescence of the kidney tissue from a representative
bulimic patient also had the similar finding to those in uEVs
(Figure 4B).
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FIGURE 1 | Characterization of urinary extracellular vesicles (UEVs) from healthy controls. (A) Screen shot from 1:2,000 diluted urine sample reveals a range of particle
sizes by nanoparticle tracking analysis (NTA). (B) Concentration and size distribution of uEVs (0-150 nm diameter) by NTA were shown. The concentration is
expressed as number of particles per ml. (C) UEVs particles were correlated strongly with urine creatinine (2 for 0.81, P < 0.0001). (D) Transmission electron
microscopy of UEVs was shown (scale bar 100 nm). (E) uEVs markers (AQP2, TSG101, NSE, and CD9) were assessed by immunoblotting. (F) Expression pattern of
renal transporters including NHE3, NKCC2, NCC, p-NCC, ENaCB, pendrin, ROMK, and Maxi-K from healthy controls was similar.
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FIGURE 2 | Renal Na™ and K* associated transporters expression from urinary extracellular vesicles in patients with GS (n = 10) compared with healthy controls. (A)
Immunoblotting of renal transporters (NHE3, NKCC2, NCC, p-NCC, ENaCg, pendrin, ROMK, Maxi-K, and CD9). (B) Quantification of immunoblotting of NHES,
NKCC2, NCC, p-NCC, ENaCB, pendrin, ROMK, Maxi-K, and CD9. Error bars, standard deviation. *P < 0.05, **P < 0.01.
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FIGURE 4 | Renal transporters expression from urinary extracellular vesicles (UEVs) and immunofluorescence of biopsied kidney tissues from bulimic patients. (A)
Immunoblotting of renal transporters (NHE3, NKCC2, NCC, p-NCC, ENaCg, pendrin, ROMK, Maxi-K, and CD9) from uEVs in bulimic patients (n = 3) compared with
healthy control. (B) Immunofluorescence of NHE3, NKCC2, NCC, p-NCC (green, right) and ENaCg, pendrin, ROMK, Maxi-K (green, left) from one representative
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DISCUSSION

In this study, the isolated uEVs from GS patients with biallelic
SLC12A3 mutations showed the markedly attenuated expression
of NCC and p-NCC whereas those from non-GS bulimic patients
did a significantly enhanced abundance of NCC and p-NCC. In
response to renal salt loss, the expression of upstream NHE3
and downstream ENaCP, and pendrin were all accentuated.
The abundance of ROMK and Maxi-K expression were also
augmented for renal K™ wasting in GS. Immunofluorescence of
the representative kidney tissues from GS and bulimic patients
also demonstrated similar findings to those from uEVs. This
study might be the first to assess the abundance of renal tubular
Na® and KT associated transporters from uEVs and kidney
tissues in GS patients.

GS caused by inactivating SLCI2A3 mutations has an
impaired NCC expression and/or activity as shown in both vitro
and vivo studies. Although normal NCC expression with an
impaired functional activity was shown in oocytes overexpressed
T60M mutation at the critical NCC phosphorylation site, a
markedly decreased total NCC and p-NCC protein abundance
was evident in NccT58M/T58M GS knock-in mice and in the
urine of human GS with homozygous T60M mutations (23).
In addition, the reduced or abolished NCC abundance on the
apical membrane of DCT from the human kidney tissues in
GS patients with SLCI2A3 mutations were also demonstrated
(24, 25). These findings supported the notion that the reduced
expression of NCC was a biomarker for GS despite different
mechanisms involved in the impaired NCC protein synthesis (24,
26), and sorting or trafficking defect of NCC (27). Accordingly,
it is important to find a non-invasive method to faithfully
represent NCC abundance in GS. Previous studies using uEVs
to measure the mutated NCC by immunoblotting and enzyme-
linked immunosorbent assays (ELISAs) in GS patients only
showed the decreased NCC abundance (17, 18). In this study, the
isolated uEVs from GS patients revealed that both NCC and p-
NCC abundance were markedly diminished, also confirmed by
the human kidney tissue of genetically-confirmed GS patients.

It is of great interest to understand and localize the
tubular adaptation in the inherited renal tubular disorders.
The traditional methods were the preparation of whole
kidney sections for immunostaining and immunoblotting or
biotinylating the rat or mice kidney tissues in situ under various
chronic conditions in animal models. Tubular adaptation to renal
Na™ loss has been evaluated in the distal tubules in experimental
models of GS but not human GS. Knepper et al. has used
the LC-MS/MS to profile the proteome of human uEVs and
suggested that uEVs analysis be a potential approach to discover
adaptation in renal transporters (12). Using uEVs analysis in
GS, we found that the abundance of upstream NHE3 in the
proximal tubules (PT) necessary for bicarbonate reabsorption,
salt and fluid homeostasis was significantly increased (28-30).
Renal NHE3 abundance was markedly increased in K*-depleted
rats (31), indicating that NHE3 expression can be also regulated
by the hypokalemia independent of volume depletion. Similarly,
downstream ENaCp in the principal cells of CD for tubular
salt reabsorption was enhanced (32, 33). Of note, pendrin as a

CI7/HCO3~ exchanger expressed in the apical region of distal
tubules and involved in the tubular CI~ absorption and HCO3~
secretion was augmented (34). Activation of pendrin-mediated
Cl~ absorption has also been reported in NCC KO mice (35).
Although pendrin expression has been examined in many rodent
treatment models such as NCC KO mice, an aldosterone infusion
or the administration of NaHCO3 to regulate acid-base and salt
regulation, our study suggested the increased pendrin expression
from uEVs and biopsied kidney tissues be responsive to renal salt
wasting and also chronic metabolic alkalosis in GS patients.

KT excretion in distal nephron is driven by either voltage-
dependent ROMK and/or flow dependent Maxi-K (36). ROMK is
an inwardly rectifying K™ channel (37) traditionally responsible
for the main renal K* secretory channel, dependent on
Na™ delivery and driven by electrogenic ENaC-mediated Na*
reabsorption (38-40). Maxi-K is flow-stimulated K™ secretion
and activated by an increase in intracellular calcium and
membrane depolarization (41, 42). Defective NaCl absorption in
DCT leads to the increased flow rate to downstream connecting
tubules (CNT) and CD to naturally stimulate both ROMK and
Maxi-K. In animal model of GS (Ser707X knockin mice), an
enhanced expression of both ROMK and Maxi-K has been clearly
shown (6). Our uEVs for the expression of both ROMK and
Maxi-K abundance were significantly increased in GS patients,
akin to the findings of their representative immunofluorescence
of kidney tissues. Of note, the abundance of Maxi-K was
extremely low in both uEVs and biopsied kidney in controls but
higher in GS patients, indicating that Maxi-K expression was
more augmented at the high urinary flow rate.

