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Glucagon like peptide-1 (GLP-1) is a hormone produced and
released by cells of the gastrointestinal tract following meal
ingestion. GLP-1 receptor agonists (GLP-1RA) exhibit kidney-
protective actions through poorly understood mechanisms.
Here we interrogated whether the receptor for advanced
glycation end products (RAGE) plays a role in mediating the
actions of GLP-1 on inflammation and diabetic kidney
disease. Mice with deletion of the GLP-1 receptor displayed
an abnormal kidney phenotype that was accelerated by
diabetes and improved with co-deletion of RAGE in vivo.
Activation of the GLP-1 receptor pathway with liraglutide, an
anti-diabetic treatment, downregulated kidney RAGE,
reduced the expansion of bone marrow myeloid
progenitors, promoted M2-like macrophage polarization
and lessened markers of kidney damage in diabetic mice.
Single cell transcriptomics revealed that liraglutide induced
distinct transcriptional changes in kidney endothelial,
proximal tubular, podocyte and macrophage cells, which
were dominated by pathways involved in nutrient transport
and utilization, redox sensing and the resolution of
inflammation. The kidney-protective action of liraglutide
was corroborated in a non-diabetic model of chronic kidney
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disease, the subtotal nephrectomised rat. Thus, our findings
identify a novel glucose-independent kidney-protective
action of GLP-1-based therapies in diabetic kidney disease
and provide a valuable resource for exploring the cell-
specific kidney transcriptional response ensuing from
pharmacological GLP-1R agonism.
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D iabetic kidney disease (DKD) occurs in up to 40%
of individuals with diabetes and remains the pri-
mary cause of kidney failure worldwide,1–3

accounting for at least a third of all cases requiring renal
replacement therapy.4 The outlook for DKD has improved
over recent decades as a result of improved blood glucose
control, blood pressure management with an emphasis on
renin-angiotensin system blockade, and, more recently, the
use of sodium-glucose cotransporter-2 inhibitors. However,
a significant proportion of individuals with diabetes will
still progress to kidney failure or die prematurely from a
cardiovascular event.5–7

Glucagon-like peptide-1 (GLP-1) is a gut-derived incretin
hormone, which is produced and released by the L cells of the
gastrointestinal tract after meal ingestion.8 GLP-1 potentiates
glucose-dependent insulin secretion from pancreatic islets via
a single canonical receptor, the GLP-1R,8,9 but increasingly,
1
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Translational Statement

Considerable interest exists in identifying the actions of
incretin-based therapies beyond glucose lowering,
particularly in the kidney. In this study, we showed that
mice with genetic disruption of Glp1r spontaneously
develop chronic renal injury. We demonstrate that su-
perimposition of diabetes in Glpr1r-deficient mice accel-
erated diabetic kidney disease (DKD) development and
the phenotypic changes could be reversed by deletion of
the proinflammatory receptor for advanced glycation end
products (Ager). Treatment of diabetic mice with a
glucagon-like peptide-1 receptor agonist (GLP-1RA), lir-
aglutide, reduced kidney injury. Unbiased exploration
using single-cell transcriptomics of kidney identified that
GLP-1R agonism with liraglutide in diabetic mice remod-
eled a network of nutrient synthesis and transport, and
promoted redox sensing signals in the proximal tubule,
podocyte, and macrophage cell populations. Liraglutide
treatment led to dampening of inflammatory signals in
macrophages. This study demonstrates the importance of
intact GLP-1R signaling in the maintenance of kidney ho-
meostasis, provides a rationale for investigating GLP-1RA
for the treatment of non-DKDs, and highlights the
glucose-independent renal benefits of GLP-1RA.
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extrapancreatic functions of GLP-1 are being reported. Both
experimental10,11 and more recently clinical studies such as
the LEADER (Liraglutide Effect and Action in Diabetes:
Evaluation of Cardiovascular Outcome Results)12 and the
REWIND (Researching Cardiovascular Events with a Weekly
Incretin in Diabetes)13 trials using GLP-1R agonists (GLP-
1RA) such as liraglutide and dulaglutide, respectively, have
demonstrated renoprotective actions of GLP-1 receptor ago-
nism. However, whether these effects are glucose-independent
has remained difficult to determine.

Receptor for advanced glycation end products (RAGE) is a
multiligand, type 1 pattern recognition receptor and a member
of the immunoglobulin superfamily that is central in mediating
the proinflammatory actions of its ligands, including the danger-
associated molecular patterns S100 proteins (calgranulins),
AGEs, and high-mobility group box 1.14–17 Although its basal
expression is generally low, RAGE is expressed at high levels in
the vascular endothelium and leukocytes and is induced inmost
cell types after injury, hypoxia, or inflammation, including in the
kidney, in particular, the proximal tubular cells,18 podocytes,19

and mesangial cells.20–22 Our group23–25 and others26,27 have
demonstrated that the deletion of RAGE in mice confers reno-
protection via dampening effects on oxidative stress and profi-
brotic pathways, whereas RAGE overexpression accelerates
nephropathy in mouse models.28 Results from in vitro studies
have suggested that GLP-1 can modulate RAGE signaling and
expression in multiple cell types.29,30

Considerable interest exists in identifying the actions of
incretin-based therapies beyond glucose lowering, and a
direct action of GLP-1 on the kidney has been proposed.31,32
2

Although GLP-1R has been shown to be expressed within the
kidney at low levels,33–36 the role of GLP-1 signaling in the
kidney is still undefined. The present study aimed to address
the gap in our understanding of GLP-1 action in DKD by
exploring the interaction between GLP-1 and RAGE in the
kidney, in settings where glucose-lowering effects of GLP-1R
agonism are absent, such as (i) loss of function studies in
animal models with the absence of a functional GLP-1R, (ii)
gain of function signaling through the GLP-1R pathway using
a GLP-1 analog in animals with or without diabetes, and (iii)
unbiased molecular network analysis using single-cell tran-
scriptomics to assess kidney cell–specific changes in response
to pharmacologic GLP-1R signaling.

