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Abstract
The limited availability of human kidney biopsies to study acute kidney injury (AKI) has restricted the
development of effective therapies for this condition. Here, we validate the use of deceased transplant
organ donor kidneys to study human AKI and characterized the multi-omics and immune landscape of
human AKI kidneys. We demonstrate that changes in kidney injury and inflammatory markers following
AKI in deceased transplant donors are similar to that of mouse kidney ischemia-reperfusion injury.
Integrated transcriptomic and metabolomic analysis of human kidneys shows upregulated renal
arachidonic acid metabolism following AKI, a pathway speculated to be linked to the ceramide
accumulation detected in these kidneys. Markers of T and B lymphocytes, and macrophages were
upregulated in AKI kidneys. Interestingly, we show upregulated renal cytoplasmic phospholipase A2
(cPLA2) levels in AKI kidneys, and the inhibition of this enzyme reduced injury and inflammation in vitro,
findings that have potentially important therapeutic implications.

Introduction
AKI is a sudden decline in kidney function, which is currently diagnosed by an abrupt increase in serum
creatinine and/or a significant decrease in urine output, and is associated with significant healthcare cost
and mortality 1-3. There is currently no effective pharmacological therapy for AKI and the current
treatment involves the management of AKI symptoms using renal replacement therapies and
hemodynamics optimization 1,4. Translational barriers from rodent models of AKI to patients in clinic are
among the major contributors to the lack of effective treatment strategies for AKI 5,6. The considerable
degree of heterogeneity in clinical manifestation of AKI, age, existing comorbidities (e.g. diabetes and
cardiovascular disease) and drug exposures of patients are key risk factors that may influence the
treatment outcomes of AKI patients 6. These factors are almost never replicated in pre-clinical
experiments and as a result, potential AKI treatment strategies developed from pre-clinical data have
failed to demonstrate clinical benefits. In addition, the mouse and human immune system have been
shown to exhibit key differences 7, and the immune cell population of the kidneys obtained from these
species has been reported to have different proportions of innate and adaptive immune cells 8. Since
kidney inflammation is a key driver of AKI 9, the differences in the composition of immune cells in these
species and the potential differences in the immune response to AKI may contribute to the translational
barriers in AKI research. Because kidney biopsies are very rarely performed in AKI patients, investigating
the renal immune cell landscape and structural changes in the human kidney following AKI is inherently
challenging and thus, there is limited human data regarding the immunoregulatory mechanisms
underlying AKI.

Although lipids are the main source of energy for physiological processes in the kidney, abnormal lipid
metabolism has been demonstrated to mediate renal inflammation, epithelial cell death and fibrosis 10-13.
There is evidence that the critical early events that determine the progression and outcome of AKI develop
from damage to the phospholipid-enriched plasma membrane of cells and associated sub-cellular
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membranes, and the subsequent activation of phospholipases within the kidney 14. Specifically,
accumulating evidence in pre-clinical models suggest that cPLA2 drives the progression of various forms
of kidney disease 15-18. Abnormal renal phospholipid metabolism by cPLA2 leads to the generation of
arachidonic acid from which bioactive metabolites (e.g. prostaglandins and leukotrienes) that promote
cellular inflammatory cascade are generated 19. Prostaglandin E2 (PGE2), generated via the
cyclooxygenase pathway, has been shown to mediate diabetic nephropathy 20,21 and inflammation
following ischemic AKI in preclinical models 22. In addition, leukotrienes promote the accumulation and
activation of immune cells in response to tissue injury and inflammation 23. Whether the renal
phospholipid-cPLA2-arachidonic acid pathway significantly contributes to the progression of AKI in
humans or whether the reported changes in this pathway following AKI in pre-clinical models 19,24,25

translate to humans remains to be seen.

Despite the recent advances in understanding the important roles of lipids, metabolites and related
enzymes in mediating kidney disorders 26-28 and the well characterised single-cell transcriptomic
landscape of human kidneys 29,30, there is limited integrated multi-omics data identifying and validating
potential metabolic pathways driving human AKI. Moreover, based on the important role of the immune
system in mediating kidney damage, understanding the changes in the immune cell population and the
metabolic pathways that are significantly impacted following AKI will be essential to unravel the
mechanisms underlying lipid or metabolite-induced kidney inflammation in humans. The current study
utilizes human kidneys donated by deceased transplant organ donors to study the multi-omics and
immune cell landscape of human kidneys following AKI. Because the use of deceased donor kidneys as a
model of human AKI has not been previously reported, we aimed to validate this model by comparing the
changes in the levels of kidney injury and inflammatory markers, and histological changes in human
kidneys with our findings in a commonly used mouse model of AKI induced by bilateral ischemia-
reperfusion (IR) kidney. Deceased donor kidneys and renal proximal tubular epithelial cells (RPTECs) were
then used to identify and validate the phospholipid-cPLA2-arachidonic acid metabolic pathway as a
potential driver of kidney injury and inflammation following AKI in humans.

Methods
Deceased transplant kidney collection and donor characteristics

Informed consent was obtained from donor families for the use of the human tissue for this study. This
study was conducted in accordance with the guidelines contained in the Ethical approval obtained from
NHS Health Research Authority, North East 2 Research Ethics Committee (REC Reference 15/NE/0408).
Kidneys were collected from deceased transplant donors with or without pre-donation AKI, aged 42-81
years, (Supplementary Table 1 and 2). AKI was diagnosed in these donors based on the eGFR data
obtained from donors’ clinical information on the NHS database in accordance with the ethical
guidelines, and the average duration (in days) between AKI diagnosis and organ donation was
approximately 3 days. Following retrieval from donors, kidneys were preserved using ViaSpan or Soltran,
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placed in cold storage on ice and shipped to Addenbrooke’s hospital (Fig. 1a). Tissue for RNA extraction,
tissue lysate preparation and multi-omics experiments were immediately frozen in liquid nitrogen and
stored at - 80°C until the time of use. 

