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Kidney single-cell transcriptome profile reveals
distinct response of proximal tubule cells to SGLT2i
and ARB treatment in diabetic mice
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Angiotensin receptor blockers (ARBs) and sodium-glucose co-
transporter 2 inhibitors (SGLT2i) have been used as the stan-
dard therapy for patients with diabetic kidney disease (DKD).
However, how these two drugs possess additive renoprotective
effects remains unclear. Here, we conducted single-cell RNA
sequencing to profile the kidney cell transcriptome of db/db
mice treated with vehicle, ARBs, SGLT2i, or ARBs plus
SGLT?2i, using db/m mice as control. We identified 10 distinct
clusters of kidney cells with predominant proximal tubular
(PT) cells. We found that ARBs had more anti-inflammatory
and anti-fibrotic effects, while SGLT2i affected more mito-
chondrial function in PT. We also identified a new PT subclus-
ter, was increased in DKD, but reversed by the treatments. This
new subcluster was also confirmed by immunostaining of
mouse and human kidneys with DKD. Together, our study re-
veals kidney cell-specific gene signatures in response to ARBs
and SGLT2i and identifies a new PT subcluster, which provides
new insight into the pathogenesis of DKD.

INTRODUCTION

Diabetic kidney disease (DKD) is the major cause of end-stage kidney
disease in diabetic patients."” Unfortunately, the treatment options are
still limited. Renin-angiotensin system (RAS) blockers, such as angio-
tensin-converting enzyme inhibitors (ACEi) and angiotensin receptor
blockers (ARBs), have been the main treatments for patients with
DKD in recent decades.”™ Recently, inhibitors of sodium-glucose co-
transporter 2 (SGLT2i) have been shown to provide additional renopro-
tective effects on top of ACEi/ARBs; therefore, combination therapy
with RAS blockers and SGLT2i is now considered the standard therapy
for DKD patients.””” Several potential renoprotective mechanisms have
been proposed for both RAS blockers and SGLT2i; however, the exact
mechanisms remain unclear.'”'" In addition, how SGLT2i synergizes
with RAS blockade is completely unknown. Understanding this interac-
tion could help us to optimize the current therapy for patients with DKD.

Recently, single-cell RNA sequencing (scRNA-seq) has been used to
study kidney development and the pathogenesis of various kidney
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diseases.'* > However, scRNA-seq studies in DKD are limited. To
our knowledge, only two studies have been published. We performed
a scRNA-seq study of glomeruli isolated from DKD mice and their
controls and revealed several glomerular cell-specific differentially ex-
pressed genes (DEGs) that play an important role in the progression
of DKD."® Wilson et al. performed single nucleus RNA-seq (snRNA-
seq) on three control and three early human DKD samples.'” Ana-
lyses of the data demonstrated cell-type-specific changes in gene
expression that are important for angiogenesis, ion transport, and im-
mune cell activation. Studies using scRNA-seq to assess drug re-
sponses at the single-cell level have not been reported previously
for kidney disease.

Here, we used scRNA-seq to assess the response of individual kidney
cells to the treatment with ARBs and SGLT2i alone or in combination
in type 2 DKD mice (db/db). We were able to dissect specific re-
sponses of individual cells to ARBs and/or SGLT2i. We also identified
new clusters of proximal tubular (PT) cells in DKD mice.

RESULTS

Effects of ARBs and SGLT2i in diabetic db/db mice

Type 2 diabetic db/db mice at 10 weeks of age were treated with vehicle,
SGLT?2i (dapagliflozin), ARBs (irbesartan), or both for a total of 8 weeks
(Figure S1A). Nondiabetic db/m mice were used as their controls. We
found that all diabetic db/db mice had increased blood glucose (BG)
compared with nondiabetic db/m mice. Db/db mice treated with
SGLT2i or ARBs + SGLT2i had reduced BG levels compared with
vehicle-treated and ARB-treated db/db mice (Figure S1B). The systolic
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blood pressure was not different among the five groups, but a lower dia-
stolic blood pressure was observed in ARB + SGLT?2i-treated db/db
mice than in vehicle-treated db/db mice (Figures S1C and S1D).
Body weight in db/db mice was significantly higher than that in db/m
mice, while no difference was found among all groups of db/db mice
(Figure S1E). The kidney weight was increased in the db/db mice
compared with db/m mice, and a significant reduction was observed
in all treatment groups (Figure S1F). db/db mice had increased 24-h uri-
nary albumin excretion (UAE) compared with db/m mice, but a reduc-
tion in UAE was observed in all drug-treated groups (Figure S1G). For
both kidney weight and UAE, a trend of further reduction was observed
in the combination treatment group compared with the individual
treatment groups, but this did not reach statistical significance (Fig-
ure S1F and S1G). Renal function, as assessed by measurement of blood
urea levels, was increased in db/db mice while decreased by SGT2i and
ARB + SGLT2i treatment (Figure S1H). Histologically, both glomerular
volume and mesangial expansion were increased in db/db mice
compared with db/m mice, but these were reduced in all treatment
groups (Figures S2A-S2C). A further reduction in glomerular volume
was observed in the combination treatment group, but a reduction in
the mesangial fraction in the combination group did not reach statisti-
cal significance (Figures S2B and S2C). Electronic microscopy
confirmed an improvement in podocyte foot process effacement and
mitochondrial morphology in all treatment groups compared with
the vehicle group (Figure S2D). In addition, we found a significant in-
crease in macrophages in db/db mice compared with db/m mice, but
this increase was reduced in all treatment groups (Figures S2E and
S2F). These data suggest that SGLT2i and ARBs had individual reno-
protective effects in diabetic mice and that additive effects were
observed in the combination treatment group at least for some renal
parameters.