The above-mentioned findings with an increased protein
expression related to Na™ reabsorption, K secretion and
regulation of acid/base balance at distal nephron from the
uEVs in our GS patients with diminished NCC expression
consisted with current idea that distal tubules including CD
are highly plastic. Tubular plasticity for adaptation is defined
as structural remodeling of renal tubules via cell proliferation
(hyperplasia) and cell growth (hypertrophy) (43, 44). In NCC-
deficient mice, early DCT showed a remarkable atrophy but
CNT exhibited a marked epithelial hypertrophy accompanied
by an increased apical abundance of ENaC (45). In SPAK KO
mice featuring GS-like phenotypes, a distal nephron remodeling
process of the CNT/CD developed to produce an increase in the
numbers of principle cells and B-intercalated cells (46). These
two mice models with deficient NCC clearly demonstrated the
markedly attenuated DCT along with the distinctly hypertrophic
and/or hyperplastic CNT/CD. Our uEVs results in GS patients
were similar to those from NCC deficient animal studies, also
supporting the notion of nephron plasticity with compensatory
increase in the CNT/CD size.

Bulimic patients, also called pseudo-GS syndrome (47, 48),
exhibiting similar laboratory and clinical features to GS, were
also evaluated for disease controls. In contrast to GS patients,
uEVs from bulimic patients showed a markedly enhanced
abundance of NCC and p-NCC. The increased NCC and p-NCC
abundance may be secondary response to volume depletion and
K™ deficiency per se. In rat model of K™ deficiency, enhanced
abundance NCC and p-NCC has been clearly shown (49),
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closely linked to increased WNK body formation and activation
of SPAK/OSR1 (50). Similarly, uEVs for upstream NHE3 and
NKCC?2 along with downstream ENaCp and pendrin expression
were also increased in response to salt-losing and metabolic
alkalosis. Of interest, only the slightly increased ROMK and
Maxi-K abundance from the isolated uEVs and biopsied kidney
tissues may be associated with the interaction of bicarbonaturia
to stimulate them as well as the enhanced NCC and chronic
hypokalemia to suppress them.

Recently, uEVs has been emerged as a promising liquid
biopsy biomarker in kidney disease research. Several novel
biomarkers from uEVs including proteins, miRNA or non-
coding RNA have been discovered in acute kidney injury (51, 52),
chronic kidney disease (53, 54), diabetic nephropathy (55), focal
segmental glomerulosclerosis (56), and lupus nephritis (57). In
addition to GS and Bartter syndrome, uEVs is also utilized
in some renal tubular disorders such as nephrogenic diabetes
insipidus, and familial hyperkalemic hypertension due to KLHL3
mutation (58). Accordingly, these evidence demonstrated the
relevance of uEVs in understanding the pathophysiology of
kidney diseases and the discovery of potential therapeutic targets.
Our study provided a feasible way to analyze the differential
expression proteins in renal tubular disorders and may be also
applied to other non-tubular disorder such as cisplatin or drug
induced tubulopathy.

There were some limitations of this study. First, the sample
size of GS patients was still small due to the restricted
loading wells of SDS/PAGE for immunoblotting. Second, other
relevant transporters along the renal tubules such as TRPV5
and TRPM6 were not examined because of limited uEVs
proteins isolated from ultracentrifugation. Third, the localization
of these transporters in renal tubules could not be identified
using uEVs. Finally, the specificity and sensitivity of the
antibodies used for this study might affect expression of renal
transporters between immunoblotting and immunofluorescence
(for example NKCC2). Using the detergent for immunoblotting
is another approach to enhance intracellular epitope recognition
in uEVs (22).

In conclusion, uEVs could be used as non-invasive diagnostic
tool to evaluate the renal tubular Na™ or KT associated
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Introduction: The effects of sodium-glucose cotransporter-2 (SGLT2) inhibitors on renal
outcomes in patients with chronic kidney disease (CKD) were initially demonstrated in
recent trials. However, the magnitude of renal benefits for CKD patients with different
baseline features and underlying diseases remains unclear.

Method: We systematically searched the Embase, PubMed, Web of Science, and
Cochrane library databases from inception to April 15, 2021 to identify eligible trials.
The primary outcome was a composite of worsening kidney function, end-stage kidney
disease (ESKD), or renal death. Efficacy and safety outcomes were stratified by baseline
features, such as type 2 diabetes, heart failure, atherosclerotic cardiovascular disease,
proteinuria, and renal function.

Results: A total of nine studies were included. These studies included 25,749 patients
with estimated glomerular filtration rate (eGFR)<60 mL/min/1.73 m? and 12,863 patients
with urine albumin-to-creatinine ratio (UACR) >300 mg/g. SGLT2 inhibitors reduced the
risk of the primary renal outcome by 30% in patients with eGFR<60 mL/min/1.73 m?
(HR 0.70, [95% CI 0.58-0.83], I> = 0.00%) and by 43% in patients with UACR > 300
mg/g (HR 0.57, [95% Cl 0.48-0.67], I*> = 16.59%). A similar benefit was observed in CKD
patients with type 2 diabetes. SGLT2 inhibitors had no clear effects on renal outcomes in
patients with eGFR<60 mL/min/1.73 m? combined with atherosclerotic cardiovascular
disease (HR 0.74, [95% Cl 0.51-1.06], I> = 0.00%). However, they reduced the risk of
major renal outcomes by 46% (HR 0.54, [95% CI 0.38-0.76], 12 = 0.00%) in patients with
atherosclerotic cardiovascular disease and macroalbuminuria (defined as UACR > 300
mg/g). SGLT2 inhibitors did not significantly reduce the risk of major renal outcomes in
CKD patients with heart failure (€GFR<60 mL/min/1.73 m*: HR 0.81, [95% CI 0.47-1.38],
12 = 0.00%; UACR > 300 mg/g: HR 0.66, [95% Cl 0.41-1.07], I = 0.00%). SGLT2
inhibitors showed consistent renal benefits across different levels of eGFR (P interaction
=0.48).

Conclusion: SGLT2 inhibitors significantly reduced the risk of the primary outcome in
CKD patients. However, for patients with different features and underlying diseases, there
exists differences in the renal protective effect.

Keywords: SGLT2 inhibitors, chronic kidney disease, renal outcome, protective effect, meta-analysis
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INTRODUCTION

Chronic kidney disease (CKD) has become a major global public
health problem that imposes a heavy burden on families and
society. Currently, about 700 million individuals worldwide
suffer from CKD, and the incidence will continue to increase
(1). Determining how to delay the progression of renal function
impairment has become a global focus. Within the past two
decades, the only approved renoprotective therapy for CKD
patients, notably those with type 2 diabetes, has been renin-
angiotensin system (RAS) blockers (2). It is encouraging that
in recent years, more and more novel drugs have been
developed that provide renoprotection for CKD patients (3-5),
including sodium-glucose cotransporter-2 (SGLT2) inhibitors.
The emergence of SGLT2 inhibitors has resulted in promising
new options for renoprotection.

SGLT2 inhibitors, a new class of glucose-lowering drugs,
have been proven to reduce blood glucose, blood pressure,
and body mass index (6). Within the past few years, many
large-scale trials have been designed to explore cardioprotection
and renoprotection in patients with type 2 diabetes or heart
failure (7-9). However, most of the primary outcomes of these
studies were cardiovascular outcomes. Furthermore, most of the
participants did not have CKD. Given these factors, the benefits
of SGLT2 inhibitors for renal outcomes in patients with CKD
have been questionable.