Animal experiment

Male mice (C57BL/6J), aged 6-8 weeks and weighing 18-22g, were purchased from Charles River
Laboratories, UK. Mice were housed in pathogen-free facilities, maintained on a 12 hour light/dark cycle
with ad libitum access to food and water. Mice from the same litter were randomly picked to undergo
sham-operation or ischemia-reperfusion injury (IRI) to induce AKI. Mice were anaesthetized using 1.5–2%
isoflurane and 2.0 L/min oxygen, and their core temperature maintained at ~ 37.0 °C throughout the
duration of the experiment using a heat mat. Midline laparotomy was performed to access the left and
right renal hila and ischemia was induced in both kidneys for 25 mins using a Micro-Serrofine clamp (15
mm, Fine Science Tools, Germany). Following ischemia, the Micro-Serrefine clamps were removed from
the renal hila to restore blood circulation to both kidneys. The midline laparotomy was closed in two
layers using 5-0 absorbable suture (Safil®, Braun, Germany) and mice were re-hydrated with 500 μL
saline injected intraperitoneally. For the sham-operation, this procedure was repeated without clamping
the left and right renal hila. Mice were allowed to recover for 24 hours following which blood and kidney
tissue were collected. All procedures were approved  by the UK Home Office under the Animal (Scientific
Procedures) Act 1986. 

Serum biochemistry 

Blood samples collected from donors just before organ retrieval were kept at room temperature to clot
after which the blood clot was removed, and the blood was spun at 2000 g for 10 minutes to obtain
serum. Blood samples were also collected from mice 24 hours following IRI or sham-operation to obtain
serum. Human and mouse serum samples were sent to core biochemical assay laboratory (CBAL) at
Addenbrooke’s hospital for the measurement of creatinine, BUN and levels of inflammatory cytokines, IL-
1β, IL-6, IL-8 (mKC for mouse), IL-10, IL-18 (human only), IFN-γ (mouse only) and TNF-α.

Mass spectrometry imaging 

Snap frozen kidney samples were embedded into a hydrogel of 7.5% HPMC/2.5% PVP as previously
described 31 and cryosectioned using a CM1950 cryostat (Leica, Nussloch, Germany) to 10 μm thickness.
Sections were thaw-mounted onto Superfrost glass slides and dried using the vacuum suction of the
instrument to suck air across the tissue to minimize formation of aerosols, before vacuum packing in a
slide mailer and storage at −80 °C 32. Prior to mass spectrometry imaging (MSI), slides were thawed to
room temperature before being unpacked to avoid analyte delocalisation through moisture condensation
on the chilled slide surface. Before acquisition, slides were UVC-decontaminated as previously described
to limit aerosolization and exposure to pathogens 33, with a refined approach using an exposure
controlled system that irradiated the samples with 250mJ/cm2 to limit analyte degradation.  
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Desorption electrospray ionisation (DESI)-MSI was performed on an automated 2D DESI stage (Prosolia
Inc., Indianapolis, IN, USA) equipped with a custom-built sprayer assembly 34 mounted to a Q-Exactive
Plus instrument (Thermo Scientific, Bremen, Germany). Analysis was performed in positive on one
section and negative ion mode on the sequential section in full scan mode between m/z 70 and 1000
with 75µm spatial resolution, SLens setting of 75, capillary temperature of 320 °C, and a mass resolution
of 70 000 at m/z 200 in profile ion mode. Automatic gain control was turned off. Electrospray solvent
was methanol/water (95:5 v/v) at a flow rate of 1.5 μL/min, a spray voltage of ±4.5 kV, and nebulizing
gas pressure of 6.5 bar (Nitrogen N4.8, BOC). Solvent was supplied using an Ultimate 3000 standalone
nanoLC pump (Thermo Scientific Dionex, Sunnyvale, CA, USA). The DESI-MSI raw files were converted
into mzML files using ProteoWizard msConvert 35 (v.3.0.4043), subsequently compiled to imzML files
(imzML converter 36 v.1.3), and uploaded into SCiLS™ Lab MVS Premium 3D version 2021a (Bruker
Daltonics, Bremen, Germany) for analysis and generation of a list of root mean square normalised mean
peak intensity for each tissue. 

Significantly modulated m/z peaks between AKI and control kidney cortex were calculated using two-
tailed Mann Whitney U test, followed by Benjamini Hochberg multiple testing correction. Metabolites with
adjusted p-value < 0.05 were considered as significantly differentially modulated in AKI kidney cortex
compared to control. Pathway enrichment analysis was performed using MetaboAnalyst 5.0 37 within
tolerance of 5 ppm, with m/z peaks mapped to metabolites using KEGG annotations 38. Adducts used in
DESI positive mode include M+H [1+], M+Na [1+], M+K [1+]; adducts used in DESI negative mode include
M-H [1-], M-H2O-H [1-], M-H+O [1-], M-Cl [1-]. 

Total RNA sequencing

Frozen kidney cortex tissue were put in RNAlater stabilization solution (Thermo Fisher Scientific, UK) and
stored at -80°C until use. Samples were moved into Agencourt RNAdvance Tissue kit (Beckman Coulter)
lysis buffer and homogenized at 1000 rpm for 2min with 5mm Stainless Steel Bead (Qiagen) using 1600
MiniG Tissue Homogenizer (SPEX SamplePrep). Next, total RNA was extracted using Agencourt
RNAdvance Tissue kit including DNase treatment for 15min at 37˚C (Ambion DNaseI, ThermoFisher) on
an automated Biomek i7 Hybrid system (Beckman Coulter). RNA quantification and quality control was
performed on 48 capillary Fragment Analyzer 5300 system (Agilent). All samples showed fragment
distribution values (% DV200) above 74 and were subjected to a total RNA-seq library preparation using
KAPA RNA HyperPrep Kit with RiboErase (Roche) with 450ng of input RNA, 5min fragmentation at 95 ˚C,
and 9 PCR cycles performed on a Tecan Fluent 1080 system (Tecan). Resulting libraries were quantified
on 48 capillary Fragment Analyzer 5300 system showing 295bp average peak size, and pooled
equimolarly to a final concentration of 1.9nM. 51bp paired-end sequencing was performed on a v1.5 S1
NovaSeq6000 kit (Illumina) including 1% of 1.9nM PhiX v3 control (Illumina). Read quality for all libraries
was accessed using FastQC (v0.11.7) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),
Qualimap (v2.2.2c) 39 and samtools stats (v1.9). Quality control (QC) metrics for Qualimap were based
on a STAR (v2.7.2b) 40 alignment against the human genome (GRCh38, Ensembl v100). Next, QC metrics

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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were summarized using MultiQC (v1.9) 41. Sequencing adapters were then trimmed from the remaining
libraries using NGmerge (v0.3) 42. A human transcriptome index consisting of cDNA and ncRNA entries
from Ensembl (v100) was generated and reads were mapped to the index using Salmon (v1.1.0) 43.
Differential gene expression analysis (between control and AKI kidney cortex) was performed using
edgeR (v3.36), with sex and fraction mitochondrial RNA as covariates.