METHODS
For detailed methods, refer to Supplementary Methods. The
ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines 2.0 for experimental design and reporting animal research
were followed.37

Animal studies
Generation of RAGE x GLP-1R double knockout mice. Mice

deficient in eitherAger,Glpr1, or bothAger andGlpr1 (Ager-Glp1r��/��

double knockout [dKO]) were generated on a C57BL/6J background
(wild-type) (WT;C57BL/6J).Ager�/�micewere kindlydonatedbyProf.
Angelika Bierhaus, University of Heidelberg, Germany.38,39 Glp1r�/�

mice were kindly donated by Prof. Daniel Drucker, University of Tor-
onto, Canada.40 To generate the dKO mice, Ager�/� mice were crossed
with Glp1r�/� KO mice. The resulting Ager-Glp1rþ�/þ� heterozygous
mice were crossed and, after 4 generations, theAger-Glp1r��/��mouse
was generated, and a colony was established from these founders. The
colony wasmaintained asAger-Glp1rþ�/þ� heterozygous mice in order
to obtain WT littermates. For details of chemical-induced diabetes and
study protocol, refer to Supplementary Methods.

Ins2Akita mice. Diabetic Ins2Akita mice (C57BL/6-Ins2Akita/J) and
their WT counterparts were purchased from the Jackson Laboratory
(Strain #003548), and at 6 weeks of age, male WT or heterozygous
Ins2Akita mice were randomly assigned to receive either vehicle (phos-
phate-buffered saline/Tween 80) or liraglutide (Lira, 50 mg/kg) by daily
subcutaneous injection for 20 weeks (n ¼ 12 mice per group), or the
angiotensin-converting enzyme inhibitor (ACEi) perindopril (2mg/kg)
provided in the drinking water. A separate group of heterozygous
Ins2Akita mice were administered a combination therapy consisting of
liraglutide andperindopril (LþA) for 20weeks (n¼ 12mice per group).

Rat subtotal nephrectomy model. Female Fischer 344 rats
(Charles River) aged 8 weeks were randomized to undergo subtotal
nephrectomy (SNx) or sham surgery, as previously described.41 Briefly,
animals were anesthetized with 2.5% isoflurane, the right kidney was
removed via subcapsular nephrectomy, and infarction of approximately
two-thirds of the left kidney was achieved via selective ligation of 2 of
the 3 or 4 branches of the left renal artery. Sham surgery consisted of
laparotomy and manipulation of both kidneys before wound closure.
One week after surgery, rats were randomized to receive liraglutide
(Novo Nordisk Canada Inc.) 0.2 mg/kg twice daily subcutaneously42 or
phosphate-buffered saline (n ¼ 6–12 per group) for 7 weeks.

Statistical analysis
Data are expressed as means � SD, unless otherwise stated. The an-
alyses of experimental data were performed by either 1-way or 2-way
Kidney International (2023) -, -–-
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analysis of variance followed by post hoc analysis using the Tukey test
or unpaired Student t tests. Outliers were identified and excluded
using the ROUT (Robust Regression Outlier Removal) test. Data for
albuminuria were not normally distributed and therefore analyzed
after logarithmic transformation. The level of statistical significance
was set a priori at P < 0.05. GraphPad Prism (version 9.3.1) was used
for all statistical analyses.

RESULTS
Loss of GLP-1R drives a renal phenotype that is accelerated
by diabetes
GLP-1-based therapies are thought to directly influence renal
physiology and have indirect metabolic and hemodynamic
actions that might reduce renal risk in diabetes; however, GLP-
1 action on the kidney is not well understood.31 Accordingly, to
explore the physiological involvement of the GLP-1R signaling
pathway in the regulation of kidney function, we studied mice
with global genetic deletion of the receptor Glp1r (Glpr1r�/�

mice) and their WT littermates (C57BL/6 background)
(Figure 1a). After 24 weeks of observation, Glp1r�/� mice
spontaneously developed kidney injury as shown by albu-
minuria (Figure 1b), a reduction in plasma cystatin C
(Figure 1c), an increase in cortical fibronectin deposition
(Figure 1d), and glomerulosclerosis (Figure 1e and f).

We next assessed the susceptibility of mice with GLP-1R
deficiency and experimental diabetes to the development of
DKD by injecting Glpr1r�/� mice with streptozotocin (STZ)
to induce insulin deficiency resembling type 1–like diabetes.
Glpr1r�/� mice injected with STZ exhibited worsened albu-
minuria compared with either Glpr1r�/� mice in the absence
of STZ or WT STZ-treated mice (Figure 1b). Together, these
data highlight the importance of an intact GLP-1 signaling
pathway in maintaining kidney health.

Genetic deletion of RAGE in Glp1rL/L mice improves
diabetes-associated kidney injury
Our group23–25 and others26,27 have demonstrated that the
deletion of RAGE confers a protective effect on kidney
function, and previous in vitro work has suggested that GLP-
1 can interfere with RAGE signaling.29,30 To ascertain
whether the loss of RAGE attenuates renal injury in the
absence of the GLP-1R, we deleted RAGE in Glpr1r-deficient
mice by cross-breeding Ager�/� mice with Glpr1r�/� mice to
produce Ager�/�:Glp1r�/� dKO mice and studied these mice
in the presence or absence of STZ-induced diabetes for 24
weeks (Figure 2a). The deletion of RAGE protein in the
kidneys of the Ager�/� mouse and the dKO mouse was
confirmed by the enzyme-linked immunosorbent assay of
plasma membrane–enriched extracts of the kidney cortex
(Figure 2b). The absence of GLP-1R in the Glpr1r�/� single
and dKO mice was confirmed by quantitative polymerase
chain reaction of the kidney cortex (Figure 2c). Primer se-
quences are reported in Supplementary Table S1.

After 24 weeks, STZ diabetic mice displayed reduced body
weight (Supplementary Figure S1A), increased food intake
(Supplementary Figure S1B), increased blood glucose
(Supplementary Figure S1C), and glycated hemoglobin
Kidney International (2023) -, -–-
(Supplementary Figure S1D), which was consistent across ge-
notypes. Water intake (Supplementary Figure S1E) and urine
output (Supplementary Figure S1F) were similarly increased in
all diabetic mice and were not differentially affected in the KO
mice. These data indicate that the deletion of either Ager, Glp1r,
or both Ager and Glp1r simultaneously does not alter glycemic
control nor feeding behaviors in mice with STZ-induced dia-
betes, indicating that the renal phenotypes observed were in-
dependent of differences in metabolic control.