Over the last 2 years, two large studies (10, 11) that focused
on patients with CKD demonstrated the renal benefits of SGLT2
inhibitors in these patients. In the CREDENCE trial (11), the
first dedicated trial of an SGLT2 inhibitor in patients with
type 2 diabetes and CKD, canagliflozin demonstrated substantial
benefits for renal outcomes. In the DAPA-CKD trial (10), data
showed that individuals with CKD who received dapagliflozin
had a significantly lower risk of a composite of renal outcomes
compared with those who received placebo, independent of
the presence or absence of type 2 diabetes. However, whether
the clinical benefits are related to baseline data, underlying
diseases, or renal function remains unknown. It is difficult to
draw meaningful conclusions from individual trials. Therefore,
we sought to undertake a systematic review to gain more reliable
evidence on the renal benefits of SGLT2 inhibitors in CKD
patients with different baseline features and underlying diseases.

METHODS
Study Registration

This systematic review and meta-analysis was designed and
guided according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) statement (12). Moreover,
this meta-analysis was registered in the PROSPERO database
(CRD42021247839). No ethical approval or patient consent
was required given that all analyses were conducted based on
previously published studies.

Search Strategy
Without language or publication time restrictions, two
authors searched for relevant randomized controlled trials

that investigated the efficacy of SGLT2 inhibitors in CKD. The
following electronic databases were searched: PubMed, Web of
Science, Sciencedirect, Embase, and Clinical trials (http://www.
clinicaltrials.gov) from their inception to April 15, 2021.

Together with Boolean logical operators, the search was
conducted using medical subject headings (MeSH) incorporated
with free text terms. The following terms were searched:
(“Sodium-Glucose Transporter 2 Inhibitors” OR “sodium
glucose transporter ii inhibitor” OR “Sodium-glucose
cotransporter 2 inhibitors” OR “SGLT-2 Inhibitors” OR
“Inhibitor, SGLT-2” OR “Gliflozins” OR “Canagliflozin” OR
“Dapagliflozin® OR “Empagliflozin® OR “luseogliflozin” OR
“Ipragliflozin® OR “Tofogliflozin® OR “Sotagliflozin” OR
“Remogliflozin® OR “Sergliflozin” OR “Ertugliflozin”) AND
“Randomized controlled trial”. Any terms related to “SGLT2i”
were searched to prevent leakages.

Meanwhile, we performed several exhaustive searches of
major international conference proceedings, grey literature [the
non-commercial bibliography of doctors’ and masters), technical
documents (including government reports)] and clinical trials
that may be ongoing or not yet published to minimize loss or
omission of suitable articles that met our inclusion criterion.
Additionally, the references in each study and meta-analysis
of SGLT2 inhibitors were searched for potentially eligible
studies. Details on the databases and search strategies are
presented in the search strategies supplement. A check was
indispensable for the integrity and veracity of studies. All
records from the initial search were imported into NoteExpress
v3.2.0.7535 to manage and confirm the above information, and
was performed concurrently by two independent authors (NL,
DL). Discrepancies during this process were resolved through
discussion or mediated by a third author (LZ).

Inclusion Criteria and Literature Selection

Process

Population

The included population was patients >18 years old with CKD,
defined as estimated glomerular filtration rate (eGFR) <60
mL/min/1.73 m? or urine albumin-to-creatinine ratio (UACR) >
300 mg/g. There were no race or sex restrictions.

Interventions

The included trials required the intervention group to take an
SGLT?2 inhibitor, and there were no limits on specific doses. Trials
of SGLT?2 inhibitors in combination with other basic therapeutic
agents (such as those for controlling blood pressure or blood
sugar) were also permitted.

Comparators

Control groups without treatment or treated only with placebos
were included. Control groups provided basic treatment were
also included.

Outcomes

The primary outcomes of this study included: worsening
kidney function (defined as doubling of serum creatinine or
sustained 40% decline in eGFR), end-stage kidney disease
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(ESKD) (defined as requirement for chronic dialysis or kidney
transplantation, or sustained eGFR below 15 mL/min/1.73
m?) or renal death. If the study reported both doubling of
serum creatinine and sustained 40% decline in eGFR, we
prioritized sustained 40% decline in eGFR as the definition
of worsening kidney function. The secondary renal outcome
was a composite outcome including worsening kidney function,
ESKD, renal death or cardiovascular death, other secondary
outcomes including MACE (cardiovascular death, myocardial
infarction, and stroke), annualized eGFR slope (annualized
difference in eGFR between treatment and control groups), and
the percentage of reduction in UACR compared with placebo.
The safety outcomes included acute kidney injury, amputation,
bone fracture, and volume depletion.

Study Design

Trials were restricted to parallel-group multicenter randomized
controlled trials. There were no regional or language restrictions.
Repetitive studies, case reports, animal experiments, cohort
studies, and retrospective studies were excluded.

Data Extraction and Quality Assessment
We focused on extracting the following information from each
study: sample size, age, publication year, study and population
features, outcomes of interest, and period of treatment. Data
were extracted by three authors (NL, DL, YG) with use of a
standardized data form. If we encountered problems during the
data extraction process, we consulted two experts in this field
(LZ and DZ) for resolution through discussion. For data not
available in the original text or appendices, we obtained the
relevant secondary analyses by contacting the authors.

The Cochrane quality assessment tool provided by RevMan
was used to evaluate the risk of bias in each trial (13).
Three authors (NL, DL, SL) independently assessed the risk
of bias. The assessment items included random sequence
generation, allocation concealment, blinding of participants and
personnel, blinding of outcome assessment, incomplete outcome
assessment, incomplete outcome data, selective reporting, and
other biases. Each item was rated as unknown risk, low risk,
or high risk. Analysis of total bias for included studies was
also measured. Additionally, the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) framework
was used to assess the quality of each outcomes (14). Any
discrepancies were adjudicated by a third author (LZ or DZ).

Data Analysis

If the studies provided corresponding hazard ratio (HR) values,
we pooled HRs with 95% confidence intervals (Cls) to evaluate
the effect of each trial. If the study only provided the number
of events, we used the risk ratio (RR) for the calculation (HR
and RR values were analyzed separately and not combined).
For continuous variables, weighted mean differences (WMD)
were used for analysis. Additionally, we used a random-
effects models with application of the DerSimonian-Laird
estimator. We assessed heterogeneity between studies using
the I statistics. Values of 25% or less, 25-50%, and 75%
and more represented mild, moderate, and high heterogeneity,

respectively (15). If the number of included studies was over
10, we conducted a publication bias analysis using the Egger
test (16). For different definitions of renal outcomes among the
studies, we excluded inconsistent renal outcomes and retained
identical renal outcomes for sensitivity analysis. We performed
subgroup analyses on primary outcomes to verify if there
were any differences between different eGFR subgroups, and
whether benefits changed in patients with different underlying
diseases [such as type 2 diabetes, heart failure, atherosclerotic
cardiovascular disease(ASCVD)]. For each outcome, patients
were divided into two groups: UACR > 300 mg/g or eGFR < 60
mL/min/1.73 m>. If several studies divided eGFR subgroups into
eGFR of 60-45 mL/min/1.73 m* and <45 mL/min/1.73 m?, we
then combined the HR values of these different eGFR subgroups
for analysis. Data were analyzed using STATA version 16.0.