Gene set enrichment analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) 38 and Gene Ontology (GO) 44 Gene Set Enrichment
Analysis (GSEA) was performed using ClusterProfiler (version 4.0.5) 45. Data is presented as ridgeplots
showing the top 30 significantly enriched (FDR<0.05) gene sets, ranked by their absolute fold
enrichment. 

Integrated metabolomic and transcriptomic pathway analysis

Integrated metabolomic and transcriptomic pathway analysis was performed using the joint-pathway
analysis function within MetaboAnalyst 5.0 37 to identify pathways enriched based on altered gene
expression levels and metabolite levels. Up-regulated and down-regulated metabolites in kidney cortex
from AKI donors compared to control were analyzed separately to generate pathways that are
significantly (p<0.05) enriched. KEGG pathway map depicting fold changes in gene expression and
metabolite levels between AKI and control kidney cortex was generated using Pathview 46.

Lipidomics

Lipids were extracted and analyzed using the protein precipitation liquid extraction protocol and liquid
chromatography-mass spectrometry (LC-MS) method described previously 47. For free fatty acid analysis,
the remaining samples (~90 µL) following the lipid analysis was dried down and reconstituted in 90 µL of
a solution containing methanol and water (3:1) with 0.1% acetic acid. Analysis of the free fatty acids was
achieved using Waters Acquity H-Class HPLC System with the injection of 10 µL onto a Waters Premier
CSH C18 column; 1.7 µM, I.D. 2.1 mm X 50 mm, maintained at 40 degrees Celsius. Mobile phase A was
water with 0.1% acetic acid. Mobile phase B was methanol with 0.1% acetic acid. The flow was
maintained at 500 µL/min through the following gradient: 0.00 minutes_75% mobile phase B; 5.00
minutes_99% mobile phase B; 7.00 minutes_99% mobile phase B; 7.50 minutes_75% mobile phase B; 10
minutes_75% mobile phase B. The mass spectrometer used was the Thermo Scientific Exactive Orbitrap
with a heated electrospray ionisation source optimised for free fatty acid ionisation at a scan rate of 2 Hz
(resolution of 50,000 at 200 m/z) with a full-scan range of m/z 70 to 500 in negative mode. 

Both sets of data was quantified using the instrument proprietary software (Thermo Xcalibur) to calculate
the area ratios of the intensity of the target analyte to the intensity of an appropriate internal standard,
these area ratios were then converted into a semi-quantitative concentration by multiplying the area ratio
by the concentration of that internal standard. The data was then quality checked, blank corrected and
normalised to sample amount. Analysis of the concentration of lipids and free fatty acids between AKI
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and control kidneys was carried out using the one-factor statistical analysis functionality within
MetaboAnalyst (version 5.0)  37. Raw data from lipid and fatty acid analysis was uploaded into the
MetaboAnalyst analysis platform online, and heatmap, sparse partial-least square discriminant analysis
(sPLS-DA), and volcano plot analysis were selected under the the one-factor statistical analysis
functionality.

Kidney histology

Human and mouse kidneys for histology were fixed using 10% formalin overnight and then stored in 70 %
ethanol at 4°C until paraffin embedding. The tissue was then processed using Leica TP1020 tissue
processor (Leica Biosystems, IL, USA) and embedded in paraffin. Thin sections (4 µm thick) were cut
using a microtome and mounted on a microscopic glass slide. Deparaffinized kidney sections were
rehydrated and stained with Periodic Acid Schiff (PAS) reagents (ThermoFischer Scientific, UK) according
to manufacturer’s protocols.

Imaging mass cytometry

IMC immunostaining was carried out as previously described 48.Two FFPE sections, one section was first
stained with H&E to identify a region of interest that would then be stained using our validated IMC metal-
conjugated antibody panel (Supplementary Table 4). Deparaffinization of tissues and subsequent
antigen retrieval was performed using the Leica Bond (Leica Bond RX, Leica Biosystems) automated
system. The antigen retrieval method used heat induced epitope retrieval (HIER) and an EDTA (pH=9)
based retrieval buffer. Following antigen retrieval, tissues were washed in PBS and blocked using a
casein solution for 30 min. An antibody cocktail containing all the antibodies in the panel were applied
and incubated overnight at 4 °C. Readily available metal conjugated antibodies were acquired directly
from Fluidigm®. Custom antibodies were conjugated using the MaxPar® antibody conjugation kit,
according to manufacturer’s guidelines. Following incubation, slides were washed 3 times, 5 mins each,
in PBS and a DNA intercalator was applied for 30 mins at room temperature. The slide was then washed
3 times, 5 mins each, in PBS and a final wash in distilled water for 1 min before drying the slides at room
temperature. IMC analysis was performed using the Hyperion Imaging System (Fluidigm Corporation, San
Francisco, CA, USA). Laser tissue ablation was performed at a laser power of 4 db, tuned to fully ablate
the tissue without etching the glass slides, at a frequency of 200 Hz. Imaged areas were 1.8x1.8 mm. 

Imaging data was exported as 32-bit ome.tiff using MCDViewer and imported into Halo (Halo®, Indica
Labs) for subsequent cell segmentation and thresholding. The DNA intercalator at 191 and 193 Ir was
used to detect nuclei and cell segmentation was performed using the HighPlex FL v3.1.0 module. The
proportion of cells expressing the different markers in the kidney cortex (glomerular and tubule-interstitial
component) were compared between AKI and control samples. The stained section was further sub-
classified into glomerular and tubulo-interstitial regions using a DenseNet classifier in order to identify the
relative proportion of cells expressing specific markers in specific regions of the kidney. Thresholding was
manually set for each individual channel. 
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Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was isolated from human kidney cortical slices and whole mouse kidney using TRIzol™
reagent according to manufacturer’s instructions (Life Technologies, Paisley, UK) and quantified using
NanoDrop™ spectrophotometer. Using human and mouse specific primers (Supplementary Table 5), qRT-
PCR was carried out to detect the mRNA expression levels of KIM-1, NGAL, and enzymes involved in fatty
acid metabolism: cPLA2, CPT1A, CPT2, ACOX1, ACOX2, PPARA, PPARGC1A, CD36 (human only). All
primers were purchased from Life Technologies, Paisley, UK. For PCR reaction, cDNA synthesized from
1µg of RNA was diluted (1:10) and the diluted cDNA (0.5μl) was added to primer for the gene of interest
(0.1μl), house-keeping gene (0.1μl), TaqMan master mix (1.0μl) and nuclease-free water (0.3μl) to prepare
the reaction mix. HPRT1 was used as the house-keeping gene for all PCR reactions. qRT-PCR experiment
was performed using QuantStudio 12K Flex Real-Time PCR System (Life Technologies, Paisley, UK) with
the following reaction conditions: 50°C for two minutes, 95°C for two minutes, 40 cycles of 95°C for 1
second followed by 60°C for 20 seconds. Relative quantification of the gene expression of the markers of
interest were normalised using the expression of an endogenous control, HPRT1 (VIC TM probe,
ThermoFisher Scientific, UK), and expression levels determined using the 2-ΔCT formula.