RAGE protein was upregulated in the kidneys of nor-
moglycemic Glpr1r�/� mice (Figure 2b). In the setting of
STZ diabetes, RAGE protein was further upregulated in STZ-
treated WT and Glpr1r�/� mice (Figure 2b). In WT diabetic
mice, Glp1r mRNA expression was downregulated in the
kidney compared with nondiabetic controls (Figure 2c), yet a
reduction of Glp1r mRNA expression was not observed in
Ager�/� diabetic mice. Consistent with previous observa-
tions from our laboratory23–25 and others,26,27 the extent of
albuminuria was reduced in Ager�/� mice with diabetes
(Figure 2d). In contrast, Glp1r�/� mice with STZ diabetes
exhibited increased albuminuria (Figure 2d). Deleting Ager
and Glp1r in mice (dKO) attenuated albuminuria in the
setting of diabetes (Figure 2d), indicating that RAGE is
essential for increased albumin excretion rate in Glp1r�/�

mice. Further investigation of the renal phenotype revealed a
significant effect of diabetes status on plasma cystatin C,
with a reduction in WT diabetic mice, which was not
influenced by the deletion of Ager or Glp1r (Figure 2e). The
glomerular sclerotic index histology score, although
increased in WT diabetic mice and Glp1r�/� mice, was not
increased in Ager�/� mice or dKO mice (Figure 2f and g).
Ager�/� mice with diabetes had lower glomerular sclerotic
index scores than WT diabetic mice, indicating a protective
effect of Ager deletion on glomerulosclerosis (Figure 2f). The
deletion of Ager may primarily act on structural rather than
functional parameters with an effect on alleviating glomer-
ular injury; the effect on albumin is presumed to be related
to the amelioration of diabetes-associated podocyte injury.

The presence of kidney injury molecule (KIM)-1 in the
urine is consistent with proximal tubular injury.43 WT diabetic
mice exhibited an increase in urinary KIM-1, and this was also
seen in diabetic Glp1r�/� mice (Figure 2h). However, the
deletion of Ager ameliorated the diabetes-induced excretion of
KIM-1 (Figure 2h). Deleting both Ager and Glp1r (dKO)
significantly reduced urinary KIM-1 in the context of diabetes.
In addition, diabetes induced an increase in renal fibronectin
expression in WT mice (Figure 2i). The deletion of Ager but
not Glp1r decreased diabetes-induced fibronectin deposition.
In the dKO mouse, fibronectin was reduced (Figure 2i), which
is comparable to that seen in the RAGE KO mouse. Taken
together, these data identify a role for GLP-1R deficiency in
conferring susceptibility to kidney injury and worsening DKD
outcome in an experimental model of diabetes.

GLP-1R belongs to the B family subclass of G protein–
coupled receptors. GLP-1R preferentially couples to GaS-regu-
lated pathways, favoring the production of cyclic adenosine
3



Figure 1 | Glucagon-like peptide-1 receptor (GLP-1R) deficiency is a susceptibility factor for nephropathy contributing to
worsened diabetic kidney disease. (a) Schematic depicting the streptozotocin (STZ)-induced diabetes paradigm in wild-type (WT)
and Glp1r�/� mice. After diabetes induction, mice were followed for 24 weeks. (b) Urinary albumin-to-creatinine (ACR) ratio and
(c) plasma cystatin C. (d) Fibronectin in the kidney cortex. (e) Glomerular sclerotic index was quantitated using periodic acid–
Schiff (PAS) staining and light microscopy under original magnification of �400. (f) Representative PAS-stained kidney sections.
Original magnification �400 and Bar ¼ 25 mm. Data are presented as mean � SD (n ¼ 5–10 per group). Dots represent individual
mice. P values were determined by 2-way analysis of variance with the Tukey multiple comparison test. *P < 0.05 versus WT,
***P < 0.001 versus WT, ****P < 0.0001 versus WT, ##P < 0.01 versus Glp1r�/�, ††P < 0.01 versus WT STZ. Glp1r�/�, Glp1r
knockout mice; WOA, week of age. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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monophosphate through increasing adenylate cyclase activity44

and promoting the activation of signaling pathways coupled to
protein kinase A (PKA). To establish that the decline in GLP-1R
in the kidney in diabetes (WT mice) resulted in a decrease in
GLP-1R canonical signaling, PKA activity was determined.
Indeed, the decline in GLP-1R within the WT diabetic kidney
was associated with a concomitant decrease in PKA activity
4

compared with WT control (Supplementary Figure S2A).
Moreover, RAGE-nullmice with diabetes exhibited no change in
kidney PKA activity compared with WT control or RAGE-null
nondiabetic controls. Normoglycemic control mice with a
deletion inGlp1r also exhibited reduced PKA activity. dKOmice
did not have altered PKA activity in the diabetic setting
(Supplementary Figure S2A). To assess pathophysiological
Kidney International (2023) -, -–-
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Figure 2 | Deletion of receptor for advanced glycation end products (RAGE) (Ager) in Glp1rL/L mice (Ager-Glp1rLL/LL mice)
reverses key phenotypic changes in the setting of diabetic kidney disease. Wild-type (WT), Glp1rL/L mice, AgerL/L mice, and

ðcontinuedÞAger-Glp1rLL/LL mice (dKO) with or without streptozotocin (STZ)-induced diabetes were followed for 24 weeks. (a) Schematic
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pathways typically observed in DKD, wemeasured the levels of a
marker of oxidative stress. Isoprostanes are prostaglandin-like
compounds that are produced by free radical-mediated peroxi-
dation of lipoproteins. Mice with diabetes had enhanced
oxidative stress as reflected by an increase in urinary excretion of
15-isoprostane F2t, which was dampened in response to the
deletion of RAGE (Supplementary Figure S2B). Although
Glp1r�/� mice did not display protection against diabetes-
induced oxidative stress, urinary levels of 15-isoprostane F2t
were attenuated by co-deletion of Ager and Glp1r (dKO)
(Supplementary Figure S2B). These data support the importance
of RAGE in the development of kidney injury inGlp1r�/�mice.

