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Abstract Obesity-related glomerulopathy (ORG) is an independent risk factor for chronic kid-
ney disease and even progression to end-stage renal disease. Efforts have been undertaken to
elucidate the mechanisms underlying the development of ORG and substantial advances have
been made in the treatment of ORG, but relatively little is known about cell-specific changes in
gene expression. To define the transcriptomic landscape at single-cell resolution, we analyzed
kidney samples from four patients with ORG and three obese control subjects without kidney
disease using single-cell RNA sequencing. We report for the first time that immune cells,
including T cells and B cells, are decreased in ORG patients. Further analysis indicated that
SPP1 was significantly up-regulated in T cells and B cells. This gene is related to inflammation
and cell proliferation. Analysis of differential gene expression in glomerular cells (endothelial
of Nephrology, The Second Xiangya Hospital of Central South University, Hunan Key Laboratory of
, Changsha, Hunan 410011, China.
edu.cn (L. He), hengchenglu@163.com (H. Lu).
f Chongqing Medical University.
to this work.

.101101
ishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:heliyu1124@csu.edu.cn
mailto:hengchenglu@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2023.101101&domain=pdf
https://doi.org/10.1016/j.gendis.2023.101101
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2023.101101


2 Y. Chen et al.
cells, mesangial cells, and podocytes) showed that these cell types were mainly enriched in
genes related to oxidative phosphorylation, cell adhesion, thermogenesis, and inflammatory
pathways (PI3K-Akt signaling, MAPK signaling). Furthermore, we found that the podocytes of
ORG patients were enriched in genes related to the fluid shear stress pathway. Moreover, an
evaluation of cell-cell communications revealed that there were interactions between glomer-
ular parietal epithelial cells and other cells in ORG patients, with major interactions between
parietal epithelial cells and podocytes. Altogether, our identification of molecular events, cell
types, and differentially expressed genes may facilitate the development of new preventive or
therapeutic approaches for ORG.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

The rapid increase in the prevalence of obesity worldwide
has led to an increase in obesity-related glomerulopathy,
which is characterized by glomerular hypertrophy and focal
and segmental glomerulosclerosis in patients with a body
mass index � 30 kg/m2 (or > 28 kg/m2 in the Chinese
population).1e3 Histological signs of obesity-related glo-
merulopathy include glomerulomegaly, segmental scle-
rosis,3e5 interstitial fibrosis, and tubular atrophy,6 with
some cases showing foot effacement and lipid vacuoles in
proximal tubular epithelial cells, podocytes, and mesangial
cells.7,8 Efforts are underway to develop better biomarkers
for this disease. The National Health and Nutrition Exami-
nation Survey reported that abdominal obesity is indepen-
dently associated with albuminuria even in patients with
normal blood pressure and without hyperglycemia.9

Obesity, or the conditions leading to it, may cause early
renal functional and morphological alterations, which in-
crease the risk of chronic kidney disease and end-stage
renal disease.10,11

At present, the mechanisms underlying the development
of obesity-related glomerulopathy (ORG) are thought to
include renal hyperfiltration, renin-angiotensin-aldoste-
rone system overactivation, ectopic lipid accumulation,
insulin resistance, inflammation, and oxidative stress.4,5

However, there is a lack of knowledge regarding the cell
types and molecular pathways involved in the development
and progression of the disease.

Previous studies have identified several important tran-
scriptional alterations in human obesity-related kidney
disease using bulk RNA-seq, but these findings are limited
by the fact that they represent the average gene expression
measured in multiple cell types. The advent of scRNA-seq
has made it possible to analyze cell populations at
the single-cell level, making it possible to identify changes
that occur in each cell type. To shed light on the complexity
of obesity-related glomerulopathy, we analyzed different
cell types from patients with ORG and matched healthy
adult kidneys from obese patients at the single-cell
resolution.

Here, we provide a comprehensive catalog of cell types
and gene expression at the single-cell level. By character-
izing the molecular functions of the differentially expressed
genes, we were able to obtain insights into the
development of ORG. The present findings might permit an
earlier diagnosis of this disease or its progression and may
help identify signaling pathways amenable to early
intervention.
Methods

Sample collection

Sample preparation and tissue procurement
Kidney tissue samples were collected from four patients
confirmed to have clinical and pathological evidence of
obesity-related glomerulopathy. Control kidney tissues
were harvested from three obese patients who had been
diagnosed with urinary stones or renal tumors. All tissues
were stored and transported on ice at all times until tissue
dissociation or freezing. Only minor renal biopsy samples
were used for the scRNA-seq procedure.