Kidney tissue lysate preparation

Human cortical slices and whole mouse kidney were homogenized in MSD Tris lysis buffer (R60TX-3)
containing protease and phosphatase inhibitors (R70AA-1). Tissue was homogenized for 2 minutes using
a hand-operated homogenizer set at the highest speed. Homogenized samples were centrifuged at 8000
rpm for 10 minutes and the supernatant was collected. Protein concentration of the supernatant samples
was determined using PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, UK). Samples were
stored at -80°C until use.

Kidney cytokine assay

Human kidney tissue lysate samples were analyzed for the levels of IL-1β, IL-6, IL-8 and TNF-α using the
V-PLEX proinflammatory panel 1 human kit (K15049D-1) and the levels of CCL2 were investigated using
the U-PLEX human MCP-1 assay kit (K151UGK). Mouse kidney tissue lysate were analyzed using the
mouse proinflammatory 7-plex kit (K15012B-1) for the levels of IL-1β, IL-6 and mouse keratinocyte-
derived chemokine (mKC), which is homologous to human IL-8. All assays were carried out following
manufacturer’s instructions.

Western blotting

Western blotting experiment was carried out following previously described protocol 49. Kidney tissue
lysate were mixed with laemmli buffer and separated using 4-20% mini-PROTEAN precast gel. Protein
were then transferred on to a PVDF membrane by electroblotting. PVDF membrane containing the protein
of interest was incubated in PBS-tween containing CPT1A (ab128568) or cPLA2 (ab58375) antibody
overnight at 4°C. Following incubation, the primary antibody was washed off and the membrane
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incubated using the appropriate secondary antibodies. The bands for each protein of interest were
detected using ECL and the intensity of each band was quantified using image J. Following the detection
of CPT1A or cPLA2, the antibodies were stripped off and the membrane incubated with GAPDH (ab8245)
and the appropriate secondary antibody and the bands detected as described above. The protein levels of
CPT1A and PLA2 relative to GAPDH were represented in arbitrary unit (a.u).

Primary cell culture

Renal proximal tubular epithelial cells (RPTEC) were obtained from Lonza Bioscience (Cat #. CC-2553)
and cultured in fully supplemented REGMTM cell culture medium (Cat #. CC-3190) until they are 70%
confluent. Cells were detached using Accutase TM and approximately 30,000 cells were plated in a 24 well
plate in fully supplemented medium for 24-48 hours until 100% confluent. Cells were either incubated
with supplement free medium (vehicle) or treated with 100 ng/ml IL-1β, with or without a cPLA2 inhibitor
(a kind gift from Medicinal Chemistry, AstraZeneca), at 10 or 100 µM, for 6 hours as illustrated in Fig. 5a.
Cell culture medium was collected from each well and analyzed for the levels of PGE2, KIM-1, IL-6, IL-8
and TNF-α.  

Kidney organ culture

Human kidney organ culture were carried out as previously described 50,51. Approximately equal amount
of kidney tissue fragments (each ~ 1 mm3) were dissected from 4 human kidneys collected from 3
female donors (Fig. 5g) and cultured for 12 hours in Essential 6TM (E6) medium (Cat #. A1516401).
Tissue fragments were either incubated with medium only (vehicle) or treated with 200 ng/ml IL-1β, with
or without 100 µM cPLA2 inhibitor. The change in the levels of PGE2 and KIM-1 released into the culture
medium following a 12-hour incubation period were compared between IL-1β -and IL-1β + cPLA2
inhibitor-treated tissue.

Statistical Analysis

Data from deceased transplant donor characteristics is presented as mean ± standard deviation (SD) and
all other data is presented as mean ± standard error of mean (SEM). Unless otherwise stated, statistical
analysis was performed using GraphPad Prism 9.0 software. Mann Whitney U test was used to compare
data from donors with AKI versus control donors, Pearson correlation was used to compute the
coefficient of correlation (r) values and volcano plot was generated to visualize significant fold change of
genes of interest. Statistical significance was depicted as *P < 0.05, **P < 0.01, ***P < 0.001 or ****P <
0.0001.

Results
Validation of deceased transplant kidney donors as a model of human AKI
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We collected human kidneys that were donated for transplantation, but were subsequently declined due
to reasons unrelated to physiological function (Table 1 and Supplementary Table 1). Kidney and blood
samples collected from donors at the point of organ donation were placed in cold storage and sent to the
laboratory for experiment as illustrated in Fig. 1a.   A total of 22 kidneys were collected from 15 deceased
organ donors with historically normal kidney function, who developed AKI (donors with an increase in
serum creatinine ≥ 26.5µmol/l or 0.3mg/dl 52 or a decrease in eGFR of > 20ml/min/1/73m2 over a 48
hour window) and donors that did not develop AKI (control) during the last few days preceding to organ
donation (Supplementary Table 1). The likely cause of AKI in the donors may have been due to cardiac
arrest, infection or sepsis during hospital admission following intercranial hemorrhage (in 11 donors),
hypoxic brain damage (in 3 donors) or myocardial infarction (in 1 donor) (Supplementary Table 1). The
donors in the AKI and the control group were matched for age, sex, body mass index and the cold
ischemic time (CIT) of the kidneys before sample collection (Table 1). As expected, terminal serum
creatinine was significantly higher in donors with AKI compared to control donors (Fig. 1b), while BUN
levels were unchanged (Fig. 1c). Serum interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-α) levels
were significantly higher in donors with AKI (Fig. 1d), suggesting systemic inflammation in this group of
donors. Quantitative PCR experiment on kidney tissue showed a significant upregulation of kidney injury
molecule 1 (KIM-1) (Fig. 1e) and neutrophil gelatinase-associated lipocalin (NGAL) mRNA (Fig. 1f). ELISA
using kidney tissue lysate showed a significant upregulation of KIM-1 protein in kidneys of donors with
AKI compared to control donors (Fig. 1g), while NGAL protein levels were unchanged (Fig. 1h). Periodic
Acid Schiff (PAS) staining (Fig. i) showed significant tubular injury in the kidneys of donors with AKI (Fig.
j), characterized by tubular casts, loss of brush border membrane and vacuolated tubules, indicated by
arrows (Fig. i). The levels of renal inflammatory markers interleukin 1 beta (IL-1β) (Fig 1k), IL-6 (Fig. 1l)
and C-C motif chemokine ligand 2 (CCL2) (Fig. 1n) were significantly higher, with a trend for higher levels
of interleukin 8 (IL-8) in kidney lysates of donors with AKI compared to control donors (Fig. 1m). 

