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ABSTRACT
Background Repeated administration of cisplatin causes CKD. In previous studies, we reported that the
kidney-secreted survival protein renalase (RNLS) and an agonist peptide protected mice from cisplatin-
induced AKI.

Methods To investigate whether kidney-targeted delivery of RNLS might prevent cisplatin-induced CKD
in a mouse model, we achieved specific delivery of a RNLS agonist peptide (RP81) to the renal proximal
tubule by encapsulating the peptide in mesoscale nanoparticles (MNPs). We used genetic deletion of
RNLS, single-cell RNA sequencing analysis, and Western blotting to determine efficacy and to explore
underlying mechanisms. We also measured plasma RNLS in patients with advanced head and neck squa-
mous cell carcinoma receiving their first dose of cisplatin chemotherapy.

Results In mice with CKD induced by cisplatin, we observed an approximate 60% reduction of kidney
RNLS; genetic deletion of RNLS was associated with significantly more severe cisplatin-induced CKD. In
this severe model of cisplatin-induced CKD, systemic administration of MNP-encapsulated RP81
(RP81-MNP) significantly reduced CKD as assessed by plasma creatinine and histology. It also decreased
inflammatory cytokines in plasma and inhibited regulated necrosis in kidney. Single-cell RNA sequencing
analyses revealed that RP81-MNP preserved epithelial components of the nephron and the vasculature
and suppressed inflammatory macrophages and myofibroblasts. In patients receiving their first dose of cis-
platin chemotherapy, plasma RNLS levels trended lower at day 14 post-treatment.

Conclusions Kidney-targeted delivery of RNLS agonist RP81-MNP protects against cisplatin-induced CKD by
decreasing cell death and improving the viability of the renal proximal tubule. These findings suggest that such
an approach might mitigate the development of CKD in patients receiving cisplatin cancer chemotherapy.
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Over 37 million Americans have CKD, which is
often progressive and increases the risk of heart dis-
ease, stroke, and death.1 Cisplatin is prominent
among the toxins and drugs that damage the kid-
ney. An observational cohort study of 233 human
subjects who received 629 cycles of high-dose cis-
platin (9969 mg/m2) for treatment of head and
neck cancer between 2005 and 2011 showed that
68% of patients developed AKI and cisplatin-
associated severe AKI occurs in 20% of the patients
and has a negative effect on long-term renal func-
tion and patient survival.2 As such, although
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cisplatin is an effective chemotherapeutic agent for multiple
solid tumors, its nephrotoxicity limits its clinical use. We previ-
ously developed a mouse model that mimics cisplatin-induced
CKD, which revealed failed repair as a prominent feature of
the transition from acute to chronic injury.3 Activation of pro-
teins involved in regulated necrosis and increased expression of
kidney injury markers, cellular stress response regulators, and
upstream activators of regulated necrosis all participate in this
conversion from AKI to CKD.4 These studies also demon-
strated that CKD is established before significant fibrosis
occurred, and that unresolved injury and sustained activation
of regulated necrosis pathways, rather than fibrosis, promotes
the progression of cisplatin-induced AKI to CKD.

Renalase (RNLS) is a flavoprotein that displays cytopro-
tective and antiapoptotic properties as well as the ability to
mitigate oxidative stress.5 RNLS minimizes injury in in vivo
models of myocardial infarction,6 and AKI.7,8 We recently
developed a sensitive and specific ELISA assay for human
RNLS and applied it to measure serum RNLS in 267
patients with kidney disease. We discovered that a decrease
in RNLS level is associated with lower GFR and higher cre-
atinine.9 Therefore, we hypothesize that RNLS may play a
role in maintaining kidney function and preventing pro-
gression of CKD.

We provide evidence that the first dose of cisplatin is
associated with sustained (2 weeks) subclinical kidney
injury. We use a mouse model of cisplatin-induced CKD to
investigate and establish the therapeutic efficacy of a meso-
scale nanoparticle (MNP)-encapsulated RP81 (RP81-MNP),
a kidney-targeted RNLS peptide agonist. We employ
genetic deletion on RNLS, single-cell RNA sequencing
(scRNA-seq) analysis of kidney tissue, and Western blot
analysis to explore the molecular mechanisms mediating
RP81-MNP’s protective properties.

METHODS

Chemicals and Reagents
Cisplatin was purchased from Sigma-Aldrich (P4394; St.
Louis, MO). Renalase peptide RP81 (KIDVPWAG-
QYITSNPCIRFVSIDNKKRNIESSEIGP) was synthesized
by CSBio (Menlo Park, CA). For kidney-specific delivery,
the peptide was encapsulated into polymeric poly(lactic-
co-glycolic acid)-polyethylene glycol (PLGA-PEG) MNPs,
which prior work demonstrated to target the renal proxi-
mal tubular epithelial cells as evidenced by intravital
microscopy and ex vivo imaging.10 Mice treated with
MNPs exhibited no negative systemic consequences,
immune reaction, liver impairment, or renal impair-
ment.11 PLGA-PEG conjugation and nanoparticle formu-
lation were performed as previously described.12 For
particle formulation encapsulating RP81, an emulsion was
prepared by adding 100 mg PBS-dissolved RP81 to 100 mg
PLGA-PEG dissolved in 2 ml acetonitrile and bath

sonicating for 1 minute. This mixture was added dropwise
to 4 mL of purified water with 100 ml F-68 surfactant. Par-
ticles were characterized as described before for size and
surface charge via dynamic and electrophoretic light scat-
tering, respectively (Malvern). Peptide encapsulation was
determined by acetonitrile-based particle extraction and
quantification of liberated RP81 via a Micro-BCA quanti-
fication kit (Thermo). RNLS peptide-encapsulating MNPs
(RP81-MNP) were 401.9619.2 nm in diameter with a
polydispersity index of 0.32860.051. They encapsulated 1.47
mg of peptide per milligram MNP. MNPs without RP81
were used as negative control for RP81-MNP and were for-
mulated in the same manner without emulsification before
nanoprecipitation. Empty MNPs were 332.067.56 nm in
diameter with a polydispersity index of 0.30260.040. All
parameters are within those previously determined to target
the kidneys with high specificity.10 BSA (Sigma A2058) was
used as a control for RP81. Antibodies used in this study are
listed in detail in Supplemental Table 1.