Tissue dissociation and preparation of single-cell
preparations
Human kidney tissue samples were immediately transferred
to a sterile RNase-free culture dish containing calcium-free
and magnesium-free 1 � PBS on ice. They were then cut
into 0.5 mm2 pieces and washed with 1 � PBS to remove the
blood and fatty layers.

The washed pieces of tissues were placed in a dissocia-
tion solution and incubated at 37 �C in a water bath for
20 min with shaking at 100 rpm. Subsequently, the disso-
ciation was terminated by adding 1 � PBS containing 10%
fetal bovine serum (FBS, V/V) and pipetting up and down
5e10 times to disperse the cells.

The resulting cell suspension was filtered through a
70e30 um stacked cell strainer, followed by centrifugation
at 300g at 4 �C for 5 min. The cell precipitate was resus-
pended in 100 mL of 1 � PBS (0.04% BSA) and then 1 � blood
cell lysis buffer (MACS 130-094-183, 10 � ) was added,
followed by incubation at room temperature or on ice for
2e10 min. After lysis, the suspension was centrifuged again
at 300 g for 5 min. The suspension was resuspended in
100 mL of Dead Cell Removal MicroBeads (MACS 130-090-
101) and dead cells were removed using the Miltenyi� Dead
Cell Removal Kit (MACS 130-090-101). The suspension was
resuspended in 1 � PBS (0.04% BSA) and centrifuged at
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300 g at 4 �C for 3 min (repeated twice). The cell suspension
was resuspended in 50 mL of 1 � PBS (0.04% BSA). The cell
viability was counted by trypan blue exclusion. Only sus-
pensions with viability < 85% were used for gene analyses.

Chromium 10x genomics library and sequencing
The final single-cell suspensions were loaded into the 10x
chromium instrument, and cell capture (8000 target cells
for each sample), cDNA amplification, and library con-
struction were performed according to the manufacturer’s
instructions for the library construction kit (10X Genomics
Chromium Single-Cell 30 kit, V3). After library construction,
the NovaSeq 6000 sequencing platform was used for
sequencing (paired-end multiplexing run, 150 bp), and the
sequencing depth required was 20,000 reads per cell. The
above technology was provided by LC-BioTechnology Co.
Ltd. (Hangzhou, China).

Unsupervised clustering and cell type identification
After filtering the quality of cells (less than 200 or greater
than 2500 used to identify unique genes and greater than
5% set as the required percentage of mitochondrial genome
content), the expression was homogenized using the Log-
Normalize method of the “Normalization” function of
Seurat software.

The variables were reduced and then the homogenized
expression values were analyzed by principal component
analysis. A clustering analysis was performed with Seurat
package procedures with a resolution of 1.2. Finally, the
identified clusters were visualized using t-distributed Sto-
chastic Neighbor Embedding (tSNE) of the principal com-
ponents in Seurat.

Analysis of marker genes for different cell types
Average gene expression matrices were retrieved for each
cluster, differential expression among clusters was identi-
fied, and the top markers for each cluster were determined
at a high level using the FindAllMarkers implemented
function (parameters: only.pos Z FALSE, min.pct Z 0.2,
thresh. use Z 0.2).

Ligand-receptor interaction analysis
We assigned a probability value to each putative ligand-
receptor interaction and performed a substitution test to
infer cell-cell communication in a biological sense via
Cellphone DB.

Real-time quantitative PCR
Gene expression changes identified by scRNA-seq were
validated using real-time quantitative PCR (RT-qPCR). Total
RNA was isolated from the homogenized whole-kidney ly-
sates. After RNA was obtained, its purity and concentration
were analyzed using a Nanodrop 1000 spectrophotometer
(Thermo Fisher, USA). The cDNA was synthesized with a
high-capacity cDNA reverse transcription kit (Life Tec,
America). The primers for genes were as follows: IGFBP-7:
50- CGAGCAAGGTCCTTCCATAGT-30 (forward); IGFBP-7:
50-GGTGTCGGGATTCCGATGAC-30 (reverse); MMP-7: 50- GAG
TGAGCTACAGTGGGAACA-30 (forward); MMP-7: 50- CTATG
ACGCGGGAGTTTAACAT-30 (reverse); VCAM-1: 50-GGGAAGAT
GGTCGTGATCCTT-30 (forward); VCAM-1: 50-TCTGGGGTGGT
CTCGATTTTA-30 (reverse); CCL2: 50-CAGCCAGATGCAAT
CAATGCC-30 (forward); CCL2: 50-TGGAATCCTGAACCCACTT
CT-30 (reverse).