Single-cell landscape of health and DKD kidney with or without
treatment

Next, we performed scRNA-seq of the kidneys from these mice as
described in the methods and illustrated in Figure S3A. In total,
83,585 single-cell transcriptomes were generated after quality control
and filtering (Figure S4). Using unsupervised clustering (uniform
manifold approximation and projection [UMAP]), 28 separate cell
clusters were identified after pooling all of the samples together (Fig-
ure S3B). Ten distinct cell types, including 5 tubular cell types
(78,625), 2 lymphoid cell types (525), 2 myeloid cell types (4,201),
and one endothelial cell type (234) were annotated based on their
known marker gene expression, and they were consistent across all
five groups (Figures 1A-1C). One of the cell clusters was annotated
as “proliferative PT” since it is characterized by both strong prolifer-
ation gene (Mki67) and PT marker gene (Cubn, Atplla). Represent
marker genes are shown in Figure 1B. A full list of marker genes in

each cluster is provided in Table S1. Subsequently, to define the major
cell-type changes after disease and treatment, the numbers of each cell
cluster were compared among the five groups, and PT cells were the
dominant component among all of the groups (Figure 1D). In addi-
tion, the percentage of PT cells appeared to decrease in db/db mice
compared with db/m mice, but was restored in all treatment groups
(Figure 1E). In contrast, the proportion of macrophages was increased
in the db/db mice compared with controls but suppressed in all treat-
ment groups, with a more prominent suppression in mice treated
with ARBs than in mice treated with SGLT2i (Figure 1F). The in-
crease in macrophage infiltration in db/db mice was also confirmed
by immunohistochemistry (Figures S2E and S2F).

PT-specific responses to DKD injury and different treatments

Recent findings suggest that PT injury is not only important for late
DKD but also critical for early DKD.'®'* In addition, the primary
target of SGLT2iis PT, and it is well known that ARBs also have direct
effects on PT.*° Therefore, our analysis focused on the specific re-
sponses of PT cells to DKD injury and treatments (ARBs and/or
SGLT2i). First, we compared the DEGs between db/db versus db/m
and then determined how different treatments with ARBs and/or
SGLT2i reversed these DEGs. We analyzed DEGs in two different
ways: up-down (upregulated in db/db and downregulated by treat-
ments) and down-up (downregulated in db/db and upregulated by
treatments). Among 229 up-down genes, 127 genes were reversed
by all treatments, such as SppI, $100a8, Saa3, C3, and Tmsb4x (Fig-
ures 2A and 2B), and Spp1, $100a8, Saa3, and C3 are known pro-in-
flammatory mediators.'” Tmsb4x, which encodes thymosin B4, an
actin sequestering protein, was reported as a modifier of glomerular
injury.”' However, 53 DEGs were reversed by ARBs, 29 DEGs were
reversed only by SGLT2i and 20 DEGs were affected only by combi-
nation treatment. Gene ontology (GO) term enrichment analysis
showed that many metabolic pathways were affected by all treatments
indicating the critical role of PT in metabolism. Inflammation and
apoptosis pathways were enriched in the ARB-treated group and
the pathways related to mitochondrial dysfunction were heavily en-
riched in SGLT2i-treated mice indicating that glucose uptake in PT
is a critical driver of mitochondrial dysfunction. A few unique
DEGs and pathways were regulated only in the combination treat-
ment group, suggesting that ARBs and SGLT2i likely have additive ef-
fects instead of synergistic effects (Figure 2C). We also analyzed 506
genes that followed the down-up manner (Figure 2D). Among these
DEGs, 237 genes were downregulated in vehicle-treated db/db mice
but reversed in all treatment groups, 84 genes were reversed by
ARBs, 72 genes were reversed only by SGLT2i, and 113 genes were
affected only in the combination treatment group. The representative
genes were shown in Figure 2E including Cyp4b1, Inmt, Naca, Erdrl,
and Csrp2, and Cyp4bl is a key enzyme for drug and lipid

Figure 1. Cell diversity in mouse kidney cells delineated by single-cell transcriptomic analysis

(A) All samples with different treatments were integrated into a single dataset and clustered using UMAP. Colors and labels indicate different cell types based on marker gene
expression. B, B cells; CD, collecting duct; DCT, distal convoluted tubule; EC, endothelial cell; LOH, loop of henle; PT, proximal tubule; prolif-PT, proliferative PT; T, T cells. (B)
Expression of selected marker genes for each cell type projected on UMAP. (C) Dot plot shows the expression of marker genes for the identified cell types. (D) Number of
identified cell types in each sample. (E and F) Boxplots of the average proportion of PTs (E) and macrophages (F) in different groups.
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Figure 2. Differential gene expression analysis reveals PT-specific responses to DKD injury and different treatments