Plasma RNLS, KIM-1, Creatinine, and GFR in Human
Subjects Receiving the First Dose of Cisplatin
This study was approved by Yale Center for Clinical
Investigation, HIC#2000020505. Study participants with
advanced head and neck squamous cell carcinoma were
recruited from October 2019 to October 2020
(Supplemental Table 2) and received pharmaceutical grade
cisplatin at 100 mg/m2 on day 0. Blood samples was col-
lected at days 0, 1, 2, and 14. Plasma RNLS levels were
assayed as previously described.9 Plasma creatinine and
GFR were measured by the Yale New Haven Hospital clin-
ical laboratory. Plasma KIM-1 (kidney injury molecule-1)
levels were determined using human KIM-1 ELISA assay
kit from R&D Systems (Minneapolis, MN) according to
the manufacturer’s instructions.

Murine Model of Cisplatin-Induced CKD
Wild-type (WT) mice C57BL/6J were purchased from Jack-
son Laboratory (Farmington, CT). Renalase global knockout
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(RNLS KO) mice were generated in house as described pre-
viously.13 Cisplatin was dissolved in sterile 0.9% sodium
chloride at 0.875 mg/ml freshly before being given to the
mice.

Five-month-old mice were administered two doses of
cisplatin at 15 mg/kg subcutaneously, 2 weeks apart
under brief isoflurane anesthesia. In some experiments,
synthetic RNLS peptides RP81 were dissolved in sterile
saline at 1 mg/ml and given to the mice by subcutaneous
injection at 4 mg/kg three times a week for 4 weeks.
RP81-MNPs were reconstituted in sterile saline at 20 mg/
ml and injected into the mouse intravenously at 70 mg/kg
once a week for 4 weeks. The mice were subsequently
euthanized under general anesthesia. Blood and kidneys
were collected, and plasma was prepared as described
previously.4

Mice were maintained at Veterans Affairs Medical Cen-
ter (VAMC), West Haven, CT. All experimental procedures
were conducted according to the guidelines for animal care
and use by the Institutional Animal Care and Use Commit-
tee of the VAMC.

Measurement of mRNA Levels in Mouse
Kidney Tissues
RNA from mouse kidneys was extracted using RNeasy
kit (QIAGEN) according to the manufacturer’s instruc-
tions. RNA was reverse transcribed into cDNA using
QuantiTect Reverse Transcription Kit (QIAGEN) accord-
ing to the manufacturer’s protocol using 1 mg RNA in a
total of 20 ml reaction. Relative expression levels of various
genes were assessed by quantitative PCR. The mRNA lev-
els of RNLS, RIPK1, RIPK3, and GAPDH were assessed
using the TaqMan Gene Expression real-time PCR assays
(Applied Biosystems, Carlsbad, CA). The results were
expressed as the threshold cycle (Ct). The relative quanti-
fication of the target transcripts normalized to the endog-
enous control 18s ribosomal RNA or b-actin was
determined by the comparative Ct method (DCt) and the
2-DDCt method was used to analyze the relative changes in
gene expression between the tested cell lines according to
the manufacturer’s protocol (User Bulletin No. 2, Applied
Biosystems).

Western Blotting Analysis
Mouse kidney at different stages of CKD was homogenized
in RIPA buffer supplemented with protease inhibitor cock-
tail (Roche) and phosphatase inhibitor cocktails (Sigma).
Kidney lysates were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride membrane (Bio-Rad).
Membranes were incubated with indicated antibodies
according to the manufacturers’ instructions, followed by
horseradish peroxidase–conjugated secondary antibodies
(Cell Signaling Technology, Danvers, MA) and developed
using a chemiluminescence detection system (PerkinElmer

Life Sciences). GAPDH was used as loading control. Mem-
branes were imaged and quantitated using ChemiDoc
XRS1 System (Bio-Rad).

Renal Histology, Immunohistochemistry, and
Immunofluorescence Staining
The kidney tissues were fixed in 10% neutral-buffered for-
malin overnight and embedded in paraffin. Then 5-mm
thick sections were prepared for hematoxylin and eosin
(H&E) staining for histologic assessment. Sections were
examined under light microscopy for evaluation of tubular
and glomerular changes. Histopathologic alteration or
tubular damage was assessed by the degree of tubular dila-
tation, necrosis, apoptosis, and cast formation in the renal
tubular cells. Immunohistochemical staining was performed
for RNLS, CD68, CD3, and TUNEL as previously
described.4,7,10 Immunofluorescence staining was per-
formed in TKPTS cells grown on coverslips and treated
with or without MNP or with RP81-MNP for 24 hours.
Cells on coverslips were fixed in 4% paraformaldehyde at
room temperature for 15 minutes followed by washing with
PBS three times, 5 minutes each wash. Some of the cells on
coverslips were covered with ice cold 100% methanol for
10 minutes at –20�C to permeabilize cells. Cells were
blocked in 2.5% goat serum in PBS and 0.1% Tween at
room temperature for 1 hour and incubated with rabbit
anti-PEG at 4�C overnight followed by wash and incuba-
tion with Alexa Fluor 647–labeled goat anti-rabbit at room
temperature for 1 hour. Coverslips were mounted with Pro-
Long Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific).

TKPTS Cell Culture Model
Mouse proximal tubule TKPTS cell line was obtained from
American Type Culture Collection (Manassas, VA) and
maintained in DMEM:F12 medium (ATCC 30-2006) sup-
plemented with 10% FBS (ATCC 30-2020) and 6 mg/L
insulin (Sigma 19278). Cells were seeded and treated with
either BSA or RP81 at 50 mg/ml for 24 hours, followed by
addition of 25 mM cisplatin for the indicated time length.
TKPTS cells were seeded in 96-well plates at 53 103 cells
per well. After cells were attached to wells 6 hours later,
culture medium was replaced with medium containing 50
mg/ml of BSA (as a control), or RNLS, or RP81, or MNP,
or MNP containing RP81-MNP. Cells were then treated
with or without 25 mM cisplatin for 48 hours. Cell viability
was determined using the WST-1 reagent (Roche Diagnos-
tics, Indianapolis, IN) as previously described.14 Relative
cell viability was expressed by OD495 of cisplatin-treated/
OD495 of mock.