In mice, IR kidney injury resulted in significantly higher levels of serum creatinine, BUN, IL-10 and TNF-α
(Supplementary Fig. 1a, b, f, g) suggesting that the significant decline in kidney function following AKI is
associated with systemic inflammation as seen in the human kidney donors. In addition, the mRNA
expression of renal KIM-1 and NGAL, the protein levels of IL-1β, IL-6 and KC, and the degree of tubular
damage were significantly higher in the kidney of mice following IR injury compared to sham-operated
animals (Supplementary Fig. 1i -o). In summary, changes in the levels of kidney injury and inflammatory
markers, and tubular injury in kidneys following AKI in our mouse kidney IR injury and deceased human
kidney models are consistent with data from pre-clinical cellular models of AKI and studies using human
kidney biopsies patients 53-55. These findings validate the use of deceased transplant organ donor
kidneys as a reliable model to study human AKI. 

Multi-omics analysis of deceased transplant kidney donor model of AKI

Untargeted mass spectrometry-based metabolomic profiling of human kidney cortex from all donors was
carried out to identify metabolites that are differentially expressed in kidneys from AKI donors compared
to control donors. Peaks were detected for a total of 8978 m/z values in our human kidney cortex
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samples (5010 in positive and 2968 in negative mode). In order to putatively identify the metabolites that
correspond to the peaks detected at different m/z values, we mapped the m/z values against the
metabolites in the KEGG metabolite database 38 with a m/z tolerance of 5 ppm. A total of 484
metabolites were putatively identified and the differential abundance of these metabolites in the kidney
cortex of AKI donors compared to controls is shown in Supplementary Table 6. Using pathway
enrichment analysis, we showed that arachidonic acid metabolism, linoleic acid metabolism and six
other metabolic pathways were significantly upregulated, while steroid biosynthesis was downregulated
in kidney cortex of AKI donors compared to controls (Fig. 2a). Next, we performed total RNA sequencing
to investigate differentially expressed genes in the kidney following AKI. Expression of a total of 21,628
genes were detected in our human kidney cortex samples and the differential expression of the detected
genes in AKI kidney cortex compared to control is shown in Supplementary Table 7. The metabolomic
and transcriptomic data were integrated using the joint pathway analysis function within MetaboAnalyst
5.0 [37] to identify metabolic pathways enriched based on altered gene expression levels and metabolite
levels. Among the significantly upregulated pathways, arachidonic acid metabolism was identified as the
pathway with the highest fold enrichment (Fig. 2b). In addition, increased gene expression of NAD-
dependent oxidoreductases (KEGG Entry: EC 1.1.1.21) (Supplementary Fig 2a-c) and ATP-dependent
hexokinases (KEGG Entry: EC 2.7.1.1) (Supplementary Fig 2a & c) were associated with pentose and
glucuronate interconversion, fructose and mannose, and galactose metabolism, which were among the
top 6 pathways with the highest fold enrichment (Fig. 2b). Volcano plot analysis of the differentially
expressed genes in the arachidonic acid pathway as highlighted in the KEGG online database (Entry:
hsa00590) showed that arachidonate 5-lipoxygenase (ALOX5) had the greatest fold change in the kidney
cortex of donors with AKI compared to controls (Fig. 2c). The levels of arachidonic acid and bioactive
lipid mediators generated from the cyclooxygenase and lipoxygenase pathways were significantly
increased in kidney cortex of AKI donors compared to control (Fig. 2d, Supplementary Table 6). Integrated
transcriptomic and metabolomic AKI-induced changes in arachidonic acid metabolism suggests that
high levels of metabolites in the cyclooxygenase pathway (e.g. PGE2) and lipoxygenase pathway (e.g. 20-
OH-LTB4) are generated in human kidneys following AKI (Fig. 2e). 

Because arachidonic acid is generated from lipids, we investigated whether AKI impacts the abundance
of serum and renal lipid species in humans. Liquid chromatography-mass spectrometry (LC-MS)-based
lipidomic analysis was performed to investigate the levels of various lipid species in the serum and
kidney samples, and the data was correlated with the eGFR of donors. A total of 423 serum lipid and 499
kidney lipid species were detected in human donors, and the levels of the top 50 lipids that were
differentially expressed are presented as heatmap (Fig. 3a and c). In comparison to control, low levels of
some lysophospholipids (mainly LPC and LPE) and phosphatidylinositol species were detected in the
serum of donors with AKI (Fig. 3a). Pearson correlation analysis showed that, of the 423 lipid species
detected in serum, 88 significantly correlated (p<0.05) with the eGFR (Supplementary Table 2).
Interestingly, 6 lysophosphatidylcholine (LPC) species were the most positively correlated lipid species
(p<0.0001), while linoleic acid (FFA_(18:2)), which is an important precursor of arachidonic acid, was the
most negatively correlated serum lipid (p=0.003) with the eGFR of kidney donors (Fig 3b). Using sparse



Page 13/29

partial-least square discriminant analysis (sPLS-DA), we showed that LPC_(14:0) is the most discriminant
lipid species in the serum of donors with AKI donors compared to control (Supplementary Fig. 3b). This
finding suggests that low levels of LPC_(14:0) may be a good serum lipid biomarker for human AKI.