Western blotting
We validated the changes in RNA expression detected by
the scRNA-seq by Western blotting. The Western blot re-
sults were verified in seven samples. The human normal
(obese) kidney and ORG tissues were lysed with RIPA lysis
buffer containing both protease inhibitor and phosphatase
inhibitor on ice. Protein lysates were separated by SDS-
PAGE and transferred onto a polyvinylidene difluoride
membrane. The following primary antibodies were incu-
bated at 4 �C overnight: GAPDH (1:5000, Abcam), VCAM-1
(1:1000, Abcam), MMP-7 (1:2000, Genetex), IGFBP7
(1:5000, Abcam). The second antibody was incubated at
room temperature for 2 h. The blots’ signal was visualized
by using the enhanced chemiluminescence system.

Histology
Kidney tissues were fixed in formalin and embedded in
paraffin. Then, 4-mm kidney sections were cut and stained
with hematoxylin and eosin (HE).

Comparison of the present scRNA-Seq data with data
from a previous study
A previous study obtained scRNA-Seq data for normal kid-
neys (GSE152938). We compared our current data with
these findings, and the results are shown in Figure S1.

Statistical analysis
The results were analyzed using SPSS 16.0 and GraphPad
Prism 6.0 software. Statistical analyses were performed
with Student’s t-tests and ManneWhitney U-tests to
examine the statistical significance of differences, and all
data were presented as mean � standard deviation.
Results

We obtained four renal biopsy samples from patients with
ORG, and three samples from obese patients with renal
tumors who did not have ORG. The kidney specimens
(n Z 3) from obese patients were obtained after unilateral
nephrectomy. These samples were at least 2 cm away from
the tumor edge and were proven to be normal renal tissue
based on a pathology examination (Fig. S2). The patients
with ORG aged from 27 to 50 years old. All four ORG pa-
tients had proteinuria, which ranged from 1.1 to 2.3 g per
24 h. The estimated glomerular filtration rate of the ORG
patients ranged from 105 to 120.5 mL/min/1.73 m2 (mean:
114.25 � 6.57 mL/min/1.73 m2). Additionally, none of the
ORG patients had primary renal diseases such as IgA ne-
phropathy, membrane nephropathy, or other secondary
factors that might contribute to an increased glomerular
volume or focal segmental glomerulosclerosis, such as
diabetic nephropathy. Although the two ORG patients
combined with hypertension, we found no hypertensive
renal arteriolar sclerosis damage on kidney biopsy and no
hypertensive retinopathy. The average age of the three
obese subjects with cancer was 38.33 � 11.59 years. Renal
tissue pathological examination showed that the mean
glomerular diameter in the ORG model groups was
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significantly longer than that in the control groups. The
kidney pathology of the ORG patients is shown in Figure S3.
Additional details for the patients in the ORG and control
(obese) subjects are shown in Table S1.

Single-cell clustering and cell type identification

After filtering out the cells with < 200 genes and > 10%
mitochondrial genes, a total of 30,810 cells were collected
and sequenced from seven samples (representing four ORG
patients). Twenty-two distinct cell clusters were defined
using an unsupervised clustering analysis and were labeled
based on previously characterized lineage-specific markers
(Fig. 1A). The enrichment of different cell clusters in each
subject was then calculated (Fig. 1B). The frequency of cell
clusters in the kidney of each subject is represented with
bar plots (Fig. 1C). After calculating the cell proportions of
the seven samples (Fig. 1D), it was noted that there were
decreased immune cell clusters (B cells and T cells) and
increased cell clusters (endothelial, tubule, and glomerular
parietal epithelial cells) in the ORG samples compared with
the three control samples. The expression of the top 10
marker genes for each cell population across the 22 clusters
is shown in Figure 1E.