Mouse Plasma Creatinine and KIM-1
Mouse plasma creatinine levels were measured by capillary
electrophoresis at O’Brien Kidney Research Core,
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University of Texas Southwestern Medical Center. Plasma
KIM-1 levels were measured using the mouse TIM-1/KIM-
1/HAVCR Quantikine ELISA Kit (R&D Systems, Minneap-
olis, MN) according to the manufacturer’s instructions.

scRNA-seq
Kidneys were collected from each experimental mouse and
weighed, then dissected into small pieces using a razor
blade. The dissected tissue was incubated in 1.48 U/ml Lib-
erase DL enzyme mixture (Roche) and 200 U/ml DNase I
(Roche) at 37�C for 45 minutes on a rocker. Cell suspen-
sion was filtered through 40-mm filters then pelleted by
centrifugation at 500 3 g for 10 minutes. Cells were resus-
pended in ACK Lysing Buffer (Thermo Fisher) for 3
minutes at room temperature, followed by washing in
DMEM 2% FBS. Cell debris was removed using the Milte-
nyi Debris Removal Solution. Live and dead cells were
counted by Trypan Blue staining (Gibco) using a TC20 Cell
Counter (Bio-Rad). Cells were diluted to a concentration of
106 cells/ml. We then proceeded to single cell library
preparation.

scRNA-seq library preparation and sequencing were pro-
vided by the Yale Center for Genome Analysis. Briefly, single
cells, reagents and a single Gel Bead containing barcoded oli-
gonucleotides were encapsulated into nanoliter-sized Gel Bead
in Emulsion using the GemCode Technology (103 Geno-
mics). The cDNA libraries were constructed using the 103
Genomics Chromium Single Cell 39 Library Kit. Qualitative
analysis was performed using the Agilent Bioanalyzer High
Sensitivity DNA assay. The final libraries from WT control
(WT-CTRL), RNLS KO control (RNLSKO-CTRL), WT CKD
(WT-CKD), and RNLS KO CKD (RNLSKO-CKD), as well as
control- and RP81-MNP–treated kidneys, were sequenced on
an Illumina HiSeq 4000 sequencer. Cell Ranger version 3.1.0
was used to process Chromium single-cell 39 RNA sequencing
output and align the read to the mouse reference transcrip-
tome (mm10-3.0.0).

The downstream data analysis was performed using Seurat
v4.1 R package. The Seurat integration strategy was performed
to identify common cell types and enable comparative analy-
ses between WT-CTRL, RNLSKO-CTRL, WT-CKD, and
RNLSKO-CKD, as well as control- and RP81-MNP–treated
kidneys.15,16 Briefly, WT-CTRL, RNLSKO-CTRL, WT-CKD,
and RNLSKO-CKD datasets or control and RP81-MNP data-
sets were integrated using their identified anchors. A single
integrated analysis was performed on all cells. In the quality
control analysis, poor-quality cells with ,200 (likely cell frag-
ment) or .3500 (potentially cell doublet) unique expressed
genes, cells with #650 total reads, and cells with $50% mito-
chondrial genes were excluded.17,18 Only genes expressed in
five or more cells were used for further analysis. The data
were then normalized using SCTransform, in which the con-
founding sources of variation including mitochondrial map-
ping percentage were removed.19 Principal component

analysis was performed on the normalized/scaled data. The
top 20 principal components were chosen for cell clustering
because no marked changes were observed beyond 20 princi-
pal components. Uniform manifold approximation and pro-
jection (UMAP) was used to visualize the single cells on a
two-dimensional space, and 20 neighboring points were used
in local approximations of manifold structure to cluster the
cells. Each cluster was screened for marker genes by differen-
tial expression analysis based on the nonparametric Wilcoxon
rank sum test for all clusters with genes expressed in at least
25% of cells either inside or outside of a cluster. Clusters with
poor-quality cells were further excluded in the downstream
analyses. Based on the kidney cell and immune cell lineage-
specific marker expression, 22 or 23 cell clusters were identi-
fied in each integrated dataset, respectively. The individual
dataset was then split by their anchors from the integrated
dataset for differential expression analyses. In each cluster, the
differential gene expression between control- and RP81-
MNP–treated kidneys was visualized in a volcano plot. We
analyzed 86,944 cells (WT-CTRL, 9203; RNLSKO-CTRL,
14,048; WT-CKD, 9490; RNLSKO-CKD, 14,927; control,
16,733; and RP81-MNP, 22,543).

The raw data and processed data have been successfully
deposited in Gene Expression Omnibus. GSE174014 is the
reference Series. Within this Series, GSE174010 is associ-
ated with the datasets of control and RP81-MNP; and
GSE174013 is associated with the datasets of WT-CTRL,
WT-CKD, RNLSKO-CTRL, and RNLSKO-CKD. The
details can be found below.

The following secure token has been created to allow
review of record GSE174010 although it remains in private
status:

https://nam12.safelinks.protection.outlook.com/?url=https%
3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fgeo%2Fquery%2Facc.cgi
%3Facc%3DGSE174010&data=04%7C01%7Cleyuan.xu%40yal
e.edu%7C748ea69ec43648e836ac08d91587aaa2%7Cdd8cbebb2
1394df8b4114e3e87abeb5c%7C0%7C0%7C6375644946923103
04%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwM
DAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3
D%7C1000&sdata=IKpRGITf69EQatWWeWWfKcxj1mqt8oF
O2Sh7f7RsfRo%3D&reserved=0