RESULTS
Study Selection and Features

A total of 3,286 studies were retrieved by searching the various
databases. After screening abstracts and removing duplicates, 76
studies were retrieved. We performed full-text analyses of the
studies, and a total of nine were ultimately included according
to our strict criteria (Figure 1). Among them, four (8, 9, 17, 18)
included patients with type 2 diabetes, two (11, 19) included
patients with diabetic kidney disease, two (7, 20) included
patients with heart failure, and three (10, 11, 19) included
patients with CKD. The detailed screening and retrieval process
is shown in the Appendix. The intervention in all studies was
SGLT2 inhibitors, and the control groups received matching
placebos. All participants were CKD patients. In total, 25,749 had
eGFR <60 mL/min/1.73 m* and 12,863 had macroalbuminuria
(defined as UACR > 300 mg/g). The lowest eGFR value was 20
mL/min/1.73 m* Mean age among the trials ranged from 61.9 to
69 years. Median follow-up time ranged from 16 to 42 months.
Features of the included studies are shown in Table 1.

Quality Evaluation of Included Studies

There was a certain risk of bias in some of the included studies.
Sufficient generation of random sequence was observed in eight
trials, while this was unspecified in one trial (19). Adequate
blinding of participants and personnel was noted in all studies.
Only five trials (8-10, 17, 20) mentioned allocation concealment,
while this was unclear in the remaining studies. Relative
completeness in the evaluation of outcomes was demonstrated
in all studies. The completeness of outcome data in one trial
(11) was unclear. Other biases from all of the studies were
unclear. Details on overall and individual biases are shown in the
Supplementary Figures 1A,B.

Primary Outcome

For patients with eGFR < 60 mL/min/1.73 m? SGLT2 inhibitors
reduced the risk of primary renal outcomes by 30% (HR
0.70, [95% CI 0.58-0.83], I’ = 0%) compared with placebo
(Figure 2). The same benefit (Figure 2) occurred in patients with
macroalbuminuria (reduced by 43% compared with placebo,
HR 0.57, [95% CI 0.48-0.67], I = 16.59%). Sensitivity analysis
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FIGURE 1 | Identification of eligible studies: flow diagram.

showed that different definitions of worsening kidney function
did not alter the risk reduction of primary renal outcomes
(Supplementary Table 4).

eGFR Subgroups

SGLT2 inhibitors reduced the risk of the primary outcome across
different subgroups of eGFR (Figure 3). For patients with eGFR
0f 45-60 mL/min/1.73 m?, the HR was reduced by 38% (HR 0.62,
[95% CI 0.47-0.82], I> = 3.31%) and by 29% in patients with
eGFR of 30-45 mL/min/1.73 m* (HR 0.71, [95% CI 0.57-0.87],
I2 = 0%). SGLT? inhibitors also significantly reduced the risk of
primary outcomes among patients with eGFR <30 mL/min/1.73
m”® (Figure 3) compared with placebo (RR 0.68, [95% CI 0.49-
0.96], 1> = 0.00%). The effect of reduction in primary outcomes
appeared to be consistent with eGFR > 30 mL/min/1.73 m?* (P
interaction = 0.37).

Subgroups for Different Underlying Diseases

Patients With Type 2 Diabetes

For patients with type 2 diabetes, SGLT2 inhibitors reduced the
primary outcomes by 36% in those with eGFR < 60 mL/min/1.73
m” (Figure 4, HR 0.64, [95% CI 0.55-0.76], I? = 0.00%) and by

44% in those with UACR > 300 mg/g (Figure 4, HR 0.56, [95%
CI 0.46-0.68], I = 30.47%).

Patients With Heart Failure

For patients with heart failure, there was no significant benefit
in primary outcome compared with placebo in those with eGFR
<60 mL/min/1.73 m” (Figure 4, HR 0.81, [95% CI 0.47-1.38], I?
= 0.00%), or UACR > 300 mg/g (Figure 4, HR 0.66, [95% CI
0.41-1.07], I* = 0.00%).

Patients With ASCVD

Although the risk of major renal outcomes was reduced by
46% in patients with macroalbuminuria with ASCVD (Figure 4,
HR 0.54, [95% CI 0.38-0.76], I = 0.00%), SGLT?2 inhibitors
did not significantly reduce the risk in those with eGFR <60
mL/min/1.73 m* combined with ASCVD (Figure 4, HR 0.74,
[95% CI0.51-1.06], I* = 0.00%).

Secondary Outcomes

SGLT2 inhibitors reduced the risk of the secondary renal
outcome (worsening kidney function, ESKD, and renal or
cardiovascular death) by 33% (Supplementary Figure2) in
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42
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VERTIS CV

patients with eGFR <60 mL/min/1.73 m®> (HR 0.67, [95%
CI 0.58-0.78], I> = 0.00%) and by 35% in patients with
macroalbuminuria (HR 0.65, [95% CI 0.58-0.73], I* =
0.00%). The HR for MACE was also significantly reduced
(Supplementary Figure 2) by 16% in patients with eGFR <60
mL/min/1.73 m? (HR 0.84, [95% CI 0.71-0.99], I> = 54.10%)
and 23% in those with UACR > 300 mg/g (HR 0.77, [95% CI
0.67-0.89], I* = 0.00%). The eGFR slope of the SGLT2 inhibitors
group appeared to be more stable than that of the control
group (Supplementary Figure 2) and this benefit was observed
in both those with eGFR <60 mL/min/1.73 m*> (WMD 1.67, [95%
CI 0.98-2.37], I = 94.72%) and UACR > 300 mg/g (WMD
3.09, [95% CI 2.10-4.08], I*> = 74.88%). However, there was
high heterogeneity among the different studies. The percentage
of UACR (Supplementary Figure 2) was reduced by 26.92%
(WMD 26.92, [95% CI, 7.29-46.55], I = 78.75%) in patients with
eGFR <60 mL/min/1.73 m* compared with placebo and by 31.1%
(WMD 31.1, [95% CI, 26.69-35.51], 1> = 0.00%) in patients with
UACR > 300 mg/g. High heterogeneity was observed in patients
with eGFR <60 mL/min/1.73 m® (I* = 78.75%).

Safety Outcome

According to our results, there were no significant differences in
adverse outcomes including amputation, fracture, volume
depletion, or acute renal failure between patients with
macroalbuminuria receiving SGLT2 inhibitors or placebo
(Supplementary Figure 3, acute kidney injury: HR 0.85, [95% CI
0.67-1.08], 1> = 0.00%; amputation: HR 1.49, [95% CI 0.72-3.07],
I? = 67.61; fracture: HR 0.99, [95% CI 0.74-1.34], I = 0.00%;
volume depletion: HR 1.24, [95% CI 0.98-1.58], I> = 0.00%),
or eGFR <60 mL/min/1.73 m* (Supplementary Figure 3,
acute kidney injury: HR 0.73 [95% CI 0.47-1.13], I* = 0.00%;
amputation: HR 1.10, [95% CI 0.58-2.08], I> = 0.00%; fracture:
HR 1.08 [95% CI 0.85-1.38], I> = 0.00%; volume depletion: HR
1.41 [95% CI 0.98-2.02], I2 = 0.00%).