The GLP-1R agonist liraglutide reverts podocyte injury and
DKD
With our findings suggesting that GLP-1R deficiency exacer-
bates kidney injury in DKD, we next examined the actions of
the clinically used GLP-1RA liraglutide in the insulin-2 Akita
(Ins2Akita) mouse. These animals develop pancreatic b-cell
failure as a result of b-cell–selective proteotoxicity resulting
from misfolding of insulin2 (Ins2)45 and are a model of severe
insulin deficiency suitable for the analysis of DKD.46 Because
the blockade of the renin-angiotensin system is the gold
standard approach to slow the progression of DKD in subjects
with diabetes, the ACEi perindopril was used alone, or in
combination with liraglutide (L þ A). Mice were treated from
6 weeks of age and followed for 20 weeks (Figure 3a). At the
end of the study, blood glucose (Supplementary Figure S3A),
glycated hemoglobin (Supplementary Figure S3B), food
intake (Supplementary Figure S3C), water intake
(Supplementary Figure S3D), and urinary output
(Supplementary Figure S3E) were increased and body weight
was reduced (Supplementary Figure S3F) in diabetic Ins2Akita

mice relative to WT controls. The administration of liraglu-
tide (Lira), the ACEi perindopril, or coadministration of both
liraglutide and perindopril (L þ P) did not alter any of these
parameters (Supplementary Figure S3A–F).

Ins2Akita mice exhibited an increase in albuminuria relative
to the WT littermate controls (Figure 3b). After 20 weeks of
treatment, albuminuria was reduced with liraglutide or peri-
ndopril or their combination (Figure 3b). Ins2Akita mice had a
decrease in plasma cystatin C, and this was unaltered by lir-
aglutide or perindopril alone or together (Figure 3c). Glo-
merulosclerosis was evident in Ins2Akita mice and was reduced
in liraglutide- but not perindopril-treated mice (Figure 3d and
e). Transmission electron microscopy was performed in a
subset of kidneys from control, diabetic, and diabetic mice
=

Figure 2 | (continued) depicting the diabetes STZ paradigm in the various
the enzyme-linked immunosorbent assay (ELISA). (c) Glp1r mRNA express
kidney cortex. (d) Urinary albumin excretion rate (AER) as determined
measured by the ELISA. (f) Glomerular sclerotic index (GSI) histology sco
microscopy under original magnification of �400. (g) Representative GS
KIM-1 as determined by the ELISA in 24-hour urine collections. (i) Fibro
5–10 per group). Dots represent individual mice. P values were determin
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. dKO, double kno
not detectable; WOA, week of age. To optimize viewing of this image, ple
org.
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treated with liraglutide. Image analysis of the glomerular
basement membrane (GBM) demonstrated that GBM thick-
ening was evident in the diabetic mice and that this GBM
thickening was reversed with administration of liraglutide
(Figure 3f and g). Liraglutide also restored the number of foot
processes in podocytes per length of GBM in Ins2Akita mice
(Figure 3h), but it did not improve markers of tubular injury
(urinary KIM-1) as was seen with the ACEi (Figure 3i).
Furthermore, consistent with a liraglutide-mediated reduction
in kidney fibrosis, levels of active transforming growth factor-
b1 protein expression (Figure 3j), and glomerular fibronectin
deposition, as measured by immunohistochemistry, were
reduced in the renal cortex of liraglutide-treated mice
(Figure 3k and l), emphasizing the protective role of GLP-1R
agonism against podocyte injury and DKD.

Vehicle-treated Ins2Akita mice showed reduced Glp1r
expression (Supplementary Figure S4A) and PKA activity
(Supplementary Figure S4B) in the kidney cortex compared
with WT control mice. In Ins2Akita mice, liraglutide partially
restored Glp1r expression (Supplementary Figure S4A) and
reversed the decrease in PKA activity (Supplementary
Figure S4B). Vehicle-treated Ins2Akita mice showed the upre-
gulation of Ager expression (Supplementary Figure S4C) and
RAGE protein (Supplementary Figure S4D) in the kidney
cortex compared with WT control mice. In contrast, liraglutide
downregulated kidney Ager expression (Supplementary
Figure S4C) and RAGE protein (Supplementary Figure S4D)
in Ins2Akita mice, providing further evidence linking GLP-1R
signaling to attenuation of RAGE activity.

Liraglutide attenuates diabetes-induced myelopoiesis and
promotes the resolution of kidney inflammation
Because previous studies have shown that hyperglycemia
associated with diabetes promotes enhanced myelopoiesis via
RAGE and its ligands47 and emerging evidence indicates that
GLP-1-based therapies exhibit anti-inflammatory proper-
ties,48,49 we explored key signals involved in “sterile”
inflammation in Ins2Akita mice treated with liraglutide. Ca-
nonical pathway activation of the pivotal mediator of
inflammation, nuclear factor kB (p65), in the diabetic kidney
was suppressed by liraglutide and perindopril (Figure 4a).
Dysregulated innate immune responses mediated by macro-
phages are commonly observed in progressive renal injury.50

Monocyte chemoattractant protein (MCP)-1 (also known as
CC chemokine ligand 2) triggered upon exposure to in-
flammatory stimuli drives the chemotaxis of myeloid and
lymphoid cells, regulating migration and infiltration of
mouse genotypes. (b) Protein expression of RAGE was determined by
ion was determined by quantitative polymerase chain reaction in the
by the ELISA in 24-hour urine collections. (e) Plasma cystatin C was
re. GSI was quantitated using periodic acid–Schiff staining and light
I images. Original magnification �400 and Bar ¼ 20 mm. (h) Urinary
nectin in the kidney cortex. Data are presented as mean � SD (n ¼
ed by 2-way analysis of variance with the Tukey multiple comparison
ckout; Glp1r�/�, Glp1r knockout mice; KIM, kidney injury molecule; ND,
ase see the online version of this article at www.kidney-international.
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Figure 3 | Treatment with the glucagon-like peptide-1 receptor (GLP-1) receptor agonist liraglutide ameliorates podocyte injury and
diabetic kidney disease. Ins2Akita mice were treated with liraglutide, the angiotensin-converting enzyme inhibitor (ACEi) perindopril, or a
combination of liraglutide and perindopril for 20 weeks. (a) Schematic depicting the treatment regimen. (b) Urinary albumin excretion rate