Enter token qtyxceccplkdlix into the box.
The following secure token has been created to allow

review of record GSE174013 although it remains in private
status:

https://nam12.safelinks.protection.outlook.com/?url=https
%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fgeo%2Fquery%2Facc.
cgi%3Facc%3DGSE174013&data=04%7C01%7Cleyuan.xu%4
0yale.edu%7C69c1aea63f7e498d816508d91587c93c%7Cdd8cb
ebb21394df8b4114e3e87abeb5c%7C0%7C0%7C637564495218
458944%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLj
AwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6M
n0%3D%7C1000&sdata=uwk6jLmxXce%2BeXyH%2B%2Bm
5b4ny5YpcTUkj0Fm0j%2Fnp%2BbI%3D&reserved=0

Enter token gvkzsgsqrdextul into the box.
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Statistical Analyses
Statistical analyses were performed using GraphPad Prism
7.01 (GraphPad Software, San Diego, CA). The Wilcoxon
rank test and the Mann–Whitney test were used for paired
and unpaired data, respectively. When appropriate, nonpara-
metric repeated measures ANOVA (Friedman test) was used
to evaluate statistical significance. When the Friedman test
revealed statistical significance, Dunn’s test was used for pair-
wise comparisons. A Kaplan–Meier survival analysis was car-
ried out, and a sample size calculation using an ANOVA for
two groups indicates that a per-group sample size of 32 would
permit detection of an effect size of 0.3 with 85% power. All
data are mean6SEM, and values of P, 0.05 were accepted as
a statistically significant difference.

RESULTS

Evidence of Subclinical Injury in Human Subjects
Following the First Cisplatin Dose
Repeated administration of cisplatin causes CKD, which limits
its use in cancer treatment. The development of cisplatin-
induced CKD can only be prevented by dose reduction or
avoidance, which decreases cisplatin’s therapeutic effectiveness.
A recent study reported time-dependent changes in urinary
KIM-1 during an initial and subsequent cycles of cisplatin che-
motherapy and found that KIM-1 levels failed to return to the
initial baseline levels after subsequent cycles, consistent with
unresolved kidney injury.20

We previously observed that RNLS deficiency exacer-
bated cisplatin-mediated AKI,8 and asked, in the case of
human subjects, whether the first dose of cisplatin was
associated with a reduction in plasma RNLS and whether
such changes correlated with plasma KIM-1 levels. We
obtained pre and post (0, 1, 2, and 14 days) plasma samples
from 11 patients who were receiving their first dose of cis-
platin for cancer treatment. Plasma RNLS and KIM-1 levels
were measured by ELISA. Renal function was evaluated
using plasma creatinine and eGFR (Supplemental Table 2).
At day 14 post the first dose of cisplatin, only one subject
had an observable decrease in eGFR to 57 ml/min per 1.
73m2 (Supplemental Table 2). By contrast, plasma KIM-1
levels increased significantly in all 11 patients (day 0 versus
day 14: 60.62611.84 pg/ml versus 474686.35 pg/ml, P,0.
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Figure 1. Evidence of subclinical kidney injury in human subjects treated with cisplatin and correlation between changes in
plasma RNLS and KIM-1 levels. (A) Plasma KIM-1 measured in 11 subjects at baseline, and at 1, 2, and 14 days post cisplatin treat-
ment. (B) RNLS levels in patients prior to and 14 days post cisplatin treatment, n511. (C) In the subset (n57) of subjects with
decreased plasma RNLS at day 14, correlation between change in RNLS levels from baseline and KIM-1 levels; (Pearson’s
r5–0.6084; 95% confidence interval, –0.8028 to –0.2970 [dotted line on graph]; n527 pairs, P50.008). (D) Correlation between
changes in plasma RNLS and creatinine levels (Pearson’s r5–0.3687; 95% confidence interval, 0.7215 to 0.1361; R squared50.1359,
n517 pairs, P50.15).
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001) confirming that a single dose of cisplatin is associated
with unresolved, subclinical kidney injury (Figure 1A). In
seven out of 11 subjects, plasma RNLS levels were reduced
at day 14 post cisplatin treatment (Figure 1B), and in this
subset, changes in plasma RNLS (from day 0 to day 1, 2,
and 14) were significantly correlated with increased plasma
KIM-1 (Figure 1C). A fall in plasma RNLS levels also
trended toward elevated creatinine levels but did not reach
statistical significance (Figure 1D). These data suggest that
the first dose of cisplatin may be associated with subclinical
renal injury that is unresolved up to 2 weeks later and may,
in a subset of patients, be associated with a fall in plasma
RNLS.

Stepwise Decrease in Kidney RNLS Expression in
Cisplatin-Mediated CKD
We previously showed that exogenous RNLS administra-
tion protects against AKI.8 To determine if RNLS expres-
sion changes during the development of CKD, we induced
CKD in C57Bl/6J mice using two doses of cisplatin (Fig-
ure 2A). Mice were euthanized at days 3 and 14 after the
first cisplatin dose, and also 14 days after the second dose
(28 days after the first dose). At each time point, we mea-
sured plasma creatinine and collected kidney tissue to
confirm AKI and CKD development (data not shown). As
shown in Figure 2B, RNLS mRNA levels decreased by
88%61.33% (n55, P,0.001) 3 days post cisplatin treat-
ment. Two weeks after the first cisplatin dose, although
kidney function recovers as indicated by plasma creatinine

level (data not shown), RNLS mRNA levels did not return
to normal (55.64%62.98% of baseline value, n55,
P,0.001). Moreover, 2 weeks after the second dose of cis-
platin, RNLS mRNA levels were further reduced to
36.32%61.04% of baseline value (n56, P,0.001). Addi-
tional studies demonstrated that this reduction of RNLS
mRNA was sustained for up to 6 weeks after the second
dose of cisplatin (35.29%61.62%, n56, P,0.001). Similar
to kidney RNLS mRNA expression, protein levels were
reduced by 51.12%62.38% (n53, P,0.001) 2 weeks after
the first dose of cisplatin and further by 57.44%65.59%
(n53, P,0.001) 2 weeks after the second dose of cisplatin
(Figure 2, C and D). We interpret these results to indicate
that CKD development is associated with a stepwise
reduction in RNLS expression at the level of both tran-
scription and translation.