GRADE for the Outcomes
We evaluated all outcome indicators using GRADEpro GDT

(https://gradepro.org/). The outcomes of Annualized eGFR slope
(Both UACR and eGFR group) and The percentage of reduction
in UACR (eGFR group) were low quality, while other outcomes
were moderate or high quality (Supplementary Table 5).

DISCUSSION

Our meta-analysis provides evidence based on current clinical
trials for the efficacy and safety of SGLT2 inhibitors on renal
outcomes in patients with CKD. For the past 2 decades, only
RAS blockers have been shown to exert renoprotective effects
in these patients (21, 22). However, the emergence of SGLT2
inhibitors has created new possibilities for patients with CKD.
Previously, a meta-analysis (23) included patients with type 2
diabetes with CKD and found that SGLT?2 inhibitors significantly
reduced the risk of renal outcomes. Our study not only confirmed
this result, but also included patients with non-diabetes, which
further confirms the efficacy of SGLT2 inhibitors in patients
with CKD. We also found that across the spectrum of different
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Test of 6, = 6 Q(7) = 2.66, p = 0.91

1/4 1/2 1
Random-effects DerSimonian-Laird model
FIGURE 2 | Effect of SGLT2 inhibitors on ESKD, worsening kidney function, or death because of kidney disease. Cl, confidence interval; UACR, urinary

albumin-to-creatinine ratio; eGFR, estimated glomerular filtration rate. Worsening kidney function: defined as doubling of serum creatinine or sustained 40% decline in
eGFR; ESKD, defined as requirement for chronic dialysis or kidney transplantation, or sustained eGFR <15 mL/min/1.73 m?.
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FIGURE 3 | Effect of SGLT2 inhibitors on ESKD, worsening kidney function, or death because of kidney disease across the spectrum of different levels of eGFR. (A)
Patients with eGFR 45-60 mL/min/1.73 m?; (B) patients with eGFR <30 mL/min/1.73 m?. Cl, confidence interval; eGFR, estimated glomerular filtration rate;
worsening kidney function: defined as doubling of serum creatinine or sustained 40% decline in eGFR; ESKD, defined as requirement for chronic dialysis or kidney
transplantation, or sustained eGFR <15 mL/min/1.73 m>.
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FIGURE 4 | Effect of SGLT2 inhibitors on ESKD, worsening kidney function, or death because of kidney disease in patients with different complications. (A) eGFR
<60 mL/min/1.73m?; (B) UACR > 300 mg/g; Cl, confidence interval; worsening kidney function: defined as doubling of serum creatinine or sustained 40% decline in
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eGFR subgroup (eGFR > 30 mL/min/1.73 m?), the use of SGLT2
inhibitors was associated with significant renal benefits, and this
result is consistent with those from two previous meta-studies
(24, 25), which suggests that SGLT2 inhibitors can still provide
renal benefits in patients with low eGFR.

Because SGLT2 inhibitors antagonize glucose reabsorption
in renal tubules, the action of SGLT2 inhibitors is expected
to be eGFR-dependent. For patients with low eGFR, especially
those with eGFR <30 mL/min/1.73 m®, the use of SGLT2
inhibitors has been controversial. Previously, a post-hoc analysis
study (26) on canagliflozin showed that in patients with eGFR
<30 mL/min/1.73 m?, although canagliflozin did not confer an
absolute renal benefit compared with placebo, renoprotection
was consistent with that in patients with eGFR > 30 mL/min/1.73
m? (P interaction = 0.77). The results from a prespecified analysis
of dapagliflozin are similar (27). These observations indicated
that patients with eGFR <30 mL/min/1.73 m* may benefit from
continued use of SGLT2 inhibitors. A meta-analysis (28) included
patients with type 2 diabetes and stage3b-4 CKD found that
patients with low eGFR also seen significant renal benefits. To
further explore the renal benefits in patients with low eGFR, our
study divided the population into stage 3a, 3b and 4, and showed
that the protective effect did not change in patients with low
eGFR, even in those with stage 4 CKD. These results provide
further evidence that use of SGLT2 should be continued in
patients with low eGFR population. However, the lower number
of participants with eGFR <30 mL/min/1.73 m? and the different
underlying diseases may have caused a certain bias.

For CKD patients with different underlying diseases, we found
that there were corresponding differences in the magnitude
of renal benefits from SGLT2 inhibitors. First, primary renal
outcomes were reduced in patients with type 2 diabetes mellitus
combined with CKD. This has been confirmed in previous
meta-analyses (29). However, our study included additional new
large-scale studies and, for the first time, included patients with

macroalbuminuria in the analysis. This more strongly confirmed
the benefit of SGLT2 inhibitors in this population. Publication
of the CREDENCE trial strongly confirmed the renal benefits in
patients with type 2 diabetes mellitus combined with CKD. Based
on this, 2020 Kidney Disease: Improving Global Outcomes (30)
guidelines for treatment of diabetic kidney disease listed SGLT2
inhibitors and RAS blockers as the primary recommendation.
Second, our meta-analysis showed that patients with combined
heart failure had no significant reduction in primary renal
outcome (eGFR <60 mL/min/1.73 m* HR 0.81, [95% CI 0.47-
1.38], I = 0.00%; UACR > 300 mg/g: HR 0.66, [95% CI 0.41-
1.07], > = 0.00%). This may be explained by the following
factors: first, heart failure aggravates the progression of CKD.
Therefore, the beneficial effects may be attenuated in patients
with CKD complicated with heart failure; second, one study
(7) included patients with ejection fraction less than 40%, and
we believe that lower ejection fraction may interfere with renal
outcomes to a certain degree. In addition to patients with heart
failure who did not benefit, our study found that there is no
significant renal benefit in patients with ASCVD combined
with eGFR <60 mL/min/1.73 m®> (HR 0.74, [95% CI 0.51-
1.06], I> = 0.00%). However, patients with macroalbuminuria
were associated with reduced risk of major renal outcomes (HR
0.54, [95% CI 0.38-0.76], I*> = 0.00%). Combined with the
results in patients with CKD complicated with heart failure, we
propose that SGLT2 inhibitors may not provide clinically relevant
renal benefits in patients with CKD complicated with CVD,
especially those with eGFR <60 mL/min/1.73 m?> However,
given that the data in this population were primarily from
subgroup analysis, and that most of the primary outcomes of
these studies were not renal outcomes, the credibility of the
results are diminished accordingly.