Identification of gene expression changes in the
glomerulus of subjects with ORG

We next identified the transcriptomes of the glomerulus in
ORG patients and controls. There was no significant dif-
ference in the number of podocytes between the ORG
(mean Z 30.75 � 11.84) and control (134.3 � 129.8,
P Z 0.3878) samples, although a previous study showed a
decreased number of podocytes in ORG patients.2 The low
sample number and cells captured by the instrument may
explain the insignificant difference. The differentially
expressed genes (DEGs) in podocytes and mesangial and
endothelial cells were compared between the ORG and
control subject transcripts, as shown in Figure 2A. Several
of the genes overexpressed in ORG podocytes (TPM1, CTSC/
cathepsin C, PCP4, and KRT19) are reported here for the
first time. TPM1, tropomyosin 1, encodes structural pro-
teins important for muscle function and is associated with
cardiomyopathy caused by obesity, leading to dilated car-
diomyopathy with impaired contractility and diastolic
function.12 Cathepsin, a regulator of inflammatory re-
sponses, plays a role in podocyte injury in patients with
diabetes13 and is associated with the glomerular extracel-
lular matrix composition in patients with collapsing focal
segmental glomerulosclerosis.14 ADAMTS1 is a marker of
activation in kidney pericytes.15 A recent study showed that
excessive activation of ADAMTS1 contributes to renal
fibrosis in hypertensive renal disease and glomerulo-
sclerosis.16 The expression of ADAMTS1 was similarly
increased in the podocytes of subjects with ORG. However,
a more in-depth analysis is needed to examine the role(s) of
ADAMTS1 in ORG disease.

A KEGG enrichment analysis showed that the DEGs in the
podocytes were enriched for biological processes including
fluid shear stress, atherosclerosis, and focal adhesion
(Fig. 2B). To confirm the involvement of podocyte failure
and mechanical strain leading to glomerulosclerosis and
proteinuria in ORG kidneys, we then analyzed specific kid-
ney cell subsets by combining our data from ORG kidneys
with published data from normal subjects. The KEGG
analysis showed that the DEGs of podocytes in the patients
with ORG were enriched in cell adhesion molecules and
cellular senescence pathways (Table S2). These findings
may be associated with individual podocyte shedding and
failure, leading to localized glomerular basement mem-
brane shedding, subsequent adhesions to the Bowman
capsule, and parietal cell coverage, thus resulting in the
development of segmental sclerosis.4

A total of 307 mesangial cells were present in the sam-
ples from subjects with ORG, and KEGG enrichment for
biologic processes (Fig. 2C) showed that various processes,
including phosphorylation, Human T-cell leukemia and virus
1 infection, focal adhesion, thermogenesis, and signaling
pathways (PI3K-Akt signaling and MAPK signaling) were
enriched (Table S3). As shown in Figure 2A, the mesangial
cells from subjects with ORG had increased expression of
IL-1RL1, also named IL33R, which is a member of the
interleukin 1 receptor family and results in the production
and release of pro-inflammatory cytokines.17 We also found
that the expression of GATA3, a transcription factor over-
expressed in obese individuals,18 was elevated in the
mesangial cells of subjects with ORG. As an anti-adipogenic
and inflammatory transcription factor, GATA3 inhibits adi-
pogenesis, increases inflammation, and promotes obesity-
associated insulin resistance and type 2 diabetes.19 The
high expression of these two genes suggests that chronic
inflammation plays a role in the development of ORG.4

As shown in Figure 2D, glomerular endothelial cells from
subjects with ORG had increased expression of lectin
complement components and angiogenic factors (FCN3),
regulators of fibrosis and inflammation (S100A4),20 a water
channel protein (AQP1), and a urea transport protein
(SLC14A1). The presence of a fibrotic and inflammatory
signature in endothelial cells is consistent with prior reports
in samples from patients with obesity-related kidney dis-
eases. We herein describe for the first time that S100A4 is
increased in the glomerular cells of ORG patients, and is
related to endothelial-to-mesenchymal transition. The
expression of FABP5, which is involved in endothelial cell
proliferation, migration, and lipid metabolism, was also
increased. A KEGG pathway enrichment analysis indicated
that there was enrichment in pathways involved in inflam-
mation (PI3K-Akt signaling, MAPK signaling), fibrosis (TNF-
signaling), focal adhesion, thermogenesis, and oxidative
phosphorylation (Table S4).

We noticed that ORG caused an elevation of inflamma-
tory cytokines (Table S5), such as vascular cell adhesion
molecule (VCAM-1) and CeC motif chemokine ligand 2
(CCL2) which are associated with endothelial cell activation
and atherosclerosis in obese patients. It has been shown
CCL2 was highly expressed in podocytes stimulated by hy-
perglycemia, which triggered VCAM-1 up-regulation in
glomerular endothelial leading to pro-inflammatory cyto-
kine production, resulting in diabetic glomerulosclerosis.21

Furthermore, Western blotting and qPCR verified that CCL2
and VCAM-1 were highly expressed in the kidney of samples
from patients with ORG (Fig. S4), especially in ORG podo-
cytes. Meanwhile, both CCL2 and VCAM-1 genes were
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enriched in inflammation pathways (TNF signaling, IL-17
signaling) and the fluid sheer stress process. The above
suggests that two factors (CCL2 and VCAM-1) in ORG disease
may be involved in the inflammatory cascade response, and
it is also possible that high filtration caused by obesity leads
to increased expression of two factors, thus triggering more
inflammation in ORG diseases.