A Severe Model of Cisplatin-Mediated AKI and CKD
Established by Genetic Deletion of RNLS
To determine whether this reduction of RNLS expression
in CKD is central to the development of CKD, we com-
pared the development of cisplatin-induced CKD in WT
and RNLS KO mice. Body weight loss, a known side effect
of cisplatin in mice,21 was significantly greater in RNLS
KO mice compared with WT: 26.45%64.60% versus
18.17%62.51% (n59, P,0.05) (Figure 3A). RNLS KO
sustained more severe AKI (plasma creatinine:
0.24760.136 mg/dl for KO versus 0.08360.005 mg/dl for
WT, n56, P50.29) and CKD (plasma creatinine:
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0.1760.02 mg/dl for KO versus 0.1160.01 mg/dl for WT,
n56, P,0.05) (Figure 3B), and decreased survival at
4 weeks (55% for KO versus 100% for WT, n520,
P,0.005) (Figure 3C), These results provide strong evi-
dence that RNLS deficiency promotes more severe
cisplatin-induced AKI and CKD.

To further evaluate the transcriptional changes in kidney
that accompanied the development of cisplatin-induced
CKD, we compared WT and RNLS KO control mice with
those with cisplatin-induced CKD using scRNA-seq. Gene
expression patterns were used to identify cell clusters
(Supplemental Figures 1 and 2). UMAP plots are shown in
Figure 3D and the results are quantified in Figure 3 E-F,
Supplemental Table 3. The analysis also revealed a dramatic
increase in injured proximal tubule (10.0% in KO versus 2.
3% in WT), stressed proximal tubule (10.3% in KO versus
3.0% in WT), and injured thick ascending limb cells (8.0%

in KO versus 1.0% in WT) in RNLS KO mice. The inflam-
matory response associated with cisplatin-induced CKD
was more intense in RNLS KO compared with WT mice: 5.
3-fold versus 1.4-fold increase in infiltrated macrophages,
and a 5-fold increase of dendritic cells and neutrophils in
RNLS KO but only a slight change in WT (Figure 3F).

These data strongly suggest that RNLS protects proximal
tubular cells and reduces the inflammatory response associ-
ated with cisplatin-induced CKD.

Kidney-Targeted Renalase Agonist (RP81-MNP)
Protects Severe Model of Cisplatin-Mediated CKD
Because RNLS deficiency develops during cisplatin-induced
CKD and the genetic deletion of RNLS results in more
severe cisplatin-induced CKD, we hypothesized that a
kidney-targeted RNLS agonist could rescue the severe phe-
notype. We previously identified the region of the RNLS
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protein that mediates binding to its cognate receptor
PMCA4b and activates intracellular survival pathways.8 We
previously demonstrated that a 20 amino acid RNLS peptide
(RP220) derived from this region was as effective as recom-
binant RNLS in protecting HK-2 cells from toxic injury and
preventing ischemic injury in WT mice.6 We tested several
derivatives of RP220 and identified peptide RP81 (36 amino
acids) as the most active in in vitro cisplatin cytotoxicity
studies (Figure 4A). We sought to deliver RP81 to kidney
tissue by conjugating it with kidney-specific MNPs.12

The TKPTS cell line exhibits light and ultramicroscopic
proximal tubule morphology and is widely used to study
renal proximal tubule cell transport, proximal tubule dam-
age, cell death, and signaling pathways involved in the cyto-
toxicity of cisplatin.22 To determine whether the MNP
accumulated in TKPTS cells, we performed immunofluo-
rescence staining of cells treated with or without MNP for
24 hours followed by fixation alone or fixation and permea-
bilization using anti-PEG, a component of MNP, for visual-
izing MNP. As shown in Supplemental Figure 3, positive
staining was detected only in permeabilized cells, indicating
intracellular localization of MNP in TKPTS cells. We found
that both RP81 and conjugated RP81 (RP81-MNP) reduced
cisplatin-mediated injury in TKPTS cells and noted that
RP81-MNP was significantly (2.9-fold) more effective than
RP81 (Figure 4B).

RNLS KO mice received two doses of cisplatin, 14 days
apart along with either RP81-MNP or empty MNP once a
week for 4 weeks (Figure 5A). We have previously shown
that these MNPs targeted the proximal tubules and released
payload in a controlled manner,11 and kidney delivery of
RP81-MNP was documented by staining for the RNLS pep-
tide in kidney sections using a peptide-specific monoclonal
antibody (Figure 5B). Compared with MNP alone, RP81-
MNP administration provided RNLS KO with significant
protection against cisplatin-induced CKD as evidenced by
preserved kidney weight (17667.02 mg, n510 versus
145.464.46 mg, n510; P,0.05) (Figure 5C), and lower
plasma creatinine levels (0.09560.006 mg/dl for RP81-
MNP, n55 versus 0.17760.019 mg/dl for MNP, n56;
P,0.005) (Figure 5D).

We also studied the effect of RP81 in protecting WT
mice from cisplatin-induced CKD (Figure 5E). Both naked
RP81 (Supplemental Figure 4) and RP81-MNP reduced the
severity of CKD. Compared with those receiving MNP
only, mice treated with RP81-MNP had higher kidney mass
than the controls (12863.266 mg versus 11262.906 mg,
n510 each; P,0.005) (Figure 5F), lower plasma creatinine
(0.086860.0069 mg/dl versus 0.132860.0161 mg/dl, n55
each; P,0.05) (Figure 5G), and decreased plasma KIM-1
(145.2620.68 pg/ml versus 264.5629.38 pg/ml, n55 each;
P,0.05) (Figure 5H).

Taken together, these results indicate that the kidney-
specific delivery of an RNLS agonist peptide was protective
in cisplatin-induced CKD.