(A) Heatmap shows the number of DEGs that were upregulated in db/db mice compared with db/m mice but downregulated by treatment (up-down pattern). ARBs and
SGLT2i Common: DEGs were downregulated by both ARBs and SGLT2i treatment; ARB only: DEGs downregulated specifically by ARB treatment; SGLT2i only: DEGs
downregulated specifically by SGLT2i treatment; ARB+SGLT2i only: DEGs downregulated only by combination treatment with ARBs and SGLT2i. The color scale represents
the log fold change in the expression levels of genes. (B) Dot plot shows the representative DEGs that follow the up-down pattern in different groups. (C) Dot plot of gene
ontology (GO) terms in DEGs that followed the up-down pattern. (D) Heatmap shows the DEGs downregulated in db/db mice compared with db/m mice but upregulated by
treatment (down-up pattern). (E) Dot plot shows the representative DEGs that follow the down-up pattern in different groups. (F) Dot plot of GO terms in DEGs that followed

the down-up pattern.

metabolism.*>** Erdrl is a pivotal regulator of cell apoptosis and its
role in kidney disease has not been investigated.”* Csrp2 is a key
gene involving in development and cell differentiation.”*° The GO
term analysis showed that many pathways enriched in this group of
genes were related to metabolism, suggesting that, in early DKD,
metabolism in PT was severely altered and that these metabolic dis-
orders were partially reversed by treatments with either ARBs or
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SGLT?2i. Interestingly, there were no specific GO terms in the combi-
nation treatment group, again suggesting additive effects instead of
synergistic effects between the two drugs (Figure 2F). The full lists
of DEGs and GO terms in each group are provided in Tables S2
and S3. Collectively, these findings suggested that ARBs and SGLT2i
treatment regulated many common DEGs and pathways. However,
they also had specific effects on PT cells and it seems that SGLT2i
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preferentially regulates PT mitochondrial function, while ARBs may
preferentially protect the kidney by alleviating inflammation. These
unique effects of ARBs and SGLT2i may explain their additive reno-
protective effects observed in humans with DKD.”’

Effects of SGLT2i and ARBs in the regulation of fatty acid
metabolism, ATP synthesis, inflammation, and fibrosis in PT
Next, we analyzed the effects of SGLT2i and ARBs specifically on fatty
acid (FA) metabolism, ATP synthesis, inflammation, and fibrosis, as
these are key events leading to the progression of DKD. We used the
scoring gene sets obtained from the MSigDB and MGI database. First,
we analyzed the score for FA metabolism, which is critical for PT func-
tion under both physiological and pathological conditions. We found
that, among all kidney cell clusters, PT had the highest score for FA
metabolism (Figure 3A). Furthermore, in PT cells FA metabolism
was downregulated in db/db mice but reversed by SGLT2i and combi-
nation treatment while ARBs did not have any effects. This observation
was more obvious in the proliferative PT cells (Figure 3A). Consistently,
the expression levels of genes associated with FA metabolism (AcoxI,
Lpl, and Cyp2el) were significantly reduced in db/db mice compared
with db/m and reversed by SGLT2i treatment, while ARBs had no effect
(Figure S5A). Next, we examined the score for ATP synthesis coupled
with electron transport and found that tubule cells had higher scores for
ATP synthesis than other cell types. This means that tubule cells require
more energy, and this was further increased in db/db mice. In PT cells,
SGLT?2i reduced the ATP synthesis score, while ARBs had no effect
(Figure 3B). Furthermore, expression of ATP synthesis genes (DId,
Sdha, and Ndufsl) was higher in db/db mice than db/m mice and
this was reversed by SGLT2i, but not by ARBs (Figure S5A). Then we
determined the inflammation score, which was higher in immune cells
than in other kidney cell types (Figure 3C). Interestingly, the inflamma-
tory score for both macrophages and PT was increased in db/db mice
but reversed mostly by ARB treatment, while SGLT2i had minimal ef-
fects. Finally, we examined the epithelial-mesenchymal transition
(EMT) score. We are aware that it remains controversial whether
EMT occurs during kidney fibrosis process. However, this EMT score,
which consists of several profibrotic markers, could be used to assess
even relative early fibrosis process in these DKD mice. Interestingly,
we found that a high EMT score was observed in endothelial cells
and macrophages. The EMT score was increased in these cells as well
as in PT cells from db/db mice compared with db/m mice, but this
was reversed more by ARB treatment than SGLT2i treatment (Fig-
ure 3D). These results were further validated by qPCR analysis of the
mRNA levels of marker genes for inflammation (IL-1b and Nfkbia)
and EMT (Tnfrsfl2a and Jun) (Figure S5B). Collectively, these findings
suggest that SGLT2i affects FA metabolism and ATP consumption,
whereas ARBs have more anti-inflammatory and antifibrotic effects.
This is consistent with our pathway analysis.

Role of PT subclusters in DKD

First, we divided PT cells into S1, S2, and S3 segments based on the
available specific markers (Figures 4A and 4B). Interestingly, we found
that the frequency of PT-S3 cells decreased while the frequency of PT-
S1 increased in db/db mice compared with db/m mice (Figure 4C).