ðcontinuedÞ(AER) as determined by the enzyme-linked immunosorbent assay (ELISA) in 24-hour urine collections. (c) Plasma cystatin C was
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monocytes/macrophages to the sites of inflammation pro-
duced by tissue injury.51 Indeed, MCP-1 protein expression
was upregulated in the kidney cortex in vehicle-treated
Ins2Akita mice (Figure 4b). Both liraglutide and perindopril
suppressed MCP-1 protein expression to a similar extent
(Figure 4b). Interleukin-10 is a potent anti-inflammatory
cytokine released from leukocytes and nonimmune cells,
such as epithelial cells, and resolves inflammation and tissue
injury, with monocytes and macrophages being the primary
target.52 Liraglutide-treated but not perindopril-treated
Ins2Akita mice displayed enhanced interleukin-10 protein
expression in the kidney cortex (Figure 4c). The differentia-
tion and polarization of macrophages into proinflammatory
“M1” and anti-inflammatory “M2” states denote the 2
extreme maturation programs of macrophages during tissue
injury.53,54 Our data indicate that signaling through the GLP-
1 pathway promotes an M2-like macrophage phenotype,
suggestive of resolving inflammation.

Because of potential effects of liraglutide in resolving
inflammation, we next investigated the possibility that this
may be associated with effects on progenitor cells of the
monocyte/macrophage lineage within the bone marrow. Flow
cytometric analysis of bone marrow showed a diabetes-
induced expansion of bone marrow–derived hematopoietic
stem and multipotent progenitor cells (Figure 4d), gran-
ulocyte macrophage progenitor cells (Figure 4e), and com-
mon myeloid progenitor cells (Figure 4f), all of which were
attenuated with administration of liraglutide, but not with
perindopril. Together, these data demonstrate the anti-
inflammatory nature of liraglutide, which extends to a
reduction in the extent of enhanced myelopoiesis in the bone
marrow and an inflammation-resolving macrophage pheno-
type in the local renal microenvironment.

We next examined the consequences of loss of GLP-1R
signaling on these parameters. Kidney cortical nuclear fac-
tor kB (p65) DNA-binding activity and kidney cortical
MCP-1 protein expression were increased Glp1r�/� mice
compared with their WT counterparts (Supplementary
Figure S5A and B). Flow cytometric analysis of bone
marrow showed an expansion of bone marrow–derived
hematopoietic stem and multipotent progenitor cells
(Supplementary Figure S5C), granulocyte macrophage pro-
genitor cells (Supplementary Figure S5D), and a trend to-
ward an increase in common myeloid progenitor cells
(Supplementary Figure S5E, P ¼ 0.08) in the Glp1r�/� versus
=

Figure 3 | (continued) measured by the ELISA. (d) Glomerular sclerotic
Schiff (PAS) staining and light microscopy under original magnificatio
magnification �400 and Bar ¼ 25 mm. (f) Representative transmission
glomerular podocytes demonstrating thickening of the glomerular basem
the wild-type (WT) control and prevention by liraglutide. Images also sho
(h) Podocyte foot processes per 100 mm GBM. (i) Urinary kidney injury mo
(j) Activated transforming growth factor-b1 (TGF-b1) protein in the kidn
Representative images (Bar ¼ 25 mm). Data are presented as mean � SD
determined by 1-way analysis of variance with the Tukey multiple comp
Ins2Akita perindopril; Con, WT; Lira, Ins2Akita liraglutide; L þ A, Ins2Akita li
optimize viewing of this image, please see the online version of this art
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WT mice revealing a proinflammatory renal phenotype and
dysregulated hematopoiesis in mice with loss of GLP-1R
signaling.

Transcriptional profiling at the single-cell level reveals a
unique expression network in the kidney in response to
pharmacologic activation of GLP-1R signaling
Given the cellular heterogeneity of the kidney, single-cell
sequencing was used to map the cell-specific transcriptional
response to liraglutide administration in mice with DKD. We
conducted an unbiased genome-wide expression profiling of
individual cells freshly dissociated from the kidney of Ins2Akita

mice with and without 20 weeks of liraglutide therapy
(Figure 5a). After initial quality filtering of demultiplexed
counts, a combined 16,015 single-cell profiles across samples
remained for further integration and clustering using the R
package Seurat. Specific gene marker expression was exam-
ined to assign identity to clustered cell profiles, as shown in
Figure 5b, including proximal tubule: (Slc27a2); endothelial:
(Emcn); distal tubule: (Slc12a3); podocyte: (Nphs1); loop
Henle: (Slc12a1); macrophage: (Cd68); collecting duct
(intercalated): (Atp6v0d2); collecting duct (principal):
(Hsd11b2); B-lymphocytes: (Cd79a); T-lymphocyte/N-killer:
(Cd3g), Gzma; mesangial: (Myl9); neutrophil: (S100a8); jux-
taglomerular/granular: (Ren1). Fifteen distinct clusters were
identified and mapped according to gene expression repre-
senting the major cell types found in the kidney,55,56

including several immune cell types (Figure 5c). Cluster
distribution by the experimental group (Figure 5d) showed
that each group contributed cells to every cluster, indicating
the absence of dissociation bias. There was no change in the
cell number in mice with diabetes after treatment with lir-
aglutide compared with diabetic mice (Figure 5e). Overall, the
heat map illustrates that liraglutide rescued gene expression
changes induced by DKD across all major renal cell types
(Figure 5f).