RP81-MNP Preserves Proximal Tubular Cell from
Cisplatin-Induced Damage and Decreases
Inflammation
We used several methods to gain insight into the mecha-
nisms underlying the protective action of RP81-MNP in
cisplatin-induced CKD. First, scRNA-seq analysis was carried
out to evaluate RP81-MNP effect on cisplatin-mediated tran-
scriptional changes in the kidney. Unbiased clustering analy-
sis of 43,412 and 49,439 cells isolated from MNP-treated and
RP81-MNP–treated kidneys respectively revealed 18 clusters
(Figure 6A, Supplemental Figures 5 and 6). Compared with
control MNP treatment, RP81-MNP increased viable proxi-
mal tubular cells (PT-S1: 18.6% versus 8.5%; PT-S2/S3: 18.4%
versus 14.8%), the distal convoluted tubule/connecting tubule
(DCT/CNT, 6.0% versus 3.6%), and the collecting duct (CD-
PC and CD-IC, 9.5% versus 5.2%). RP81-MNP also increased
the percentage of viable endothelial cells (11.3% versus 7.5%).
Conversely, it decreased the percentage of injured proximal
tubule (2.2% versus 6.7%) and stressed proximal tubule cells
(3.2% versus 5.7%) (Figure 6B and Supplemental Table 4),
infiltrating T cells (2.7% versus 4.9%), infiltrating macro-
phages (7.2% versus 12.4%), inflamed M1 macrophages (0.
4% versus 6.8%) (Figure 6C and Supplemental Table 4), and
myofibroblasts (2.9% versus 5.8%).
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In the renal proximal tubule, RP81-MNP downregulated
genes encoding proteins involved in ferroptosis (Gpx4),
autophagy (CD63), mitophagy (Ubb, Ubc, Cyba), stress
(Ass1), and redox signaling (Prdx5). It reduced Toll-like
receptor (TLR) signaling (secreted phosphoprotein 1
[Spp1]), reduced lysosome activation (CD63, Napsa), and
modulated the effect of cisplatin in regulators of metabolic
pathways (Comt, Fbp1, Miox). RP81-MNP upregulated
mitochondrial genes that are involved in oxidative phos-
phorylation (Cytb, Nd1, Nd3, Nd4L, Nd5)23 in S3 proximal
tubule cells (Figure 6, D–G), suggesting that RP81-MNP
may stimulate mitochondrial biogenesis and ameliorate the
well-described mitochondrial dysfunction observed in
CKD. In inflamed macrophages, RP81-MNP downregulated
chemokines (Cxcl2, Ccl12, Ccr12, Ccl7), proinflammatory
cytokines (IL-1b, TNFa), complement/coagulation factors
(C1qa, C1qb, C1qc), antigen process/presenting molecules

(H2-Aa, K2-k1, Cd74), genes involved in TLR signaling
(Cd14, Spp1), and oxidative stress gene Gadd45 (Figure 6H).

To evaluate the functional significance of the changes
observed in gene expression, we measured proinflammatory
cytokines in mouse plasma and evaluated the state of activa-
tion of proteins involved in regulated necrosis and inflamma-
tion. RNLS KO mice were treated without cisplatin or with
two doses of cisplatin, 2 weeks apart, together with MNP or
RP81-MNP. Plasma and kidneys were collected after 4 weeks
of treatment for measurement of cytokines and protein,
respectively. As shown in Figure 7A, elevated levels of IL-1b
(0.713360.1195 pg/ml), IL-6 (124616.5 pg/ml), TNFa
(49596265 pg/ml), and KC (130630.3 pg/ml) were detected
in the plasma of CKD mice when compared with control mice
plasma: IL-1b (0.0566760.03904 pg/ml), IL-6 (4.59860.5562
pg/ml), TNFa (1513665.12 pg/ml), and KC (34.9562.07 pg/
ml). RP81-MNP treatment significantly reduced plasma levels
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of IL-1b (0.460.06976 pg/ml), TNFa (2703695.07 pg/ml),
and KC (47.32611.01 pg/ml) in CKD mice.

Second, we evaluated the histologic and pathologic manifes-
tations of the cisplatin-induced CKD and found that they were
also diminished by RP81-MNP (Figure 7B). Nephrotoxicity in
the cisplatin- and MNP-treated mice (control) was evidenced
by tubular dilatation, tubular epithelial damage, intracellular
cast formation, and nuclear irregularity (Figure 7B, upper left
image); however, these changes were ameliorated by RP81-
MNP treatment (Figure 7B, lower left image). In kidneys of
mice treated with RP81-MNP, numbers of apoptotic cells, infil-
trating macrophages (CD68 staining) and CD4 T cells were
dramatically reduced (Figure 7, B and C).

Lastly, we used Western blot analysis to show that com-
pared with MNP, RP81-MNP administration decreased
kidney injury markers KIM-1 and NGAL, reduced ERK
phosphorylation, and reduced activation of necroptosis
molecules RIPK1, RIPK3, and MLKL (Figure 7, D-K). Sin-
gle cell RNA sequencing revealed that RP81-MNP
decreased NGAL expression in TAL, CD-PC, and neutro-
phil, KIM-1 in injured PT, and secreted phosphoprotein 1
(Spp1) in most cell types (Supplemental Figure 7).

The results obtained above indicate that RP81-MNP
protects against cisplatin-induced CKD by preventing cell
death, reducing the inflammatory response, and preserving
renal proximal tubular function.

DISCUSSION

Cisplatin is an effective chemotherapeutic agent for solid
tumors but repeated doses lead to nephrotoxicity24 and pre-
vention of CKD development in such treated patients is lack-
ing. We previously reported that RNLS and an agonist
peptide protected from cisplatin-induced AKI.8 In this study,
we sought to uncover such a role for RNLS and its agonist
peptide RP81 in cisplatin-induced CKD. RNLS is mainly
expressed in the kidney and here we report that plasma
RNLS is reduced in patients receiving cisplatin and correlates
with elevated KIM-1 and creatinine. Its expression was also
reduced in kidneys of mice during the course of cisplatin-
induced CKD. In RNLS knockout mice, more severe CKD
was induced after repeated doses of cisplatin as evidenced by
increased plasma creatinine levels compared with WT mice.
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These data suggest a role of RNLS in prevention of CKD.
RNLS levels in the kidney failed to be restored to normal 2
weeks after the first dose of cisplatin at a time when plasma
creatinine was normalized. This suggests that the low level of
RNLS at the time of exposure to the second dose may be
linked to the development of CKD. Restoring RNLS levels
may have reduced the potential of the second dose of cis-
platin to cause the development of CKD. Furthermore, mea-
surement of RNLS may be used as a susceptibility marker
for development of CKD.