Identification of gene expression changes in the
kidney T cells of subjects with ORG

There were 1441 T cells identified in the four renal biopsies
of ORG patients. Compared with the control group (obese,
non-ORG), the number of T cells was substantially reduced
in ORG patients. Further analysis of T cells’ function
revealed that the DEGs in T cells from ORG were enriched in
pathways related to inflammation, cellular senescence, and
apoptosis. The ORG T cells had increased expression of
chemokines, CCL4, and genes related to oxidative phos-
phorylation (MT-ATP6, MTeND1, MT-CYB, and MTeCO2)
(Fig. 3A). Ribosomal protein S4 Y-linked 1, a ribosome-
related gene, was also found in the T cells of subjects with
ORG for the first time. In our samples, the expression of
ribosomal protein S4 Y-linked 1 was significantly increased
in T cells. Ribosomal protein S4 Y-linked 1, also a stress-
responsive gene, is involved in cell death and the produc-
tion of pro-inflammatory cytokines during endothelial
dysfunction.22 Uromodulin is a glycoprotein that is highly
expressed in the T cells of ORG patients. Serum uromodulin
is a novel tissue-specific biomarker for kidney function, and
a low serum uromodulin level may indicate a decreased
renal reserve in individuals with metabolic syndrome.23 The
mechanism underlying the increased expression of uromo-
dulin in the T cells of patients with ORG remains unclear.

As shown in Table S6, the DEGs in T cells from ORG pa-
tients showed enrichment of genes involved in PI3K-Akt
signaling, NF-kappa B signaling, Toll-like receptor signaling,
and Th17 cell differentiation. A KEGG pathway enrichment
analysis showed oxidative phosphorylation, thermogenesis,
cellular senescence, and apoptosis to be altered in the T
cells of the ORG patients (Fig. 3B). Furthermore, genes in
pathways related to protein binding (biological process)
and positive regulation of transcription by RNA polymerase
II (biological process) were highly enriched (Fig. 3C).
Further studies are required to shed light onto the biolog-
ical effects and molecular consequences of these changes
in T cells in patients with ORG.

Gene expression changes in the B cells of subjects
with ORG

Compared with the control group, the number of B cells was
also decreased in ORG patients. Studies have reported that
an abundant number of B cells were present in the kidneys
of patients with lupus nephritis24,25 and diabetic kidney
diseases,26,27 which contributed to immune-mediated kid-
ney injury. In addition, B cell dysfunction is related to
membranous nephropathy28 and recurrent focal segmental
glomerulosclerosis.29 In our study, DEGs in B cells from ORG
were particularly enriched in processes related to tran-
scription, apoptosis, neutrophil degranulation, and
oxidation-reduction. Although the number of B cells in the
ORG groups was lower than in the control groups, B cells in
ORG may play an adequate role in the damage of renal
parenchymal cells, which may be the initiating factor of
inflammation.

As shown in Figure 4A, a cellular component analysis
identified several differentially expressed gene sets located
in both the nucleus and cytoplasm. Furthermore, genes
enriched in molecular functions, such as the binding to
proteins, RNA, DNA, and nucleotides, may provide potential
therapeutic targets. We also identified altered pathways in
the B cells of ORG subjects. Several signaling pathways,
including those implicated in ribosome function, Parkin-
son’s disease, thermogenesis, and oxidative phosphoryla-
tion were up-regulated (Fig. 4B). As shown in Figure 4C,
there was overexpression of several genes (SPP1, MMP7,
CCL3, UMOD/uromodulin and IGFBP7) in the B cells of
subjects with ORG. Matrix metalloproteinase-7 (MMP-7), a
secreted zinc-dependent endopeptidase, is barely
expressed in normal adult kidneys but is up-regulated in
chronic kidney disease.30 In glomerular diseases, MMP-7 can
trigger podocyte injury and impair the glomerular filtration
barrier. As verified in our PCR and Western blotting exper-
iments, MMP7 was highly expressed in the kidney tissue of
ORG groups (Fig. S4), which may be a marker in ORG
progression.