Distinct cell types responded differently to liraglutide
(Figure 6a). For example, fatty acid–binding protein-4 (Fabp4)
was upregulated in endothelial cells in DKD and down-
regulated by liraglutide (Figure 6a), but this change was not
identified in other cell types. The top differentially expressed
gene (DEG) in proximal tubular cells in DKD was DEPP1
autophagy regulator (8430408G22Rik), and this was reduced
in mice treated with liraglutide (Figure 6a). In podocytes,
Ndufs5, a subunit of mitochondrial complex I of the
index (GSI) histology score. GSI was quantitated using periodic acid–
n of �400. (e) Representative PAS-stained kidney sections. Original
electron micrographs (viewed at original magnification �3000) of
ent membrane (GBM, orange arrows) in Ins2Akita mice compared with
w change in podocyte foot processes (Bar ¼ 2 mm). (g) GBM thickness.
lecule (KIM)-1 as determined by the ELISA in 24-hour urine collections.
ey cortex. (k) Fibronectin in glomeruli by immunohistochemistry. (l)
(n ¼ 3–12 per group). Dots represent individual mice. P values were
arison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ACEi,
raglutide þ perindopril; Veh, Ins2Akita vehicle; WOA, week of age. To
icle at www.kidney-international.org.
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Figure 4 | Liraglutide attenuates receptor for advanced glycation end product (RAGE)-mediated myelopoiesis and influences
macrophage polarization, dampening kidney inflammation. Ins2Akita mice were treated with liraglutide, the angiotensin-converting
enzyme inhibitor (ACEi) perindopril, or a combination of liraglutide and perindopril for 20 weeks. (a) Nuclear factor kB (NF-kB) DNA-binding
activity in the kidney cortex. (b) Kidney monocyte chemoattractant protein (MCP)-1 protein. (c) Kidney interleukin (IL)-10 protein. Bone
marrow–derived progenitor cells were measured by flow cytometry: (d) hematopoietic stem and multipotent progenitor cells (HSPC), (e)
granulocyte macrophage progenitor cells (GMP), and (f) common myeloid progenitor cells (CMP). Data are presented as mean � SD (n ¼ 4–
12 per group). Dots represent individual mice. P values were determined by 1-way analysis of variance with the Tukey multiple comparison
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ACEi, Ins2Akita perindopril; Con, WT; Lira, Ins2Akita liraglutide; L þ A, Ins2Akita

liraglutide þ perindopril; Veh, Ins2Akita vehicle.
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respiratory chain, was downregulated in DKD and restored
with liraglutide (Figure 6a). To gain biological insight into the
gene expression data, gene set enrichment analysis was
Kidney International (2023) -, -–-
performed. This revealed that liraglutide therapy induced
changes in genes participating in a number of inflammatory,
metabolic, and redox sensing pathways, which were altered
9



Figure 5 | Liraglutide remodels the kidney transcriptional network in diabetes. Single-cell RNA sequencing was performed to distinguish
kidney cell populations in Ins2Akita mice treated with Lira. Cells were captured and visualized by t-distributed stochastic neighbor embedding
(tSNE). (a) Workflow of renal single-cell RNA sequencing data creation. (b) Cluster identities verified by the expression of specific marker genes

ðcontinuedÞincluding proximal tubule: Slc27a2, endothelial: Emcn, distal tubule: Slc12a3, podocyte: Nphs1, loop of Henle (LOH): Slc12a1,
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with diabetes (Figure 6b). Pathways induced by diabetes and
suppressed by liraglutide included, among others, heat-shock
protein signaling, mitochondrial metabolic pathways consist-
ing of pyruvate metabolism and citric acid cycle, mitochondrial
fatty acid b-oxidation, respiratory electron transport, and
complex I biogenesis (Figure 6b). This mitochondrial signature
was dominant in endothelial cells and proximal tubular cells.
In addition, FOXO-mediated gene transcription and the
solute-carrier gene superfamily pathways were dampened by
liraglutide. Inflammasome pathways were also modulated by
liraglutide therapy, with Il1b in natural killer cells decreasing,
and distinct to macrophages, liraglutide rescued the diabetes-
induced CLEC7A/inflammasome and NLRP3-inflammasome
pathways (Figure 6b). The podocyte also displayed an in-
flammatory signature that was partly remodeled with liraglu-
tide (Supplementary Figure S6). Supplementary Figure S7
shows the top 200 differentially expressed genes in the podo-
cyte in response to liraglutide. Next, we wanted to see which
cell types expressed Ager and Glp1r. Ager was detected in the
Ins2Akita mouse kidney in endothelial cells, proximal tubular
cells, distal tubular cells, and most predominantly, the podo-
cytes (Supplementary Figure S8), with increased expression
compared with control. Liraglutide treatment downregulated
Ager in all of these cell types except endothelial cells. Inter-
estingly, liraglutide led to an upregulation of Ager in B cells
(Supplementary Figure S8). Glpr1r was below the limit of
detection in our single-cell sequencing analysis.

We next explored some of the over-represented pathways
highlighted by gene set enrichment analysis, which were
downregulated in diabetes and restored in diabetic mice
treated with liraglutide (Figure 6b). Gene networks relating to
the resolution of inflammation predominated, including
pathways such as interleukin-15 signaling and the heat shock
protein 90 chaperone cycle for steroid hormone receptors,
with Hsp90ab1 expression restored by liraglutide, and ATF6
(activating transcription factor 6 alpha) activates chaperone
genes, prolactin receptor signaling, activation of BAD and
translocation to mitochondria, Tie2 signaling, vascular
endothelial growth factor receptor-2–mediated vascular
permeability, and binding and uptake of ligands by scavenger
receptors (Figure 6b).

A spreadsheet summarizing the DEGs across experimental
groups by cell cluster can be found in Supplementary Data
File 2. Of particular interest was the identification of the
following 3 genes: Slc6a19, Txnip, and Slc11a1 (Figure 6c).
The Slc6a19 transcript level was increased in diabetes and
decreased after liraglutide treatment (Figure 6c). Slc11a1 was
=

Figure 5 | (continued) macrophage: Cd68, collecting duct (CD) (interca
Cd79a, T-lymphocyte/N-killer: Cd3g, Gzma, mesangial: Myl9, neutrophil
detection of gene expression, and gray indicates no expression/below
expression of marker genes. (d) Cluster distribution by the experim
Diabetic þ liraglutide [DL]). (e) Cell counts (percentages) in renal cell po
mice with and without liraglutide treatment. Data are displayed as mean
changes in proximal tubule cells, endothelial cells, distal tubule cells, pod
versus liraglutide-treated mice (bottom). P values were determined by 1-w
0.05. CV, WT control vehicle; DL, Ins2Akita liraglutide; DV, Ins2Akita vehicle
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upregulated uniquely in the macrophage cell population in
diabetes and was decreased with liraglutide treatment
(Figure 6c). Txnip was a key signaling node reflected across
proximal tubule cells, podocytes, macrophages, and endo-
thelial cells in the Ins2Akita mouse and was downregulated by
liraglutide (Figure 6c). This expression pattern was verified in
the kidney cortex using targeted quantitative polymerase
chain reaction (Figure 6d). Consistent with redox regulation,
Depp/Depp1/c10orf10 was induced in diabetes and reduced
with liraglutide treatment in several cell clusters, notably
proximal tubule cells (Supplementary Figure S9).