We chose to use a biologic active peptide instead of the
recombinant protein to test for its therapeutic efficacy because
such peptides are easy to synthesize and yield high lot-to-lot
consistency. Furthermore, we have shown that such peptides
have cytoprotective activity.5–7 RP81 protected cisplatin-
induced cytotoxicity in vitro and in vivo. We utilized the tech-
nology of mesoparticles for kidney-specific delivery of RP81
in vivo because of the following: (1) cisplatin preferentially
collects in the proximal tubules; (2) we speculated that such
delivery of RP81 would be preferred in the background of
cancer, as we have shown that dysregulated RNLS expression
may be associated with tumor growth; and (3) there is a con-
cern that RP81 might diminish the efficacy of cisplatin against
cancer cells. We showed that we could deliver RNLS active
peptide specifically to mouse kidney using MNPs and this
RP81-MNP protected mice from cisplatin-induced CKD. This
protective effect was greater than what was seen in naked
RP81-administered WT mice.

RP81 delivery to the proximal tubule, the principal site of
cisplatin-induced damage was the most prominent site of
protection.2,3,24 Encapsulated RP81 peptide reduced proxi-
mal tubule damage, reduced oxygen stress, diminished mito-
chondrial damage, reduced inflammation, and restored
expression of proximal tubule transport genes, all of which
play a prominent role in cisplatin-induced AKI and
CKD.25–28 From the scRNA-seq study, we found that RP81-
MNP induced the mitochondrial genes Cytb, Nd1, Nd3,
Nd4L, and Nd5. Cytb is a ubiquinol-cytochrome c reductase
component of respiratory chain complex III, which plays a
vital role in supporting the life of cells.25 Nd1, Nd3, Nd4L,
and Nd5 encode subunits of NADH-ubiquinone oxidore-
ductase complex I, which is a key source of reactive oxygen
species (ROS).26 The concentration and ratio of NAD1 and
NADH, the redox states of the coenzyme Q, and many other
factors control ROS production.27 The changes we observed
in these genes both as a consequence of cisplatin-induced
mitochondrial damage and the mitigation observed by RP81
suggest that RP81 increases the state of reduction of

complex I. As ROS production and disposal plays a key role
in cell signaling, apoptosis, and necrosis, the observation
that RP81-MNP upregulated these reductase subunits sug-
gests that RNLS agonist RP81 may ameliorate cisplatin-
induced CKD, at least in part, by regulating mitochondrial
ROS production and reducing oxidative stress.28

RP81-MNP treatment reduced the expression of Spp1 in
all kidney cells activated after cisplatin as revealed by
scRNA-seq analysis. Spp1 is involved in many physiologic
and pathologic processes, including biomineralization, tis-
sue remodeling, and inflammation29; it is a cytokine that
plays a role in the recruitment of monocytes/macrophages
and is a powerful mediator of the inflamed state.30,31

Cisplatin dramatically increased Spp1 expression and
RP81-MNP treatment reduced it, suggesting that RNLS
may suppress inflammation by inhibiting Spp1.

We observed that RP81-MNP not only reduced inflam-
mation in kidney but also reduced proinflammatory cyto-
kines such as IFNg, IL-1b, IL-6, and TNFa in plasma.
Because encapsulated RP81 is restricted to the kidney, these
observations suggest that the origin of the circulating cyto-
kines is derived from injured kidney and thus RP81 would
be expected to reduce the systemic effects of CKD.

We identified proximal tubule cells that demonstrated
diminished expression of transport proteins, as well as the
reexpression of cell cycle–related genes and increased rates of
DNA synthesis32,33 that occupy a space between proximal
tubule and immune cells in the tSNE embedding, suggesting
that these cells represent cisplatin-damaged tubular cells.
These cells could behave like antigen-presenting cells that
attract immune cells. Previously, we reported that repeated
doses of cisplatin resulted in CKD by sustained activation of
cell stress molecules and prolonged expression of genes that
underlie regulated necrosis.4 Sustained activation of ERK and
JNK after the second dose of cisplatin correlates with mor-
phologic and functional indications of failed tissue repair,
suggesting a role for these immediate early gene products in
modulating injury and repair processes in cisplatin nephro-
toxicity. This failure to resolve brief activation of the immedi-
ate early gene response seems to mark the conversion of AKI
to CKD in cisplatin-induced CKD. In this study, we showed
that treatment with RP81-MNP reduced ERK and JNK acti-
vation and reduced RIPK1 level and likely reduced the level
of RIPK3 and MLKL, suggesting another molecular mecha-
nism by which RP81-MNP protects the kidney from
cisplatin-induced CKD. Unrelieved epithelial injury and the
induction of regulated necrosis are key events in the develop-
ment of cisplatin-induced CKD.2,3 Regulated necrosis can

Figure 7. (Continued) mice treated with control or RP81-MNP. Five high power field (4003) per mouse, three mice from each group,
were counted. Occasional defined clusters of CD68-positive cells were encountered in the control CKD RNLS KO mice but never in
the RP81-MNP administered CKD RNLS KO mice. (D and E) Immunoblotting analysis of protein isolated from kidneys at day 28 after
two doses of cisplatin and with or without RP81-MNP treatment. Four individual mice per treatment group were analyzed on the
blots. (F–K) Quantifications of immunoblots shown in (D) and (E). Differences were analyzed for significance using one way ANOVA
corrected for multiple comparisons. *P,0.05; **P,0.001, ***P,0.0005, ****P,0.0001.
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activate necroinflammation, a process characterized by the
autoamplification loop between cell necrosis and inflamma-
tory tissue response.32,34,35 In this study such enhanced nec-
roptosis was inhibited by RP81 as was the reduction of the
upstream regulators of necroptosis such as TNFa and TLR4,
which are also important mediators in acute cisplatin nephro-
toxicity.35,36 Cisplatin-induced injury causes a release of
damage-associated molecular patterns that activate TLR4 to
stimulate the production of various chemokines and cyto-
kines, including TNFa, which further exacerbate cisplatin
nephrotoxicity.32,33,37 Reeves and colleagues demonstrate that
inhibiting TNFa and TLR4 protects against acute cisplatin
nephrotoxicity, and reduces renal dysfunction, tubular injury,
and inflammation after cisplatin treatment.34,37 Thus, RNLS
may have direct and indirect effects on cell death pathways
interrupting both the primary initiators of the process and
the amplification of the process by continued cell death.
Another process leading to cisplatin-induced cell death, fer-
roptosis, was also reduced by mesoparticle-delivered RP81 as
increased Acsl4, a key driver of the process, was reduced by
RP81. Ferroptosis plays a significant role in cisplatin-induced
AKI and other models of CKD.38 The greater mortality not
only may reflect the greater injury observed in the kidney but
also may be a reflection of injury to other organs by enhanc-
ing the immunologic consequences of such injury.