Regarding renal function, previously, a meta-analysis (31)
which included patients with type 2 diabetes and CKD showed
that there were no significant changes in eGFR associated with
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SGLT?2 inhibitors compared with placebo. This result is the
opposite of ours. We suppose that the reason for the inconsistent
results may be due to the risk of bias, and sampling error caused
by the small sample size of some studies included in this meta-
analysis. In contrast, the studies we included were of higher
quality and had a larger sample size. Therefore, the results are of
a stronger level of evidence. Currently, the potential mechanism
underlying the renoprotective effect is believed to be that the
proximal tubule blocks sodium uptake and leads to increased
sodium concentration in the distal convoluted tubule, which
delivers the sodium signal to the macula densa, leading to afferent
arteriolar contraction and decreased glomerular pressure (32).
This mechanism is similar to that of RAS blockers, which also
exert renoprotective effects by reducing glomerular perfusion
pressure (33). Proteinuria is an independent factor for risk of
progression of renal disease, and our study confirmed that SGLT2
inhibitors exert a good effect on reducing proteinuria, which
may also provide a protective effect for delaying the progression
of renal outcomes. In addition, the antihypertensive and anti-
inflammatory effects of SGLT2 inhibitors, and their ability to
upregulate hypoxic-inducible factor may also have long-term
protective effects on the kidney (33, 34). In addition to the
renoprotective effect, we found that SGLT2 inhibitors confer
favorable cardiovascular benefits in patient with CKD, which
significantly reduces the risk of MACE. This suggests that SGLT2
inhibitors can also be used for cardiovascular protection in the
CKD population.

Regarding safety outcomes, the results of our study
showed that SGLT2 inhibitors did not increase the risk
of fracture, amputation, acute kidney injury, or volume
depletion. Previously, there were concerns that SGLT2
inhibitors could cause acute kidney injury by regulating
hemodynamic mechanisms. Several large studies also
demonstrated a significant decrease in eGFR during the
early stage of use of SGLT2 inhibitors compared with placebo
(8, 9). However, a previous meta-analysis (25) confirmed
that SGLT2 inhibitors reduce the risk of acute kidney injury
in patients with type 2 diabetes. Another study (35) that
focused specifically on acute kidney injury found that use
of SGLT2 inhibitors in CKD did not increase the risk of
acute kidney injury. Our meta-analysis also showed the
same result.

Our meta-analysis had limitations. First, we used combined
data rather than individual participant data. Second, there were
differences in definitions of endpoints in some studies, which
may have had an impact on our results. However, after sensitivity
analysis, it was proven there was no substantial impact on our
results. Third, the primary outcome of most of the studies was
cardiovascular outcomes. In addition, most of the data came
from subgroup analyses of major trials, which may reduce the
credibility of the results of this study.

CONCLUSION

In conclusion, SGLT2 inhibitors significantly reduced the
risk of primary renal outcomes in patients with CKD,

and this benefit was consistent across the spectrum of
different levels of eGFR. Additionally, consistent benefits
were observed in patients with type 2 diabetes. However,
no significant renal benefit was observed in patients with
CKD associated with heart failure. In the population with
ASCVD, renal benefits were only observed in CKD patients
with macroalbuminuria, whereas no significant benefits were
observed in those with eGFR <60 mL/min/1.73 m?* In view
of the limitations of our study, in the future, additional high-
quality studies are needed to confirm the renal benefits of SGLT2
inhibitors in CKD patients with different baseline features and
underlying diseases.
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Supplementary Figure 1 | Risk of bias. Risks of bias in the included studies. (A)
The authors reviewed the risk of bias for each item in each included study. (B)
Risks of bias of individual studies. +, low risk of bias; —, high risk of bias; ?,
unclear risk of bias.

Supplementary Figure 2 | Effect of SGLT2 inhibitors on different secondary
outcomes (A) Worsening kidney function, ESKD, renal or cardiovascular death;
(B) Cardiovascular death, myocardial infarction, and stroke; (C) Annualized eGFR
slope; (D) The percentage of reduction in UACR; Cl: confidence interval; UACR,
urinary albumin-to-creatinine ratio; eGFR, estimated glomerular filtration rate;
worsening kidney function: defined as doubling of serum creatinine or sustained
40% decline in eGFR; ESKD, defined as requirement for chronic dialysis or kidney
transplantation, or sustained eGFR <15 mL/min/1.73 m?.

Supplementary Figure 3 | Effect of SGLT?2 inhibitors on safety outcomes (A)
UACR > 300 mg/g; (B) eGFR <60 mL/min/1.73 m?; Cl, confidence interval.
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Supplementary Table 1 | Kidney outcome ascertainment and adjudication
across included studies.

Supplementary Table 2 | Definitions for ESKD-based kidney outcomes.

Supplementary Table 3 | Difference of slope-based outcomes.
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INTRODUCTION

Coronavirus disease (COVID-19), caused by a novel beta coronavirus, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has been dominating our lives for over a year now,
affecting every aspect from health, economy to social interactions. In addition to known
complications of viral infections such as heightened immune responses, COVID-19 presents with
serious multiorgan sequelae that need to be urgently addressed. Lucio Verdoni et al. reported that
the SARS-CoV-2 epidemic is associated with a high incidence of a severe form of Kawasaki-like
disease in Bergamo province in Italy on Lancet which draw attention to the complications of
COVID-19 (1).

The etiology of Kawasaki disease is currently not fully understood. Direct viral infections,
superantigen reactions and autoimmunity are thought to be linked to its onset. Magali Noval Rivas
and colleagues observed that in the Kawasaki disease vasculitis mouse model, the intestinal barrier
was damaged and, secretory immunoglobulin A (sIgA) secretion was increased. The damaged
intestinal barrier caused sIgA leakage and sIgA-C3 complex in vascular tissue and glomeruli
deposit, and thus promoting the occurrence of arteriovasculitis and abdominal aorta dilation
(2). Patients with acute-phase Kawasaki disease have increased serum sIgA concentration and
signs of intestinal barrier damaged. Intravenous immunoglobulin (IVIG) treatment can reduce the
permeability of the intestinal barrier and serum sIgA concentration while reducing IgA deposition
in vascular tissue (3). These evidence indicate that sIgA and intestinal barrier permeability play
an important role in the occurrence and development of Kawasaki disease. The mucosal barrier
immunity and mucosal barrier damage caused by SARS-COV-2 may be the cause of Kawasaki-like
disease outbreak during the epidemic.

While IgM and IgG isotypes have received the most attention in the study of respiratory
infection, mucosal and systemic IgA responses, which may play a crucial role in disease
pathogenesis, have gotten far less consideration. knowing that viremia is a frequent complication
of SARS. SARS-CoV-2 would be anticipated to produce secretory IgA (sIgA) and induce strong
mucosal immunity. As well, IgA-mediated interactions with pathogenic microbes have been
demonstrated to contribute to mucosal antiviral defense by preventing pathogens from adhering to
the cell surface (4). Further, so recent research has discovered that sIgA can stimulate the synthesis
of interleukin (IL)-6, IL-8, monocyte chemoattractant protein-1, and granulocyte-macrophage
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colony-stimulating factor throughout human lung fibroblasts (5).
It's also been suggested that sIgA and IgG work together to
promote antibody-dependent cellular cytotoxicity (ADCC) (6).
The role of serum IgA, in contrast to mucosal IgA, is mostly
unknown. Previous research has revealed that IgA mediates
either pro- or anti-inflammatory actions in innate immune cells,
indicating that IgA may play a role in autoimmune disorders and
immunological hyperactivation regulation (7). In a number of
myeloid cells, monomeric binding of serum IgA to the Fc alpha
receptor (FcRI) has been hypothesized to mediate inhibitory
activity via receptor inhibitory signals (8). In contrast, IgA and
pathogen crosslinking of FcRI allows activating signals to be sent,
resulting in phagocytosis, respiratory burst, ADCC, increased
antigen presentation, degranulation, and cytokine release (9).