Then, we further subclustered the PT cells into 19 clusters (Figure 4D).
By differential proportion analysis, we found that subcluster 14 from
PT-S1 was decreased while subcluster 10 from PT-S3 was increased
in db/db mice compared with controls, and these changes were reversed
in the treatment groups (Figures 4E and S6). Subcluster 10, which occu-
pied approximately 8%-10% of all PT cells in db/db mice, expressed not
only PT-S3 segment markers (Atpl1a, Slc13a3) but also a unique set of
genes, such as Napsa, Cryab, Apoc3, Gc, and Kcnkl (Figure 4F).
Pathway analysis of the unique gene sets in subclusters 10 and 14 re-
vealed that the pathways enriched in subcluster 10 were absent in sub-
cluster 14, while the pathways enriched in subcluster 14 were absent in
subcluster 10, indicating that these two subclusters likely have an oppo-
site function in DKD (Figure 4G). The GO term enrichment analysis
also revealed that subcluster 10 was enriched by development-related
genes, suggesting that this subcluster could contain potential renal
progenitor cells to repair kidney injury or undifferentiated PT. We spec-
ulate that this subcluster of the PT-S3 segment plays a major role in kid-
ney injury or repair. To eliminate the possibility of artificial effects, such
as enzymatic digestion in the subclustering analysis, we performed
several validation analyses and experiments. First, we searched public
databases and did not find this PT subcluster in other non-DKD kidney
disease models, such as acute kidney injury (Figures S7A and S7B) and
unilateral ureter obstruction (Figures S7C and S7D). Second, we did not
find increased expression of any known digestion-related genes in this
subcluster (data not shown). Most importantly, we validated the expres-
sion of the specific markers of subcluster 10 by immunostaining of
mouse and human kidneys with DKD and non-DKD glomerular dis-
eases. We confirmed that the staining of APOCS3, a specific marker
for subcluster 10, was co-localized with the PT-specific marker
ATP11A in the mouse kidney. In addition, APOC3 staining was
increased in db/db mice compared with db/m mice, but the increased
staining was reversed by treatment with either SGLT2i or ARBs, or
both (Figure 5A, upper panel). Then, we confirmed that APOCS3 stain-
ing was co-localized with another specific marker (GC) of subcluster 10,
and the staining for both APOC3 and GC was increased in the diabetic
mice but reversed by the treatments (Figure 5A middle panel). More-
over, we confirmed another specific marker (KCNK1) of subcluster
10 by co-staining with GC (Figure 5A lower panel). Finally, we stained
for ATP11A, APOC3, GC, and KCNKI1 in human kidney tissues from
normal nephrectomy samples and biopsies from DKD and non-DKD
(AKT, IgA nephropathy, and focal segmental glomerulosclerosis) pa-
tients (Figures 5B and S8). The pathology and clinical characteristics
of these patients are provided in Figure S9 and Table S5. Consistent
with the animal data, we found that APOC3 staining was co-localized
with ATP11A and increased in DKD patients compared with controls.
APOC3 and KCNK1 were also co-localized with GC, and they were
increased in DKD patients compared with normal controls. To deter-
mine whether this PT-10 cluster is specific for DKD, we also stained
these marker genes in the kidneys of non-DKD patients. We found
that these genes (APOC3, GC, and KCNK1) were expressed in the kid-
neys of non-DKD patients but interestingly, they did not co-localize
together, suggesting that the PT-10 cluster might be absent in these
non-DKD patients (Figure S8). These findings further support the ex-
istence of this specific subcluster, and the number of this PT subcluster
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or db/db + ARB+SGLT2i (*p < 0.01, *#p < 0.0001). p values between groups by one-way ANOVA with Tukey’s multiple comparisons test.

was increased in DKD kidneys. Further studies are needed to confirm
the specificity and the function of this new subcluster in the pathogen-
esis of DKD.

The distinct effects of ARBs and SGLT2i in macrophage
We performed further analysis to examine how macrophages respond
differently to ACEi and SGLT2 inhibitors (Figure S10). First, we

1746 Molecular Therapy Vol. 30 No 4 April 2022

compared the DEGs between db/db versus db/m and then deter-
mined how ARBs and/or SGLT2i reversed these DEGs. We found
that the DEG number in macrophage was much smaller than PT.
We analyzed DEGs in up-down (upregulated in db/db and downre-
gulated by treatments) and down-up (downregulated in db/db and
upregulated by treatments) manners. Among 45 up-down genes, 24
genes were reversed by all treatments, such as Saa3, Ecml, Wfdc21,
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Figure 4. Role of PT subclusters in DKD

(A) UMAP plot of PT cells from all samples for identification of S1, S2, and S3 segments. (B) Expression of marker genes for S1 (Sicba2, Slcba12) and S3 (Atp17a, Slc13a3)

segments. (C) Comparison of the frequency of S1, S2, S8, and prolif-PT cells between

db/m and db/db mice. (D) UMAP plot for PT cells from all samples. (E) Boxplot shows

the quantitation of subclusters PT14 and PT10 between all groups of mice. (F) Heatmap shows the representative marker gene expression for subclusters PT10 and PT14. (G)