In summary, RNLS peptide RP81-MNP reduced tubular
injury, oxidative stress, and inflammation in kidneys dam-
aged by cisplatin, whereas RNLS deletion amplified these

pathogenic pathways and led to more severe CKD (Figure 8).
These findings suggest that RNLS agonists may be effective
therapeutic agents to prevent CKD in patients treated with
repeated doses of cisplatin.
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Supplemental Figure 1. Dot plot for the given cells and their marker gene expression in the integrated dataset 

of the kidneys from WT and RNLS KO mice treated with or without 2 doses of cisplatin for 4 weeks. 

Abbreviations: PT, proximal tubule; tDL, thin descending limb; TAL, thick ascending limb; DCT, distal 

convoluted tubule; CNT, connecting tubule; CD, collecting duct; PC, principal cell; IC, intercalated cell; JGA, 

juxtaglomerular apparatus; VSMC, vascular smooth muscle cell; DC, dendritic cell. 

 

 

Supplemental Figure 2. Heatmap for the given cells and their marker gene expression in the split datasets 

of the kidneys from WT and RNLS KO mice treated with or without 2 doses of cisplatin for 4 weeks. 

Abbreviations: PT, proximal tubule; tDL, thin descending limb; TAL, thick ascending limb; DCT, distal 

convoluted tubule; CNT, connecting tubule; CD, collecting duct; PC, principal cell; IC, intercalated cell; JGA, 

juxtaglomerular apparatus; VSMC, vascular smooth muscle cell; DC, dendritic cell. 



 

 

Supplemental Figure 3. Immunofluorescence staining for PEG in TKPTS cells treated with RP81MNP. 

Mouse proximal tubule cells TKPTS were cultured on coverslips and incubated without or with empty MNP 

or RP81MNP at 100ug/ml in cell growth medium for 24h. Cells were fixed in 4% paraformaldehyde for 20 

min on ice.  Some samples were permeabilized with ice-cold methanol for 5 min.  Cells were stained with 

anti-PEG for MNP (red) and DAPI for nuclei (blue). 

 

 

Supplemental Figure 4. RP81 protects WT mice from CP-induced CKD. A: schematic of treatment 

protocol: C57BL/6J mice were injected with 15mg/Kg on day 0 and day 14.  Renalase peptide RP81 

(KIDVPWAGQYITSNPCIRFVSIDNKKRNIESSEIGP) was administrated to a separate group of mice at 4 mg/kg 

on days indicated;  B: mouse kidney weight was measured at the end of the experiment; C: plasma 

creatinine levels of mice treated with CP (n=8) or CP plus RP81 (n=10) were measured at the time points 

indicated; D: Immunoblotting analysis of protein isolated from kidneys of mice treated with saline or 2 

doses of cisplatin for 4 weeks without (CP) or with renalase peptide RP81 (CP+RP81) for KIM-1, NGAL, TLR2, 

STT3, ERK, JNK, and RIPK1. 

 



 

 

Supplemental Figure 5.  Dot plot for the given cells and their marker gene expression in the integrated dataset of 

the kidneys from RNLS KO CKD mice treated with control or RP81MNP. Abbreviations: PT, proximal tubule; TAL, thick 

ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct; PC, principal cell; IC, 

intercalated cell; JGA, juxtaglomerular apparatus; VSMC, vascular smooth muscle cell; DC, dendritic cell. 

 

 

Supplemental Figure 6. Heatmap for the given cells and their marker gene expression in the split 

datasets of the kidneys from RNLS KO CKD mice treated with control or RP81MNP. Abbreviations: PT, 

proximal tubule; tDL, thin descending limb; TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, 

connecting tubule; CD, collecting duct; PC, principal cell; IC, intercalated cell; JGA, juxtaglomerular 

apparatus; VSMC, vascular smooth muscle cell; DC, dendritic cell. 

 



 

 

Supplemental Figure 7A. Violin plots of NGAL, KIM-1, and Spp1 gene expression in the split datasets of 

the kidneys from WT and RNLS KO mice treated with or without 2 doses of cisplatin for 4 weeks (A) and in 

the split datasets of the kidneys from RNLS KO CKD mice treated with control or RP81MNP 

 

Supplemental Figure 7B. Abbreviations: PT, proximal tubule; tDL, thin descending limb; TAL, thick 

ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct; PC, principal 

cell; IC, intercalated cell; JGA, juxtaglomerular apparatus; VSMC, vascular smooth muscle cell; DC, 

dendritic cell. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Table 1. List of Antibodies used in this study. 

 

 

Supplemental Table 2. Human subject characteristics and serum levels of eGFR, KIM-1, creatinine, 
and RNLS 

 

 



 

 

Supplemental Table 3. Single cell RNA sequencing of kidneys from WT and RNLS KO mice treated with 

or without 2 doses of cisplatin for 4 weeks: cell numbers in each cluster and % of cells in the kidneys. 

 

 

Supplemental Table 4. Single cell RNA sequencing of kidneys from RNLS KO mice treated with control 

or RP81MNP and 2 doses of cisplatin for 4 weeks: cell numbers in each cluster and % of cells in the 

kidneys. 

 