Antibody isotype switching can be induced by cytokines such
as transforming growth factor (TGF)- and interleukin-10 (10).
Also increased levels of TGF- and IL-10, which drive antibody
switching in SARS-CoV-2 infection, might explain the increased
IgA production. Considering the roles of mucosal and systemic
IgA in COVID-19, stimulating IgA synthesis (by activating
canonical TGF-signaling with lactoferrin) (11). It's also worth
mentioning that a new treatment for severe COVID-19 has been
proposed using retinoic acid to increase lactoferrin-induced IgA
responses (12).

IgA antibodies in the mucosa are polyreactive and have a low
affinity for bacterial antigens. Mucosal pathogens and vaccines
can cause high-affinity and T-cell-dependent IgA responses (13).
SARS-CoV-2 can cause strong mucosal immunity to induce
sIgA production, and the serum SARS-CoV-2-specific IgA level
was found to have a significant positive association with the
APACHE-II score of critically ill patients with COVID-19 (14).
The production of large amounts of sIgA is an important step in
the pathogenesis of Kawasaki disease.

Kawasaki disease patients with digestive tract symptoms
are more likely to develop IVIG resistance and coronary
artery lesions.SARS-CoV-2, generally, first attacks the respiratory
system and causes serious infections. 61.3% of the 318 SARS-
CoV-2-infected patients from nine hospitals in the United States
reported at least one gastrointestinal symptom, the most
common gastrointestinal symptoms were anorexia (34.8%),
diarrhea (33.7%) and nausea (26.4 %) (15). In an in vitro
organoid model, SARS-CoV-2 can effectively infect human small
intestine organoids, and replicate. Digestive endoscopy sampling
showed that in the patient’s stomach, duodenum and rectum, the
epithelial cells expressed the viral host receptor ACE2, and the
viral nucleocapsid protein was detected in the cytoplasm, and a
large amount of pulp infiltrating was visible in the lamina propria
Cell, lymphocyte and interstitial edema (16). The SARS-CoV-2
can directly infect the respiratory system and digestive system
causing mucosal barrier damage, which can be regarded as a
high-risk factor for Kawasaki-like disease.

To sum up, we propose the hypothesis that SARS-CoV-
2 invades the mucosa of the respiratory tract and digestive
tract, causing damage to the mucosal barrier and increases
secretion of sIgA, sIgA leaks into the blood and promotes the
deposition of IgA-C3 complex in the cardiovascular lesions to
cause Kawasaki-like disease.

DISCUSSION

IgA nephropathy (IgAN) is considered as the most common
primary glomerulonephritis globally. The pathological feature
of IgAN is the deposition of IgA in the mesangial area of
the glomeruli; however, its pathogenesis is unclear. IgAN is a
multifactorial disease. Recent studies have shown that respiratory
and intestinal mucosal immunity is closely related to the
pathogenesis of IgAN. Some IgAN patients have prodromal
symptoms such as upper respiratory tract (tonsillitis, pharyngitis)
and digestive tract infections within hours or days before
the onset of illness. IgAN patients are more likely to have
gastrointestinal symptoms such as celiac disease. Pathological
changes similar to human Kawasaki-like disease and IgA
Nephropathy(IgAN) were observed in the damaged intestinal
mucosal barrier of the Kawasaki disease mice model.

Moreover, the spike protein of SARS-CoV-2 binds to ACE2
receptors on the surface of targeted cells (17). ACE2 is widely
found in various tissues, particularly in the proximal tubules’
apical brush borders and to a lesser extent in kidney podocytes
(18). The link between ACE2 and COVID-19 has piqued curiosity
as a result of this discovery. The presence of viral components
(e.g., spike protein) in renal tissue and virus-like particles
within epithelial cells was confirmed by histological results from
postmortem tissues (19). Furthermore, Pan et al. assert that the
kidney is predisposed to COVID-19 because of ACE2 expression
(20). In the light of the Kawasaki-like disease outbreak during
the COVID-19 pandemic, we hypothesized that IgAN may be
another possible complication of COVID-19.

We collected urine from 864 patients with COVID-19 from
Hubei Provincial People’s Hospital for routine urine testing
and found that 233 (30%) patients had urinary occult blood.
Hematuria is the most common clinical manifestation of IgAN
(21). The onset of IgAN is insidious and often manifests as
asymptomatic hematuria. After the onset of gross hematuria,
urinary erythrocytes can disappear or can be converted to
microscopic hematuria. Some patients with IgAN often have
paroxysmal gross hematuria associated with upper respiratory
tract infections. Therefore, we speculate that some COVID-19
patients who presented with occult blood, this latter is caused by
IgAN complications. We propose the hypothesis that SARS-CoV-
2 invades the mucosa of the respiratory tract and digestive tract,
causing damage to the mucosal barrier and increases secretion of
sIgA, sIgA leaks into the blood and promotes the deposition of
IgA-C3 complex in the mesangial area of the glomeruli to cause
IgAN (Figure 1).

When patients with COVID-19 have hematuria, we first
consider the acute kidney injury caused by SARS-COV-2 and
ignore IgAN. The onset of IgAN is hidden, and the diagnosis
often depends on renal puncture. During the epidemic, our
focus is mainly on whether the patients nucleic acid test
turns negative and whether the symptoms of pneumonia are
alleviated, and kidney pathological examinations are often
ignored. In particular, the lack of experienced pathologists in
developing countries is more likely to ignore IgAN diagnosis.
Most patients undergo renal pathology only when they find
abnormal renal function during the medical examination.
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FIGURE 1 | SARS-COV-2 Lead to IgAN. SARS-CoV-2 invades the mucosa of the respiratory tract and digestive tract, increased gut permeability leads to leakage of
slgA and promotes the deposition of IgA-C3 complex in the mesangial area of the glomeruli to cause IgAN.

Therefore, we suspect that the incidence of IgAN may increasein A recent preprint study also indicate that healthy people who

the future. received mRNA vaccinations had strong spike-specific IgA
Lately, there is an important question concerning the renal  responses (26).
risks of vaccination against SARS-CoV-2. With the advent In conclusion, we hypothesized that IgAN may be another

of mRNA-based vaccinations, concerns about the possibility  serious complication of COVID-19 as well COVID-19 mRNA
of renal adverse effects have arisen. Flare-ups of nephrotic  vaccine and the incidence of IgAN may increase in the future.
syndrome associated with minimal glomerular damage or  IgAN has a long course and poor prognosis. Early diagnosis and
episodes of hematuria have recently been reported in patients  intervention are of great significance for improving the prognosis
with IgA-deposed nephropathy following vaccination. Based  and quality of life of patients with COVID-19.
on the data reported, it is currently impossible to conclude
‘Lhat thel"e is a causal hnk: To our knowledge, nine cases of AUTHOR CONTRIBUTIONS

ematuria due to IgA deposit nephropathy have been reported so
far (22-25).