GO enrichment analysis of the marker genes in PT14 and PT10.

and Argl. 19 DEGs were reversed by ARBs, such as Cxcl2, Slpi, Lcn2,
and Fthl (Figures S10A and S10B). Cxcl2 is a well-known gene
involved in inflammatory processes. Slpi, which encodes the secretory
leukocyte peptidase inhibitor, was identified as a potential therapy
target of kidney injury.”**’ Len2 plays an important role in innate im-
munity and is also an early biomarker of kidney injury."” Fthl is the
most important iron storage gene and is reported to influence immu-
nity.”’ However, only one DEG was reversed by SGLT2i and one DEG
was affected only by combination treatment. GO term enrichment
analysis showed that ARBs specifically affected response to inter-

leukin-1, regulation of I-kB kinase/NF-«B signaling and cytokine
secretion (Figure S10C). We also analyzed 32 genes that followed
the down-up manner (Figure S10D). The full list of DEGs and GO
terms in macrophage are provided in Tables S6 and S7. Overall, these
findings suggest that ARBs has more effects in macrophages than
SGLT?2i, consistent with its anti-inflammatory effects.

DISCUSSION
Our study provides the first comprehensive analysis of the whole-
kidney transcriptome in a type 2 diabetic mouse model with DKD
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Figure 5. Validation of new PT subcluster PT-10

(A) Representative immunofluorescence images from each group for ATP11A (PT-S3 marker, red) and APOC3 (PT-10 marker, green)/GC (PT-10 marker, red/green)/KCNK1
(PT-10 marker, red). (B) Representative immunofluorescence images from healthy living donor (HLD) and DKD patients for ATP11A (red) and APOC3 (green)/GC (red/green)/

KCNK1 (red). Original magnification, 63x.

at the single-cell level. We also assessed the response of the indi-
vidual kidney cells to the two major treatments (ARBs and
SGLT2i) of DKD individually or in combination. Our study re-
veals that ARBs and SGLT2i have distinct effects on PT cells to
protect cells from diabetes-induced injury. SGLT2i has more pro-
tective effects against mitochondrial dysfunction and FA meta-
bolism while ARBs have more anti-inflammatory and antifibrotic
effects. Our study suggests potential mechanisms for the additive
renoprotective effects of ARBs and SGLT2i in patients with
DKD. In addition, our study reveals a new subcluster of PT cells
that increases in DKD. We also validated this new cluster by im-
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munostaining of its specific markers in both mouse and human
kidneys with DKD.

Recently, combination therapy with RAS blocker and SGLT2i has
been considered the standard therapy for DKD. Therefore, it is critical
to understand how these two classes of drugs work together to protect
kidney cells from injury. This study could help us to dissect such mech-
anisms at the single-cell level. To our knowledge, this is the first study
to apply scRNA-seq to determine the response of individual kidney
cells to treatment. This study helped us not only confirm the drug tar-
gets but also to reveal new mechanisms for diabetes-induced kidney
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cell injury. We used db/db mice here as a type 2 diabetic model with
DKD, which mimics early DKD in humans.’' These mice responded
to treatment with either ARBs or SGLT24i, and an additive renoprotec-
tive effect was also observed with combination therapy. However, it is
important to note that the effects of the combination therapy observed
in diabetic mice did not completely mimic the human findings. Blood
pressure was not suppressed by either ARBs or SGLT2i alone in these
mice, which might be different from human studies.’>** However, the
effects of ARBs and SGLT2i that we observed in these db/db mice are
unlikely to result from changes in blood pressure. Besides, given that
no obvious tubule injury was observed in these animals, the loss of
PT cells in diabetic kidney mice could be due to their increased suscep-
tibility to injury during the digestion process.

Our current study focused on PT and, therefore, we used a modified
method that allowed us to identify more viable PT cells for scRNA-
seq. Therefore, we were not able to have podocyte cluster in our anal-
ysis. The percentage of PT cells in our study was higher than that in
other scRNA-seq studies.'>'® The reasons for focusing on PT cells
are as follows: (1) many studies suggest a critical role of PT cells in
the pathogenesis of DKD in both early and late stages,”**> and (2)
PT cells are direct target cells for SGLT2i, and a critical role of RAS
in PT cells has also been shown.”® Our study revealed significant alter-
ations of gene expression in PT cells in diabetic mice, and many of
these genes were reversed by treatment with either ARBs or SGLT2i
or both. We also found that, although ARBs and SGLT2i shared
many common pathways, they had distinct effects in PT, indicating
the potential mechanisms of additive renal protection. However, there
are very few unique genes and pathways regulated by combination
therapy, indicating that synergistic effects are unlikely. Further anal-
ysis revealed that ARBs have more anti-inflammatory and antifibrotic
effects, while SGLT2i improves mitochondrial function. Consistent
with our data, it has been shown that RAS blocker has anti-inflamma-
tory effects in tubular cells.’*”” The effects of SGLT2i in the regulation
of mitochondrial function in PT cells are likely mediated through its
inhibition of glucose uptake. This was further confirmed by analyzing
the scores and gene expression for FA metabolism, ATP synthesis,
inflammation, and EMT. Indeed, SGLT?2i affects more FA metabolism
and ATP synthesis, while ARBs regulates inflammation and fibrosis
processes. When we compared these scores among different cell types,
we confirmed that PT cells had the highest FA score, while immune
cells such as macrophages had the highest inflammatory score. Inter-
estingly, a high score for EMT was found in endothelial cells and
macrophages, which is consistent with previous reports on potential
endothelial to mesenchymal cell***” and macrophage to mesenchymal
** Further analysis of the DEGs involved in
these pathways may help us to dissect the detailed mechanisms of
the renoprotective effects of these two drugs in individual kidney cells.

cell transdifferentiation.