Liraglutide provides kidney protection and dampens RAGE
activation in a nondiabetic rodent model of chronic kidney
disease
We next aimed to corroborate these findings in a nondiabetic
model of kidney injury, the subtotal nephrectomized (SNx)
rat. Eight-week-old Fisher rats underwent Sham or 5/6 ne-
phrectomy and were treated for 7 weeks after surgery with
liraglutide 0.2 mg/kg twice daily subcutaneously,42 or
phosphate-buffered saline vehicle (n ¼ 6–12 per group)
(Figure 7a). A small difference in body weight was observed in
the Sham þ Lira, SNx, and SNx þ Lira group relative to the
Sham group (Figure 7b). There was no change in glucose
control as evidenced by glycated hemoglobin, thus indicating
that any benefits to the kidney seen in this model were in-
dependent of changes in glycemia (Figure 7c). Left kidney
weight to body weight ratio was elevated in both the SNx and
SNx þ Lira groups relative to the Sham groups (Figure 7d).
Systolic blood pressure was elevated in the nephrectomized
rats and not altered with liraglutide therapy (Figure 7e).
Albuminuria (Figure 7f) and urinary albumin-creatinine ratio
(Figure 7g) were increased in nephrectomized rats, and urine
albumin-creatinine ratio was reduced by liraglutide. Likewise,
plasma creatinine was increased in the SNx model; however,
there was no change with liraglutide (Figure 7h). An increase
in urinary KIM-1 was evident in nephrectomized rats, and
this was decreased with liraglutide therapy (Figure 7i). Glo-
merulosclerosis was increased in the SNx group and improved
with liraglutide (Figure 7j). We next assessed whether the
renal structural and functional changes seen in the SNx
groups were associated with changes in local RAGE expres-
sion in the kidney. The SNx group exhibited increased kidney
RAGE protein expression relative to Sham, and this was
prevented by liraglutide therapy (Figure 7k and l), demon-
strating RAGE suppression by liraglutide in the absence of
diabetes.
lated): Atp6v0d2, collecting duct (principal): Hsd11b2, B-lymphocytes:
: S100a8, and juxtaglomerular (JG)/granular: Ren1. Red indicates the
the limit of detection. (c) Cluster identity mapping according to the
ental group (Control þ Vehicle [CV], Diabetic þ Vehicle [DV], and
pulations from single-cell transcriptomic analysis in WT and Ins2Akita

� SD (n ¼ 4 mice/group). *P < 0.05. (f) Heat map of gene expression
ocytes, macrophages, and mesangial cells in vehicle-treated mice (top)
ay analysis of variance with the Tukey multiple comparison test. *P <
; NK, natural killer; WT, wild type.
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Figure 6 | Gene set enrichment analysis (GSEA) reveals novel pathways influenced by liraglutide in diabetic kidney disease (DKD). (a)
Dot plot depicting top 5 cell-specific, upregulated, and downregulated genes during DKD (Ins2Akita vehicle, DV vs. control vehicle, CV) and in
response to liraglutide in diabetes (Ins2Akita liraglutide, DL vs. DV). Color gradient indicates DEG enrichment score whereby red ¼ higher
expression and blue ¼ lower expression of set genes. (b) Reactome GSEA of differential expression for the effect of diabetes “DV versus CV”
and the effect of liraglutide in diabetes “DL versus DV” for clusters including proximal tubule, distal tubule, endothelial, podocyte, and
macrophage. Color gradient indicates GSEA enrichment score, whereby red ¼ higher expression and blue ¼ lower expression of set genes. (c)
Bar plots showing differential expression of specific genes including Txnip, Slc6a19, and Slc11a1. Bars indicate average log fold change (logFC)
for contrasts of diabetes “DV versus CV” and the effect of liraglutide in diabetes “DL versus DV” across 5 cell types. (d) Txnip by quantitative
polymerase chain reaction in the total kidney cortex. Data are presented as mean � SD (n ¼ 11–12 per group). Dots represent individual mice.
P values were determined by 1-way analysis of variance with the Tukey multiple comparison test. *P < 0.05, ***P < 0.001. ATF6, activating
transcription factor 6; DEG, differentially expressed gene; GTPases, guanosine triphosphatases; HSF1, heat shock factor 1; HSP90, heat shock
protein 90; LOH, loop of Henle; NK, natural killer; PDGFR, platelet-derived growth factor receptor; PTC, proximal tubular cell; SLC, solute carrier;
VEGFR2, vascular endothelial growth factor receptor-2.
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DISCUSSION
This study has demonstrated that GLP-1R signaling is an
important pathway for controlling nonresolving inflamma-
tion in the kidney during diabetes and that loss of the GLP-1R
leads to RAGE activation, inflammation, and kidney disease.
Ablation of the GLP-1R caused progressive chronic kidney
disease, which was accompanied by marked kidney RAGE
upregulation and enhanced susceptibility to DKD. Kidney
injury in Glp1r�/� mice could be rescued by RAGE deletion.
GLP-1R agonism with liraglutide suppressed kidney RAGE
expression and improved kidney injury in 2 distinct models of
progressive chronic kidney disease, independent of glucose
lowering. In mice with experimental diabetes, GLP-1R ago-
nism reduced the expansion of bone marrow myeloid pro-
genitor cells, promoted M2-like macrophage polarization,
and suppressed inflammasome activation. GLP-1R agonism
also led to signals of metabolic adaptation and tissue repair
across key kidney cell populations. Collectively, these results
identify novel pathways of kidney repair for GLP-1R agonism.

GLP-1RA are effective blood glucose–lowering therapies
that are transforming the management of type 2 diabetes with
an associated reduction in DKD and cardiovascular disease
risk;57,58 however, their mechanisms of action in reducing end-
organ injury are incompletely understood. Given the impres-
sive clinical responses to GLP-1RA therapy, understanding the
central mechanisms by which incretins alter metabolism,
including within the kidney, is of critical importance. The
current study aimed to characterize the role of GLP-1 in kidney
function, and indeed GLP-1 was found to be crucial for kidney
homeostasis. We showed that mice with genetic disruption of
Glp1r spontaneously develop renal injury exhibited by albu-
minuria, glomerular hyperfiltration, and fibrosis. When dia-
betes was chemically induced in Glpr1r-deficient mice, kidney
injury was accelerated, beyond that observed in diabetic WT
mice, as reflected by albuminuria and worsening DKD. Taken
together, these findings confirm a role for the endogenousGLP-
1R in conferring susceptibility to kidney injury.