Among the top 50 differentially abundant renal lipid species following AKI, decreased levels of several
cardiolipins (CL), phosphatidylinositol (PI) and sphingomyelin (SM) species, and increased levels of
several triglycerides (TG) and ceramide (Cer) species were detected in the kidney of donors with AKI (Fig.
3c). The decrease in renal PI and SM species were likely due to the low levels of these lipid species in the
serum of donors with AKI (Supplementary Table 8 and 9). Interestingly, the renal accumulation of
triglycerides and ceramide species in AKI kidneys were not linked to the levels of these lipid species in
serum (Supplementary Table 8 and 9). Pearson correlation analysis showed that, of the 499 lipid species
detected in the kidney, 104 significantly correlated (p<0.05) with the eGFR (Supplementary Table 3), with
8 lipid species shown to be the most significantly correlated (p<0.0001) (Fig. 3d, Supplementary Table 3).
While three renal triglyceride and three ceramide species negatively correlated with the eGFR, two
phosphatidylionositol species showed a positive correlation with the eGFR of human kidney donors (Fig.
3d). sPLS-DA analysis identified Cer_(36:1) as the most discriminant kidney lipid species (Supplementary
Fig 3e) and volcano plot analysis showed that ceramide species make up 4 out of the 7 significantly
impacted kidney lipid species following AKI (Supplementary Fig 3f). This finding is consistent with
previous reports that acute renal tubular injury in mice and human proximal tubular (HK-2) cells causes
ceramide accumulation 56,57. There is evidence that ceramide-1-phosphate, a derivative of ceramide,
increases cPLA2 activity 58 leading to enhanced mobilization of fatty acid from phospholipids, thus,
promoting renal triglyceride synthesis and accumulation in HK-2 cells 59. In keeping with these findings,
and the evidence implicating cPLA2 in the pathophysiology of various forms of kidney disease 14-18, we
hypothesize that AKI increases renal cPLA2-mediated phospholipid metabolism leading to the
upregulation of arachidonic acid metabolism and the generation of pro-inflammatory eicosanoids (e.g.
PGE2 and LTB4), thus, causing kidney damage in humans. 

To test this hypothesis, the expression levels of the major enzymes involved in renal lipid metabolism in
human kidneys following AKI were investigated. cPLA2 mRNA expression was significantly upregulated
in the kidneys of donors with AKI compared to that of control donors (Fig. 3e), while CPT1A, CPT2,
ACOX1, ACOX2, PPARA, PPARGC1A and CD36 expression levels were unchanged (Supplementary Fig. 4a-
g). Western blots indicated that cPLA2 protein was significantly upregulated in human kidneys of donors
with AKI (Fig. 3f), while CPT1A protein was unaffected (Supplementary Fig. 3h). Consistent with the
upregulated cPLA2 levels, significantly higher levels of PGE2 were detected in the kidney tissue lysates of
donors with AKI compared to control donors (Fig. 3g). 

IMC Characterization of renal cortical immune cells following AKI

Based on evidence linking increased arachidonic acid metabolism to kidney inflammation 19, we used
imaging mass cytometry to characterize the immune cell landscape of the kidneys collected from AKI
donors and compared with control donors. Images of immune cell markers (Fig. 4 and Supplementary Fig
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6), nestin, vimentin (Supplementary Fig. 7), CD31, α-SMA (Supplementary Fig. 8), collagen, pan
cytokeratin (PanCK) (Supplementary Fig. 9), megalin and ECadherin (Supplementary Fig. 10), were
acquired and analyzed. To visualize the immune cell landscape in the human kidney cortex, markers of
innate (CD68, CD163, CD11c) and adaptive immune cells (CD3, CD4, CD8a and CD20) were investigated.
The proportion of cells in the kidney cortex (glomerular and tubulo-interstitial regions) expressing the
different immune cell markers were analyzed and compared between AKI and control donors. The
proportion of CD68-positive, CD163-positive and CD68/CD163-positive cells (monocyte and
macrophages) (Fig. 4a-d), CD3-positive (T-lymphocytes) (Fig. 4e, f), CD20-positive (B-lymphocytes) (Fig
4e, g) and CD4-positive (helper T-lymphocytes) (Fig. 4i, j) was significantly higher in the cortex of AKI
donors compared to control. Although not significant, the proportion of CD8-positive (cytotoxic T-
lymphocytes) (Fig. 4i, k) and CD11-positive cells (Fig. 4e, h) showed an increased trend in response to
AKI. The significant upregulation in the population of a subset of immune cells in the kidney of donors
with AKI is consistent with the findings from the GSEA analysis demonstrating that biological processes
and pathways associated with the immune system are significantly upregulated following AKI
(Supplementary Fig. 5). The visualization of immune cells using IMC showed that their population
increased in the tubulointerstitial region rather than the glomeruli (Fig 4a, e, i), suggesting that damage to
tubular epithelial cells may be driving inflammation in the injured kidney. Based on this finding, we
speculate that the upregulated renal arachidonic acid pathway following AKI may be mediating
inflammation in RPTECs

Validation of cPLA2-arachidonic acid pathway in mediating AKI 

To investigate the role of cPLA2-arachidonic acid pathway in mediating inflammation in RPTECs
following AKI, we carried out in vitro experiment using a cPLA2 inhibitor. RPTECs were either treated with
cPLA2 inhibitor (10 or 100 µM) or vehicle. Since IL-1β was significantly higher in the kidneys of donors
with AKI (Fig. 1k), we treated RPTECs with IL-1β to induce injury and the levels of PGE2, KIM-1, IL-6, IL-8
and TNF-α were measured in cell culture supernatant after 6 hours (Fig. 5a). IL-1β treatment significantly
increased PGE2, KIM-1, IL-6, IL-8 and TNF-α levels in cell culture supernatant (Fig 5b-f). The supernatant
collected from cells treated with 10 µM or 100 µM cPLA2 inhibitor + IL-1β had significantly lower levels of
PGE2, KIM-1, IL-6 and IL-8, but not TNF-α, compared to cells treated with IL-1β only (Fig. 5b-f). Taken
together, these findings demonstrate that the inhibition of cPLA2 ameliorates injury and inflammation in
RPTECs in vitro. To test the efficacy of this inhibitor in freshly collected human kidney tissue, we used a
human kidney organ culture model 51. Cortical tissue fragments were obtained from 4 kidneys and
treated with IL-1β, with or without 100 µM cPLA2 inhibitor, and cell culture supernatant were collected
after 12 hours to investigate the levels of PGE2 and KIM-1 (Fig. 5g). The change in the levels of these
markers were compared between IL-1β-treated tissue and cPLA2 inhibitor + IL-1β-treated tissue. The
inhibition of cPLA2 significantly reduced PGE2 levels (Fig. 5h), while a trend for reduced KIM-1 levels (Fig.
5i) was seen in culture supernatant following IL-1β treatment. These findings demonstrate that inhibiting
cPLA2 activity in human kidney cortex reduces PGE2 production and potentially ameliorates PGE2-
mediated kidney injury ex vivo.
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Discussion
The application of omics technologies and imaging mass cytometry to study the biology of the kidney
has greatly improved our understanding of the molecular and cellular changes associated with kidney
diseases. While these approaches accelerate our ability to perform in-depth analysis of the complex
pathophysiology of AKI in humans and potentially aid the discovery of new therapies for this condition,
the limited availability of kidney tissue from patients has remained a major challenge. To address this
problem, we sought to establish whether kidney tissue from deceased organ transplant donors with or
without pre-donation AKI could be utilized as a reliable experimental model to study human AKI at an
unprecedented high-resolution. We show for the first time that kidneys from deceased transplant organ
donors that had AKI during the last few days leading to organ donation retain the biological signature of
this condition when compared with data from urine or kidney tissue of living patients 53,54,60. The use of
deceased human kidneys to study AKI benefits from the natural variation that exists in human samples
and displays the heterogeneity that has been suggested to be incorporated in pre-clinical studies to
improve therapeutic responses 61. Moreover, the majority of patients with AKI are known to have severe
underlying illness and comorbidities 62. These factors are commonly associated with deceased donors,
and a better understanding of the pathophysiology of human AKI using kidneys from these donors will
aid the identification of therapeutic targets that are more likely to be clinically beneficial for patients. 