SPP1, also named osteopontin (OPN), is a secreted,
phosphorylated integrin-binding protein31 with known roles
in B-cell development.32,33 In our study, OPN was found to
be one of the most highly up-regulated genes in the kidney
B cells from ORG patients compared with controls. The role
of CC chemokines (CCL3, CCL4) in human obesity is related
to their increasing systemic inflammation.34 In our study,
we found that CCL3, CCL3L1, CCL4, and CCL4L2 were all
also increased in the B cells of patients with ORG compared
to the control subjects.

We also observed a pronounced elevation of ORG-
induced secreted proteins, IGFBPs (insulin-like growth
factor-binding proteins), which play critical roles in various
metabolic processes. In particular, IGFBP7 expression is
higher in obese children than in healthy controls.35 More-
over, IGFBP-7 levels are associated with insulin resistance
and the risk of metabolic syndrome36 and are also strongly
related to body mass index.37 As shown in Figure S4, RT-PCR
and Western blotting analysis revealed that IGFBP7 tran-
script elevation was accompanied by increased protein
expression in ORG kidneys.
Altered signaling networks in the subjects with ORG

To explore the intercellular signaling alterations present in
patients with ORG, potential interactions of receptors and
ligands were examined in different cell types of the kidneys
from both control and ORG subjects (Fig. 5A, B). We
adopted a well-established intercellular communication
inference method, CellPhoneDB,38 to predict cell-cell in-
teractions, which might provide future therapeutic targets
for ORG. We identified distinct cell-cell crosstalk in
different immune cells between the control and ORG sub-
jects (Fig. 5C, D). CD74, a transmembrane glycoprotein, is
expressed on antigen-presenting cells, including dendritic



Figure 1 Cell diversity analysis by single-cell RNA-sequencing in ORG and control (obese, non-ORG) subjects. (A) Unsupervised
clustering identified 22 distinct cell types, as shown in a t-distributed stochastic neighbor embedding map. Mes, mesangial cell; EC,
glomerular endothelial cell; Pod, podocyte; PEC, parietal epithelial cell; PTC, proximal tubule cell; LOH, loop of Henle; DCT_CC,
distal tubule cell_ collecting cell; TC, T cell; BC, B cell; MON, monocyte; PLC, plasma cell; NKT, natural killer T cell; Neu,
neutrophil. (B) The t-distributed stochastic neighbor embedding analysis of cell clusters from different ORG patients (n Z 4) and
obese control patients (n Z 3). The color of the cells reflects the individual origin. (C) The bar charts showing the frequency of
kidney cell clusters in the different subjects. The blocks denote different subjects, and their height is proportional to the
number of cells. (D) The bar plot showing the proportions of cell clusters in the ORG and control (obese, non-ORG) kidney samples.
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Figure 2 DEGs and pathways up-regulated in glomerular cells. (A) The transcription profiles of ORG and control cells were
compared, and DEGs were found in podocytes, mesangial cells, and endothelial cells. (B) A KEGG enrichment analysis of the DEGs
mainly enriched in ORG podocytes. (C) A KEGG enrichment analysis of the DEGs enriched in ORG mesangial cells. (D) A differential
gene volcano map of glomerular endothelial cells from ORG and control subjects. (E) The KEGG enrichment analysis of the DEGs
mainly enriched in glomerular endothelial cells.

The t-distributed stochastic neighbor embedding analysis of kidney cells showed 13 distinct clusters in the control (left) and ORG
(right) patients. (E) Heatmap of the top ten specific marker genes for each cluster of kidney cells.
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Figure 3 DEGs and pathway signaling in the T cells from ORG
and control subjects. (A) Differential gene volcano map of T
cells comparing the ORG subjects with the control subjects.
(B, C) KEGG and GO enrichment analyses revealed the DEGs
that were mainly enriched in T cells.
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cells, monocytes/macrophages, and B cells.39 It acts as a
cell surface receptor for the cytokine macrophage migra-
tion inhibitory factor, which promotes inflammatory re-
sponses and contributes to the pathogenesis of obesity and
kidney diseases.40,41 We found that the CD74 expressed by
both B cells and monocytes interacted with the migration
inhibitory factor expressed in immune cells, including B
cells, monocytes, natural-killer T cells, neutrophils, T cells,
and plasma cells (Fig. 5C). In addition, we predicted
different cell type interactions between control (Fig. S5A)
and ORG (Fig. S5B) subjects. Glomerular endothelial cells
also expressed CD74 and interacted with podocytes, prox-
imal tubule cells, glomerular parietal epithelial cells, and
several immune cells. These results suggest that CD74/
migration inhibitory factor may play a role in the patho-
genesis of ORG.