In this study, we also identified two novel subclusters of PT named sub-
cluster 10 and subcluster 14. Subcluster 10 has very unique markers
that are expressed only in these cells, while the markers for subcluster
14 are also expressed in other cell types but at a much lower level. These
two subclusters appeared to have a complementary phenotype because:

(1) subcluster 14 decreased while subcluster 10 increased in db/db
mice; and (2) GO term enrichment analysis showed that the pathways
enriched on one cluster were absent in another cluster. Interestingly,
the alteration in the frequency of the cells in these two subclusters
was reversed by treatment with either ARBs or SGLT2i, again indi-
cating that these subclusters are related to disease processes. We
analyzed published datasets and found that subcluster 10 seems to in-
crease only in diabetic kidneys. We also confirmed the localization and
changes of this PT subcluster by immunostaining of mouse and human
kidneys with DKD and non-DKD patients. Subcluster 10 has many
development-related genes, suggesting that these cells could be renal
progenitor cells or undifferentiated cells. Previous scRNA-seq analysis
of human kidneys also revealed subclusters of PT that have either a
progenitor phenotype or EMT phenotype.**** However, subcluster
10 has specific markers that are distinct from other previously reported
subclusters. Our clustering analysis also revealed a cluster of cells called
proliferative PT, which was previously reported by others.">** The
number of cells in this cluster also increased in the diabetic kidney
but this cluster has distinct markers from the new subcluster 10. Pro-
liferative PT cells are considered as an indicator of the tubular cell
injury and repair. Future studies are required to confirm the function
of these clusters of PT cells in the pathogenesis of DKD.

We also analyzed how macrophages respond to ARBs and SGLT2i
treatments and found that ARBs had more effects in macrophages
than SGLT2i, consistent with the anti-inflammatory effects of
ARBs. Together with the data in PT cells, our study suggests that
ARBs likely have unique renal protective effects independent from
SGLT2i. Therefore, our study provides mechanistic support on the
use of combination therapy instead of monotherapies with ARBs
and SGLT2i in patients with DKD.

Our study have several limitations. Since we used scRNA-seq instead of
snRNA-seq, we might not be able to catch all PT cells due to the diges-
tion-related cell injury. To obtain the most viable PT cells for further
analysis, we modified the enzyme digestion time, so we were unable
to get glomerular cells, such as podocytes. Since we focused on PT cells,
we did not perform a detailed analysis of other kidney cell types. For
example, it would be interesting to analyze how distal tubular cells
respond to SGLT2i with osmotic diuresis caused by the inhibition of
sodium-glucose transporters. It would also be interesting to include
a control group with similar level of BG control by another hypoglyce-
mic agent in order to distinguish between hyperglycemia-dependent
and -independent effects of SGLT2i. The sample sizes are still limited
because of the cost and future studies are needed to increase the sample
sizes to reduce the variations among the animals. Since uneven drop-
out events remain as an issue in the scRNA-seq data, it would be inter-
esting to verify these scRNA-seq findings by using deconvolution of
bulk RNA-seq datasets from the same animal models. Finally, animal
models of DKD do not fully recapture the features of human DKD, it
would be critical to further validate these findings in human DKD.

In summary, we generated a comprehensive kidney transcriptomic
profile at the single-cell level in type 2 diabetic mice with DKD. We

Molecular Therapy Vol. 30 No 4 April 2022 1749


http://www.moleculartherapy.org

illustrated how PT cells respond differently to SGLT2i and ARB treat-
ment at the single-cell level. We demonstrated that SGLT2i mostly
affects mitochondrial function in PT cells, while ARB have more
anti-inflammatory and antifibrotic effects in different kidney cell
types. We also identified new clusters of PT cells that likely play an
important role in the pathogenesis of DKD. Our study provides
new insights into the pathogenesis of DKD and kidney cell-specific
responses to ARB and SGLT?2i therapy.

MATERIALS AND METHODS

Animals and experiment design

Male db/db mice (BKS.Cg-Dock7™+/+Lepr®®/Nju) were purchased
from the Model Animal Research Center of Nanjing University.
Male age-matched lean db/m mice were purchased from The Jackson
Laboratory (stock no. 000642). We used only male mice here because
these mice develop DKD more consistently than female mice. Mice
were housed in a specific pathogen-free facility with free access to
food and water and a 12:12 h night-day cycle. Male db/db mice
develop DKD defined by the development of albuminuria at 10 weeks
of age. The db/db mice were randomly assigned to four groups as
follow: treated with vehicle control (phosphate-buffered saline
[PBS]) (n = 8), treated with 3 mg/kg/day of dapagliflozin (n = 8),
treated with 20 mg/kg/day of irbesartan (n = 8), and combination
therapy with both dapagliflozin and irbesartan (n = 8). Vehicle and
drugs were administered daily by oral gavage for 8 weeks and all
mice were sacrificed at the age of 18 weeks. All animal studies were
performed under the protocol approved by the Animal Care Commit-
tee at the Chongqing Medicine University. Body weight and fasting
BG levels were monitored weekly by glucometer readings. Urine sam-
ples were collected weekly.