Whilst the correlation does not necessarily imply the cause,
symptoms timing should be seen as the inciting event shortly
after the vaccine, The development of anti-glycan antibodies
that cross-react with pre-existing under-galactosylated IgA1 is
one proposed explanation for IgAN. Furthermore, an mRNA-
based vaccine may stimulate higher T follicular helper and FUNDING
subsequent B-cell responses in the germinal center, which
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Feasibility of Dialysate Bolus-Based
Absolute Blood Volume Estimation in
Maintenance Hemodialysis Patients

Simon Krenn %2, Michael Schmiedecker’, Daniel Schneditz*, Sebastian HédImoser"?,
Christopher C. Mayer?, Siegfried Wassertheurer?, Haris Omic’, Eva Schernhammer?,
Peter Wabel®" and Manfred Hecking ™t

" Division of Nephrology and Dialysis, Department of Medicine ll, Medical University of Vienna, Vienna, Austria, 2 Department
of Epidemiology, Center for Public Health, Medical University of Vienna, Vienna, Austria, ° AIT Austrian Institute of Technology,
Center for Health & Bioresources, Medical Signal Analysis, Vienna, Austria, * Division of Physiology, Otto Loewi Research
Center, Medical University of Graz, Graz, Austria, ® Independent Researcher, Rosbach, Germany

Background: Absolute blood volume (ABV) is a critical component of fluid status,
which may inform target weight prescriptions and hemodynamic vulnerability of dialysis
patients. Here, we utilized the changes in relative blood volume (RBV), monitored
by ultrasound (BVM) upon intradialytic 240 mL dialysate fluid bolus-infusion 1h after
hemodialysis start, to calculate the session-specific ABV. With the main goal of
assessing clinical feasibility, our sub-aims were to (i) standardize the BVM-data read-out;
(i) determine optimal time-points for ABV-calculation, “before-” and “after-bolus”; (iii)
assess ABV-variation.

Methods: We used high-level programming language and basic descriptive statistics in
a retrospective study of routinely measured BVM-data from 274 hemodialysis sessions
in 98 patients.

Results: Regarding () and (i), we automatized the processing of RBV-data, and
determined an algorithm to select the adequate RBV-data points for ABV-calculations.
Regarding (i), we found in 144 BVM-curves from 75 patients, that the average ABV
+ standard deviation was 5.2 + 1.5L and that among those 51 patients who still
had >2 valid estimates, the average intra-patient standard deviation in ABV was 0.8 L.
Twenty-seven of these patients had an average intra-patient standard deviation in ABV
<0.5L.

Conclusions: We demonstrate feasibility of ABV-calculation by an automated algorithm
after dialysate bolus-administration, based on the BVM-curve. Based on our results
from this simple “abridged” calculation approach with routine clinical measurements,
we encourage the use of multi-compartment modeling and comparison with reference
methods of ABV-determination. Hopes are high that clinicians will be able to use ABV to
inform target weight prescription, improving hemodynamic stability.

Keywords: blood volume, chronic kidney disease, fluid status, hemodialysis, renal insufficiency, chronic, renal
dialysis
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Krenn et al.

ABV in HD

INTRODUCTION

Fluid homeostasis is among the most complex physiological
entities known to the medical sciences (1). It can become
deranged in a variety of conditions such as intensive medical
care (2, 3), cardiac failure (4, 5), and chronic kidney disease
(CKD) (6, 7). Even in CKD patients not yet requiring kidney
replacement therapy, chronic fluid overload is associated with
increased mortality (7). Once CKD patients are on dialysis,
optimal fluid management is essential for avoiding deleterious
consequences at both ends of fluid dysbalance (i.e., fluid overload
and excessive volume depletion) (8).

Restoration of the body’s delicate electrolyte and water
equilibria has been a perpetual quest of nephrologists from the 19
sixties onward and is the central goal of the common “dry weight”
approach (6, 9-11). Clinical “dry weight,” originally defined as
the target weight in a (hemo) dialysis (HD) patient at which
the patient could not tolerate further fluid removal during the
“probing dry weight” strategy, is not necessarily the same as the
patient’s euvolemic weight, determined by objective measures (9).
Moreover, patients differ in their pathophysiological adoption of
volume overload/depletion and susceptibility to fluid removal.
Despite almost 60 years of HD experience, the physiological basis
for fluid volume balance is unclear (12).

Blood volume monitoring (BVM) technology uses optical
transmission/optical absorbance (13-16) or ultrasound (17-
19) to measure the intradialytic concentration change of
hemoglobin/hematocrit and to infer a relative change in blood
volume from the hemoconcentration. The resulting BVM curve
can be used to observe fluid content in the blood and thereby
holds information on fluid status and optimal target weight,
as steeper curves throughout HD indicate stronger intradialytic
volume depletion (20). The original aim of intradialytic BVM,
however, was to regulate the ultrafiltration (UF) rate based on
the BVM signal to prevent intradialytic hypotension and related
morbid events (21), thereby improving HD outcomes (22). In
spite of some positive results regarding dialysis symptoms (23,
24), even higher mortality and hospitalization rates were initially
observed with this technique (25), and the most recent large study
that assessed hard outcomes was negative (12).

The main caveat of regulating the UF based on the
intradialytic BVM curve during HD is that only relative blood
volume (RBV) changes can currently be deduced from the
BVM signal. These relative changes, however, are of little use
when the absolute blood volume and its relation to the patient’s
overall volume status are unknown. Hecking and Schneditz
compared the futility of controlling intravascular volume using
only knowledge on RBV changes to a thermostat operating
by temperature changes alone but ignoring the actual room
temperature, which “could be anything” (21). Arguably, a
measure for absolute blood volume (ABV), combined with

Abbreviations: ABV, absolute blood volume; ABV-DB, absolute blood volume by
dialysate bolus method; BP, blood pressure; BVM, blood volume monitoring; CHD,
chronic hemodialysis; CKD, chronic kidney disease; HD, hemodialysis; KDIGO,
Kidney Disease Improving Global Outcomes; 1, Pearson’s correlation coefficient;
RBYV, relative blood volume; SD, standard deviation; UF, ultrafiltration.

bioimpedance-based extracellular volume assessment, could
render an adapted RBV-guided UF beneficial, further enabling
better explanation and control of blood pressure changes.

ABV can be measured using a variety of invasive, time-
consuming methods, which are of little use in the clinical setting.
Common methods range from radioactive tracer injection (26,
27) and CO-rebreathing (28, 29) to dye approaches [e.g.,
with indocyanine green (30, 31)]. Since 2014, Kron et al.
published multiple articles on an abridged method to determine
the patients ABV during HD sessions (32-37). Utilizing the
programmed “emergency function” of the Fresenius 5008 online
hemodiafiltration machine (FMC, Bad Homburg, Germany) a
bolus of 240 mL ultrapure dialysate was rapidly infused into
the blood-stream (32). By manually reading the difference in
RBV before and after this bolus administration directly from the
screen of the dialysis machine, they approximated ABV and the
specific blood volume in mL per kg body mass (spe