An in-depth study was performed for the remaining in-
teractions in ligand-receptor pairs among different cell
types. As shown in Figure 5E and F, CellPhoneDB revealed
increased interactions between the parietal epithelial cells
and the podocytes (Fig. 5F). Similarly, we found that most
cell type-specific interaction events in samples from con-
trol subjects occurred in tubular cells, while the most in-
teractions in samples from ORG patients occurred in the
parietal epithelial cells and podocytes.
Discussion

Here, we reported the single-cell transcriptome of kidney
cells from both control and ORG subjects. We presented a
comprehensive scRNA-seq analysis of human renal biopsy
tissue from ORG patients. By comparing DEGs in different
cell clusters, we observed that there was up-regulation of
genes related to oxidative phosphorylation, thermogenesis,
and cellular senescence and apoptosis, as well as pathways
that are associated with inflammation, TNF signaling, and
antigen processing and presentation. Overall, our findings
present a panoramic view of the cellular and molecular
programs activated in ORG and reveal several novel insights
into the pathogenesis of ORG based on findings involving
cell type-specific gene expression, cell-cell crosstalk, and
signaling pathways.

An increased body mass requires increased blood
perfusion through all organs, including the kidneys.7

Glomerular hyperfiltration will increase shear stress on the
podocytes, which leads to glomerular hypertrophy and
podocyte detachment and loss.2,42 In our present study, we
found that there was no significant difference in the num-
ber of podocytes between the disease and obese control
groups. However, a subset of parietal epithelial cells, as
podocyte progenitors,43 was increased in ORG patients.
Whether parietal epithelial cell replacement occurs in
human beings, and the role those cells play in the response
to obesity, need further exploration. Pathways related to
fluid shear stress, focal adhesion, and regulation of the
actin cytoskeleton were increased in subjects with ORG.

To validate our findings, we downloaded the previously
published single-cell kidney data from healthy kidney



Figure 4 DEGs and pathway signaling in ORG and obesity B
cells. (A, B) A GO and KEGG enrichment analysis revealed the
DEGs were mainly enriched in B cells. (C) A differential gene
volcano map of B cells comparing the ORG subjects with the
control subjects.
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subjects. A KEGG enrichment analysis of ORG and healthy
controls revealed that the DEGs of podocytes were enriched
in cell adhesion molecules and cellular senescence path-
ways, and the DEGs of glomerular parietal epithelial cells
were also enriched in cell adhesion pathways. These find-
ings are similar to our results comparing the ORG subjects
with the obese (non-ORG) control subjects. Furthermore,
podocin, a protein expressed exclusively by podocytes to
perform their functions,44 was decreased in ORG patients,
indicating the presence of podocyte injury induced by
hyperfiltration in obese individuals.

Accumulating data suggest that the hyperfiltration in
ORG is related to increased susceptibility to oxidant injury,
which means that there is likely reactive oxygen species
production leading to glomerular endothelial dysfunction
and increased inflammatory cytokines.45e47

Also, we verified the up-regulation of CCL2 and VCAM-1
genes in ORG kidneys, which could be caused by high filtra-
tion in ORG, eventually triggering an inflammatory cascade
response. Subsequently, impaired endothelial cell function
contributes to podocyte and mesangial injury.45,48 In our
investigation, the pathways up-regulated in endothelial cells
were mainly enriched in cell focal adhesion, PI3K-Akt
signaling, MAPK signaling, and the TNF signaling pathway.
There was also overexpression of genes that regulate
angiogenesis (FCN3, FABP5), insulin resistance (S100A4,
SOST), glycerol metabolism, renal water transport (AQP1),
and urea transport (SLC14A1) found in our study. To our
knowledge, most of these findings have not been reported
previously in ORG disease. Accordingly, these findings sug-
gest that alterations in the glomerular endothelial cells may
play a vital role in the development of ORG. Themarkers and
genes discussed above need to be validated in larger studies,
butmaybeuseful as biomarkers for theearly detection of the
disease, or may represent novel therapeutic targets.