Measurement of BG, urinary albumin-to-creatinine ratio, and
blood urea

Fasting BG was measured using the Accu-Chek Aviva glucometer
(Roche Diabetes care) from tail vein blood samples weekly. The urine
albumin concentrations were quantified by ELISA (E80-129; Bethyl
Laboratories, Houston, TX). Urine creatinine levels of the same sam-
ples were measured by QuantiChrom Creatinine Assay Kit (DICT-
500; BioAssay Systems, Hayward, CA) according to the manufacturer’s
instructions. Blood urea was measured using the QuantiChrom Urea
Assay Kit (DIUR-100, BioAssay Systems, Hayward, CA)

Measurement of blood pressure

Systolic and diastolic blood pressure was measured using the CODA
noninvasive tail-cuff blood pressure system (Kent Scientific, Torring-
ton, CT). Mice were acclimated to the tail-cuff manometer and re-
straining device 10-20 min per day for at least 3 days before the
day of actual data acquisition. Blood pressure was collected for further
analysis.

Kidney histology

Ten percent of formalin-fixed and paraffin-embedded kidney samples
were sectioned to 4-pum thickness. Periodic acid-Schiff (PAS)-stained
kidney sections were used for the analysis of mesangial matrix expan-
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sion and glomerular area. PAS images were taken under 200x and
400x magnification (Leica Microsystems, DM4000B), and quantifi-
cation was based on an average of 50 glomeruli per section.

Transmission electron microscopy

Tissues were fixed in 2.5% glutaraldehyde with 0.1 M sodium caco-
dylate (pH 7.4) for 72 h at 4°C. Samples were post-fixed with 1%
OsO, in 0.1 M PBS (pH 7.4) for 2 h at room temperature. After
removing OsO,, tissues were rinsed in 0.1 M PBS (pH 7.4) and de-
hydrated at room temperature. Resin penetration and embedding of
samples were performed at 37°C, which was followed by incubation
with 2% uranium acetate-saturated alcohol solution. Cuprum grids
were put into the grids board and dried overnight at room temper-
ature, and grids were observed under TEM and images taken up to
1,000 x magnitude.

Preparation of single cells from kidney

The mice were anesthetized and perfused with chilled 1x PBS via the
left heart. Kidneys were removed, minced into 1-mm” pieces with a
razor blade, and incubated in 2 mL of digestion buffer containing
1 mg/mL collagenase type II (Sigma), 1 mg/mL Pronase E (Boster),
and 50 pg/mL DNase I (Roche) at 37°C for 10 min. The partially di-
gested tissue was then passed through a 100-pm cell strainer (Falcon)
into HBSS (Hank’s balanced salt solution) twice on ice and pelleted by
centrifugation (200 x g for 5 min). Then, the pellet was resuspended
in HBSS and sheared with a 27G needle to remove large clumps. They
were further filtered through a 40-pum cell strainer (Falcon) to obtain a
single-cell solution. After centrifugation, the cell pellets were incu-
bated with 3 mL of RBC lysis buffer (TTANGEN, RT122-02) to re-
move red blood cells at room temperature for 3 min. Finally, the cells
were washed and resuspended in HBSS three times to remove debris
or cell aggregates. Cell viability and number were determined using a
Countess II Automated Cell Counter (Invitrogen, C10227) after
staining with trypan blue. Using this method, we were able to generate
single-cell suspensions with >80% viability.

Sample processing, library generation, and sequencing

Single kidney cells were resuspended in HBSS to a suitable concentra-
tion (1,600,000-7,000,000 cells/mL). The viable cells were then loaded
into chromium microfluidic chips with 3’ (Gel Bead Kit v.2) chemis-
try and barcoded with a 10x Chromium Controller (10x Genomics).
RNA from the barcoded cells was subsequently reverse-transcribed to
generate cDNA and sequencing libraries were constructed with re-
agents from a Chromium Single Cell 3’ v.2 Reagent Kit (10x Geno-
mics) according to the manufacturer’s instructions. Sequencing was
performed with Illumina (NovaSeq 6000) using 150 bp paired-end
sequencing.

scRNA-seq data quality control and analysis

For each sample, the raw unique molecular index (UMI) counts of
each gene in each cell were generated using cellRanger count (cell
ranger 5.0.0 http://10xgenomics.com) with mm10 as the reference
genome. Genes expressed in fewer than 3 cells and cells expressing
fewer than 200 genes were removed, while cells expressing more
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than 5,000 genes were considered potential doublets and removed.
Cells were considered injured or apoptotic and removed when mito-
chondrial genes were >50%. We used a relatively high cutoff mito-
chondrial gene percentage for matching most PTs in our analysis
because the high baseline mitochondria and mitochondrial injury
in PTs is well known in DKD (PMID: 29622724). Raw gene UMI
counts were further normalized into counts per 10,000 and log trans-
formed using Seurat 3.1.5 (PMID: 31178118). The top 2,000 highly
variable genes were selected using Find Variable Features with the
default method, “vst”. All of the samples were finally integrated
with Seurat Integrate Data using the first 30 canonical correlation
analysis (CCAs), with the 2,000 anchors selected by Find Integration
Anchors using the first 30 CCAs. The integrated expression profile
was then scaled using Scale Data to give each gene equal weights
for downstream analysis.