The pathophysiology of human AKI varies according to the myriad of conditions associated with its
development, however, oxidative stress associated with the dysregulation in kidney metabolism appears
to be a consistent feature in the pathophysiology of all forms of AKI 63,64. 

Because renal proximal tubular cells are the most energy consuming cells in the kidney, these cells are the
most affected by the dysregulated kidney metabolism associated with AKI and are more prone to
oxidative stress 65,66. Importantly, cPLA2 has been reported to significantly contribute to the generation of
reactive oxygen species and oxidative damage, which are associated with inflammation in proximal
tubular cells following AKI 14,16,67. In the current study, the consistently high levels of cPLA2 protein in
human kidneys following AKI, and the reduced levels of KIM-1 and inflammatory cytokines associated
with the inhibition of this enzyme in proximal tubular cells, suggest that this enzyme may be contributing
to AKI-induced oxidative damage and kidney inflammation in humans. It is worth noting that while the IL-
1β-induced increase in the levels of IL-6 and IL-8 were significantly reduced in RPTECs following cPLA2
inhibition, TNF-α levels were unchanged. It is possible that cPLA2 inhibition results in the amelioration of
kidney inflammation via a pathway that is downstream of TNF- α. There is evidence that TNF-α induces
the expression and activity of cPLA2, leading to an increase in the release of arachidonic acid and pro-
inflammatory eicosanoids 68,69. Therefore, the inhibition of the activity of cPLA2 is unlikely to have any
impact on the levels of TNF-α. Based on these findings, we speculate that the inhibition of cPLA2 reduces
the pro-inflammatory effect of TNF-α in human RPTECs, thus leading to the production of lower levels of
IL-6 and IL-8 in response to AKI.
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Although there is a paucity of information regarding the levels of cPLA2 protein in response to AKI in
other renal cell types in humans, single cell transcriptomics data has shown that high levels of the cPLA2
gene are seen in mesangial cells and podocytes in the kidneys of patients with early diabetic
nephropathy 70. The inhibition of cPLA2 in mesangial cells suppresses inflammation by preventing the
activation of the nuclear factor kappa B pathway in vitro 71, suggesting that cPLA2 may be mediating
glomerular damage in humans following diabetes-induced kidney injury. In addition, high levels of the
cPLA2 gene have been detected in renal macrophages and monocytes in the adult human kidney 72,73. In
the current study, we demonstrated that there are high levels of CD68-positive and CD163-positive
macrophages in the kidney obtained from donors with AKI. Based on the findings that upregulated levels
of cPLA2 protein is detected in the kidney of donors with AKI in the current study, it is possible that the
levels of cPLA2 in renal macrophages, together with mesangial cells and podocytes, are upregulated
following kidney injury in these donors. cPLA2-mediated release of pro-inflammatory eicosanoids from
these cell types may be contributing to the renal inflammatory process following AKI. In support of this,
there is evidence that phagocytic immune cells require cPLA2 to generate arachidonic acid and
inflammatory eicosanoids in order to mediate inflammation 74-76. For example, bone-marrow specific
knockout of cPLA2 reduced renal macrophage infiltration, pro-inflammatory eicosanoids and cytokine
(TNF-α and CCL2) levels following kidney injury induced by unilateral ureteral obstruction in mice 76.
Therefore, in addition to the findings in RPTECs, inhibiting cPLA2 in bone marrow-derived or circulating
immune cells in vivo may be beneficial in ameliorating epithelial cell damage and kidney inflammation
following AKI. Recent evidence suggests that another class of PLA2, lipoprotein-associated PLA2,
mediates immunometabolic processes in humans and the inactivation of this protein protects against
inflammation 77. 

In summary, this is the first study to validate the use of kidneys from deceased transplant organ donors
as a model of AKI. Because of the difficulty in obtaining human kidney biopsies from AKI patients, our
validated human model of AKI offers an exceptional opportunity to study the complex mechanisms
underpinning this condition. However, unlike kidney biopsies from living donors with AKI, a major
limitation of this work is the impact of the relatively longer cold ischemia in kidney biopsies from
deceased donors on the multi-omics landscape of AKI. Nevertheless, using this model, we show that
arachidonic acid metabolism is significantly upregulated in human kidneys collected from deceased
donors with AKI, a finding that is consistent with high levels of cPLA2 in these kidneys. The inhibition of
this enzyme in human RPTECs reduces kidney injury and inflammation. Together, these findings suggest
a key role for renal cPLA2-mediated arachidonic acid metabolism in mediating kidney inflammation
following AKI in humans and warrants further investigation as a potential therapeutic target.
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Figure 1

Kidney injury and inflammatory markers in human kidney donors (a) Schematic illustration of the
experimental workflow from the point of admission of transplant organ donors into clinic to the point of
kidney tissue collection in the laboratory. (b) Creatinine and (c) BUN in serum of kidney donors (n=7-8
donors). (d) Serum cytokine levels in control and AKI donors (n=6-8 donors). mRNA transcript levels of
KIM-1 (e) and NGAL (f) in human kidneys (n=10-12 kidneys). Protein levels of KIM-1 (g) and NGAL (h) in
kidney tissue lysate (n=8-12 kidneys). (i) PAS staining showing the morphology of the kidneys in both
groups, with arrows indicating tubules with casts, damaged brush border membrane and vacuolization
and (j) Tubular injury score expressed in percentage, with 0 % indicating no injury and 100 % indicating
maximal injury in both groups of kidneys (n=5-6 kidneys). Protein levels of inflammatory markers in
kidney tissue lysate: IL-1β (k), IL-6 (l), IL-8 (m) and CCL2 (n). Data is presented as mean ± SEM and
statistical analysis was performed using a two-tailed Mann Whitney U test *P<0.05, **P<0.01 and
****P<0.0001.
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Figure 2