We further predicted cell-cell interaction networks by
analyzing ligand-receptor expression. Our data revealed
that parietal epithelial cells, glomerular cells (glomerular
endothelial cells, mesangial cells, and podocytes), and
immune cells all play critical roles in this process. For
example, inflammatory and chemokine signaling pathways
were observed to be up-regulated in the kidneys of subjects
with ORG. We found that B cells, endothelial cells, and
monocytes expressed CD74, interacting with their receptor
(migration inhibitory factor), in several kidney cell types,
including podocytes, immune cells, mesangial cells, prox-
imal tubule cells, and parietal epithelial cells. These in-
teractions are of importance as they may represent novel
therapeutic targets.

There were relatively lower numbers of both T and B
cells in the ORG kidneys. It is unclear whether the decrease
in these cells is due to cell death or that injured cells are
more susceptible to loss during enzymatic digestion and
dissociation. Further analysis of T cells function revealed
that the DEGs in T cells from ORG were enriched in path-
ways related to inflammation and cellular senescence and
apoptosis. At present, the function of T and B cells in ORG is
still to be solved. Although they are less numerous in the
ORG groups, their roles in renal parenchymal cell injury
may be an initiating factor such as inflammation, which
activates downstream a series of injuries to renal

https://pubmed.ncbi.nlm.nih.gov/23506873/


Figure 5 Cell-cell communication networks and cell type-specific interactions in control and ORG kidney cells identified using
CellPhoneDB. (A, B) Visualized network showing the cell-cell interaction events among control (A) and ORG (B) kidney cells. (C, D)
Cell type-specific interactions among control (C) and ORG (D) kidney immune cells. (E, F) The heatmaps displaying the interaction
events in control (E) and ORG (F) kidney cells.
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parenchymal cells, as can be confirmed from our compar-
ative analysis.

There have been two mechanisms identified as under-
lying OPN-mediated regulation of the B-cell response.31 In
some infections, IL-4 activates B cell signaling through PI3K
and NF-kB to induce OPN secretion, which contributes to
the expression of cytokines and chemokines and is strongly
associated with autoimmunity.49 Evidence suggests that
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low-grade systemic inflammation plays an important role in
ORG, and the OPN in T and B cells was found to be highly
expressed in the ORG samples in our present study.
Whether this high expression of OPN in B cells and T cells of
ORG patients is due to enhanced proliferation or is related
to the B cell- and T cell-mediated inflammation needs
further exploration. Furthermore, OPN acts as a cytokine
and is highly expressed in obesity-induced adipose tissue,
resulting in obesity-associated insulin resistance and sys-
temic inflammation.50 Therefore, it is clinically significant
to explore the role of OPN in ORG disease.

Additionally, increased expression of IGFBP7 was found
in the B cells of the ORG samples. This gene has previously
been used as a biomarker for the early diagnosis and risk
stratification of acute kidney injury51e53 owing to its ability
to mark injured tubular epithelium caused by septic and
ischemic insults.54 Upon injury, renal tubular cells enter a
short period of G1 cell cycle arrest to protect against kid-
ney injury.55,56 Future studies could focus on the predictive
value of serum IGFBP7 for diagnosing ORG. Further studies
are needed to analyze how the different types of immune
cells contribute to the progression of ORG.

Our work identified unique cell-specific transcription, as
well as several novel genes, signaling pathways, and po-
tential ligand-receptor interactions in subjects with ORG,
which could provide a basis for understanding the patho-
genesis of ORG. To determine the specificity of the gene
expression profiles found in the ORG subjects in our study,
we compared them with the changes in glomerular gene
expression observed in diabetic mouse models and human
subjects.57 We noted that ORG was associated with the
increased expression of genes associated with fluid shear
stress, focal adhesion, cellular senescence, and oxidative
phosphorylation compared with controls. The gold standard
diagnosis of ORG is currently based on biopsy, but there is a
higher risk of complications associated with biopsy in these
patients due to their obesity. Thus, it is difficult for physi-
cians to diagnose ORG, and the introduction of a non- or
minimally-invasive diagnostic process involving urine or
venous blood would be ideal. Therefore, early markers of
renal injury and potential targets that can be used in the
diagnosis and treatment of ORG are urgently needed. Our
present scRNA-seq data provide several avenues for future
research that might provide such markers.

We recognize that there are limitations regarding this
study associated with the relatively small sample size and
limited cell capture. We also recognize that there may have
been differences in the responses to obesity-induced
injury, as well as intrinsic and extrinsic noise, which may
have reduced the reliability of the data. Studies with large
cohorts and further validation via functional studies in vitro
and in animal models of ORG will be needed to capture the
full picture regarding disease development. However, our
data provide interesting insights that might spur such
research and could provide potential targets for the diag-
nosis or treatment of ORG.
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