Unsupervised clustering

The first 30 principal components (PCs) identified from principal-
component analysis were used to construct the K-nearest neighbor
graph using FindNeighbor, and unsupervised clustering analysis
was performed by FindClusters with the default method, the Louvain
algorithm, with a resolution of 0.8. UMAP coordinates were gener-
ated using RunUMAP with the first 30 PCs. Markers of each cell
were identified by FindAllMarkers using Wilcoxon rank-sum test.

Identification of differentially expressed genes and GO
enrichment analysis

The differentially expressed genes (DEGs) between the cells from
groups were identified with FindMarkers and genes with p < 0.01
and log fold change > 0.05 or < —0.05 and expressed in at least
10% of cells in each condition were considered significantly up- or
downregulated for further analysis. For each cell type, cells from
each condition were pooled together and compared between each
condition with the default testing method (Wilcoxon rank-sum
test). The GO enrichment for the DEGs between each two groups
was analyzed by ClusterProfiler 3.18.0 (PMID: 22455463), and GO
terms with p values less than 10~° were considered significant.

Calculation of the signature score of a gene set

The gene sets of FA metabolic process, inflammatory response, EMT,
and ATP synthesis coupled electron transport were generated from
MSigDB v.7.4 (PMID 16199517) and MGI 6.16 (PMID 30407599),
the full gene list of which is listed in Table S4. The combined signature
score was calculated using the AddModuleScore of Seurat.

Immunofluorescence

Kidney tissues from normal nephrectomy samples and biopsies from
patients diagnosed with DKD and non-DKD (AKI, IgA nephropathy,
and focal segmental glomerulosclerosis) were obtained according to
the approved protocol by the Institutional Review Board for Clinical
Study at Shanghai Jiao Tong University Affiliated Sixth People’s Hos-
pital and The First Affiliated Hospital of Chongqing Medical Univer-
sity. Paraffin-embedded mice kidney sections and human kidney ne-
phrectomy sections were deparaffinized, antigen was retrieved by heat

with citric buffer, and endogenous peroxidase was inactivated with
3% hydrogen peroxide (H,O,). Sections were then blocked with 3%
bovine serum albumin (BSA) and incubated overnight at 4°C with
primary antibody: anti-ATP11A (Invitrogen, catalog PA5-20995),
anti-GC (Invitrogen, catalog PA5-20995), or anti-KCNK1 (Novus,
NBP2-41301). The next day, sections were washed three times with
PBS and then incubated with goat anti-rabbit IgG H&L (HRP) (Ab-
cam, ab136817) and CY3-tyramide (Servicebio, G1223-50UL) for
10 min. Sections were performed at the second antigen retrieval to re-
move the first primary antibody, and then incubated overnight at 4°C
with anti-APOCS3 (Servicebio, GB112005). On the third day, sections
were again washed three times and incubated with anti-rabbit IgG
(Alexa Fluor 488 Conjugate) (CST, 4412S) for 1 h. Finally, kidney sec-
tions were stained with DAPI and mounted with reagent (Servicebio,
G1225-8).

Immunohistochemistry

Formalin-fixed and paraffin-embedded kidney sections were deparaf-
finized, and endogenous peroxidase was inactivated with 3% H,O,.
Then, sections were blocked by 3% BSA for 1 h and then incubated
with anti-F4/80 primary antibody (Abcam, ab6640) at 4°C overnight.
The next day, sections were washed three times with 1x PBS, 5 min
each, and then incubated with anti-rabbit secondary antibody for 1 h
at room temperature and developed using a DAB kit (Abcam). The
area of F4/80 was quantified by assessing the positively stained area
in 20 high power fields (40x) for each section using Image] software.

Quantitative real-time PCR

RNA was isolated from kidney tissues using TRIzol reagent (TaKaRa,
9109), cDNA was reverse-transcribed from 1 pg RNA by using the
cDNA Master kit (Roche, 5893151001), and qRT-PCR was run in
the Bio-Rad CFX96 machine using SYBR Green Master Mix (Roche,
6924204001) and gene-specific primers. The relative mRNA levels for
the specific genes were normalized to the level of Gapdh mRNA
expression. The sequences of used primers are shown in Table S8.

Data access
The scRNA-seq data have been deposited in the NCBI Gene Expres-
sion Omnibus database under the accession code: GSE181382.

Statistics
Data are presented as mean * SD. The one-way ANOVA was used for
comparisons between multiple groups using the GraphPad software
(v.8.0). Two-sided p value less than 0.05 was considered statistically
significant.

DATA AND MATERIALS AVAILABILITY
All data needed to analysis and support the conclusions in the paper
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