Integrated kidney metabolomics and transcriptomics. Pathway enrichment analysis showing significantly
enriched pathways (p<0.05) using (a) untargeted metabolomics data and (b) integrated metabolomic and
transcriptomic data in the kidney cortex following AKI. (c) Volcano plot showing -log10 of P value plotted
against the log2 of fold change in the levels of genes involved in arachidonic acid metabolism, with the
red dots representing lipids that are significantly altered in donors with AKI (p<0.05). (d) Representative
mass-spectrometry images showing the changes in ionization levels of arachidonic acid and metabolites
in the arachidonic acid pathway (e) KEGG pathway map depicting fold changes in gene expression and
metabolites involved in arachidonic acid metabolism following AKI.
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Figure 3

Changes in kidney lipid metabolism following AKI (a) Heatmap analysis showing the top 50 differentially
expressed lipid species in serum of AKI and control donors (n=7-8 donors). (b) Volcano plot showing the -
log10 of p-value and the Pearson correlation coefficient (r) obtained from the correlation analysis of the
levels of serum lipid species with the eGFR of human kidney donors. Lipid species highlighted by red dots
were the most significantly correlated with the eGRF of kidney donors. (c) Heatmap analysis showing the
top 50 differentially expressed lipid species in the kidney cortex of AKI and control donors (n=10-11
kidneys). (d) Volcano plot showing the -log10 of p-value and the Pearson correlation coefficient (r)
obtained from the correlation analysis of the levels of kidney lipid species with the eGFR of human kidney
donors. Lipid species highlighted by red dots were the most significantly correlated with the eGRF of
kidney donors. (e) Relative mRNA transcript levels of cPLA2 in kidney cortex of donors. PCR experiments
were carried out using human specific cPLA2 primer and the mRNA transcript levels were expressed
relative to the levels of HPRT1 (n=7-9 kidneys). (f) Western blotting showing the levels of cPLA2 protein,
with representative images showing the band density of the protein (n=10-12 kidneys). The levels of
PLA2 protein were expressed relative to GAPDH and presented in arbitrary units (a.u). (g) Renal tissue
PGE2 levels investigated by ELISA (n=10-12). Data is presented as mean ± SEM and statistical analysis
was performed using a two-tailed Mann Whitney U test, *P<0.05 and ***P<0.001



Page 27/29

Figure 4

Characterization of renal immune cell landscape following AKI. (a) IMC image showing renal CD68 and
CD163 expressing cells as indicated. Graphs showing proportion of (b) CD68-expressing cells, (c) CD163
expressing cells, (d) cells expressing both CD68 and CD163. (e) IMC image showing renal CD3, CD20 and
CD11c expressing cells as indicated. Graphs showing proportion of (f) CD3 expressing cells, (g) CD20
expressing cells and (h) CD11c expressing cells. (i) IMC image showing renal CD4 and CD8a expressing
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cells as indicated. Graphs showing proportion of (j) CD4 expressing cells, (k) CD8a-expressing cells.
Aquaporin 1 (AQP1) and calbindin D28k was used to highlight the proximal tubular and distal tubular
segments of the nephron (a, e, i) and scale bar: 360 μm. Data is presented as mean ± SEM and statistical
analysis was performed using a two-tailed Mann Whitney U test *P<0.05, **P<0.01.

Figure 5

Inhibition of renal cPLA2 ameliorates kidney injury in vitro. (a) Schematic illustrating the experimental
design of the in vitro experiment to test the impact of cPLA2 inhibition on kidney injury and inflammation.
RPTECs were stimulated for 6 hours using IL-1β with or without cPLA2 inhibitor (cPLA2i), and culture
supernatant were analyzed for the levels of: (b) PGE2 (c) KIM-1 (d) IL-6, (e) IL-8 (f) TNF-α (n=4-6).
Statistical analysis was performed using a one-way ANOVA with Tukey’s multiple comparison’s tests to
compare the vehicle and other groups, ns-not significant, *P<0.05, ***P<0.001, ****P<0.0001; and to
compare IL-1β and IL-1β + cPLA2i, #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001. (g) Schematic
illustration of human kidney organ culture experimental design to test the impact of cPLA2 inhibition on
PGE2 and KIM-1 levels. Kidney tissue fragments were stimulated for 12 hours using IL-1β with or without
cPLA2 inhibitor (cPLA2i), and culture supernatant were analyzed for the levels of PGE2 and KIM-1. The
levels of these markers were normalized using the protein concentration of tissue culture supernatant
obtained from each well. Change in the normalized levels of PGE2 and KIM-1 was determined by
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subtracting the levels of these markers in untreated tissue supernatant from that of IL-1β-treated or IL-1β
+ cPLA2i treated tissue (n=11). A pair-wise comparison was performed using t-test, ***P<0.001.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Table1.pdf

ST1.pdf

SupplementaryTable2.xlsx

SupplementaryTable3.xlsx

ST4.pdf

ST5.pdf

SupplementaryTable6kidneymetabolomicsFC.xlsx

SupplementaryTable7kidneytranscriptomics.xlsx

SupplementaryTable8serumlipidomics.xlsx

SupplementaryTable9kidneylipidomics.xlsx

https://assets.researchsquare.com/files/rs-1461691/v1/7fc26a0108ae78d3ccf9f790.pdf
https://assets.researchsquare.com/files/rs-1461691/v1/06b4cc1b3f29c09df86d0fb8.pdf
https://assets.researchsquare.com/files/rs-1461691/v1/b1dca59adb884cce08fa3dc6.xlsx
https://assets.researchsquare.com/files/rs-1461691/v1/d86df94d150c83d7333cc7ef.xlsx
https://assets.researchsquare.com/files/rs-1461691/v1/b6d0eb3fb5093ea7747a5f20.pdf
https://assets.researchsquare.com/files/rs-1461691/v1/f6dde25a1b76e87590be66d0.pdf
https://assets.researchsquare.com/files/rs-1461691/v1/9edf3f51a1cab3b837c448db.xlsx
https://assets.researchsquare.com/files/rs-1461691/v1/6d06d07cb333695da914f00b.xlsx
https://assets.researchsquare.com/files/rs-1461691/v1/f31426823e2408c5d4b4aa7e.xlsx
https://assets.researchsquare.com/files/rs-1461691/v1/867da01e299c2b1d4915d28f.xlsx