We then showed that the development of STZ diabetes was
associated with an increase in kidney RAGE expression and a
decrease in GLP-1R expression. The deletion of RAGE (RAGE
KO mice) prevented the decrease in GLP-1R, whereas Glp1r�/

� mice showed RAGE upregulation, demonstrating cross-talk
between these 2 pathways. To further explore regulation of
these pathways in vivo, we generated a dKO mouse model
where both RAGE and GLP-1R were deleted. The dKO mice
exhibited a similar renoprotective phenotype to that of the
RAGE KO mouse alone. This suggests that preventing RAGE
signaling in the absence of GLP-1 is protective, emphasizing a
dominant role for RAGE in DKD progression. Indeed, there is
a large body of clinical and experimental evidence that the
AGE-RAGE axis contributes to the onset and progression of
DKD. We confirmed that genetic deletion of RAGE affords
renoprotection, leading to reduced inflammation and fibrosis,
as previously shown by our group and others.23–25,59

We next characterized changes in the kidney in response
to therapy with a GLP-1RA used at a dose that did not
Kidney International (2023) -, -–-
reduce blood glucose. We identified that GLP-1R agonism
with liraglutide confers renoprotection in an experimental
model of insulin-deficient diabetes (Ins2Akita) as well as in a
nondiabetic model of renal fibrosis (SNx). This renopro-
tection was independent of blood glucose control and was as
good as conventional treatments such as ACE inhibition, as
achieved by perindopril. Our experimental findings are in
agreement with the LEADER study, where liraglutide
reduced the development and progression of DKD in pa-
tients with type 2 diabetes.60 Similar findings with respect to
renoprotection have been reported with other GLP-1RA,
such as in the REWIND study with dulaglutide,61 in the
SUSTAIN program with semaglutide62 and more recently
the AMPLITUDE-O trial that used efpeglenatide.57,63 With
positive renal findings with GLP-1RA in numerous clinical
trials albeit not performed primarily for renal endpoints,
this has led to the commencement of dedicated trials
enrolling people at risk for DKD such as the FLOW study
(NCT03819153) to further define the role of these drugs as
renoprotective therapies.

In the Ins2Akita mouse model, liraglutide led to an increase
in GLP-1R protein in the kidney, PKA activation, and sup-
pressed RAGE expression. Liraglutide was efficacious against
diabetes-associated albuminuria, glomerulosclerosis, renal
fibrosis, and podocyte injury, including ultrastructural
changes, exhibited by reducing GBM thickening. These data
are consistent with previous studies by Kodera et al.,10 who
demonstrated renoprotective actions of the GLP-1 agonist,
exendin-4, in a rat model of insulin-deficient diabetes in the
absence of glucose lowering. Similarly, Fujita et al.11 have
shown that a 4-week treatment of liraglutide in young KK/Ta-
Akita mice led to a reduction in the urinary albumin-to-
creatinine ratio, although these previous experimental
studies failed to elucidate an underlying mechanism at either
a molecular or cellular level.

The effects of liraglutide on DKD in the Ins2Akita mouse
extended to a reduction in inflammation within the kidney,
with suppression of nuclear factor kB DNA-binding activity
and MCP-1 protein expression, whereas interleukin-10 protein
was increased, indicating that signaling through the GLP-1
pathway promotes an M2-like macrophage phenotype in the
kidney, suggestive of resolving inflammation. These results are
supported by data from single-cell sequencing that revealed
that liraglutide treatment in diabetic mice led to a dampening
of inflammatory signals in macrophages. This resolving
inflammation was accompanied by a reduction in myelopoiesis
in the bone marrow. Together, these data confirm the anti-
inflammatory nature of liraglutide systemically via direct ef-
fects on myelopoiesis and on M2-like macrophage polarization
in the local renal microenvironment.

Because the kidney houses diverse cell populations,64 we
used unbiased single-cell RNA sequencing to explore the cellular
landscape in response to a long-term GLP-1-incretin stimulus.
Our data complement a recent and elegant study mapping the
early single-cell transcriptomic response of mouse DKD to the
other key therapies of DKD, including sodium-glucose
13



Figure 7 | The effects of liraglutide on receptor for advanced glycation end products (RAGE) and microvascular injury were
corroborated in the subtotal nephrectomized (SNx) rat model. (a) Fisher rats were subjected to subtotal (5/6) nephrectomy and followed
for 7 weeks with or without liraglutide (0.2 mg/kg twice daily subcutaneously), (b) body weight, (c) glycated hemoglobin (HbA1c), (d) left
kidney weight to body weight ratio, (e) systolic blood pressure (SBP), (f) albumin excretion rate (AER), (g) albumin-to-creatinine ratio (ACR), (h)
plasma creatinine, (i) urinary kidney injury molecule (KIM)-1 measured, (j) glomerular sclerotic index (GSI) histology score, (k) RAGE protein in
the kidney cortex by immunohistochemistry, and (l) representative images of RAGE staining within the kidney cortex. Original
magnification �400 and Bar ¼ 25 mm. Data are presented as mean � SD (n ¼ 6–12 per group). Dots represent individual mice. P values were
determined by 1-way analysis of variance with the Tukey multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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cotransporter-2 inhibitors, rosiglitazone, and ACE inhibition.65

In the current study, single-cell RNA sequencing identified
clusters comprising endothelial, proximal tubule, podocyte, and
macrophage cells influenced by pharmacologic GLP-1 signaling,
associated with pathways involved in nutrient utilization, redox
sensing, and resolution of inflammation. Our studies show that,
independent of whole-body metabolism, GLP-1RA have effects
on kidney nutrient utilization, inducing a shift toward kidney
fatty acid metabolism that was particularly apparent in endo-
thelial cells and proximal tubular cells. This was supported by a
signal of increased mitochondrial complex I biogenesis and
apparent flux through the mitochondrial respiratory chain in
these cells, signals that were largely absent in podocytes. Fatty
acids are the preferred energy source for kidney tubules, which
are then metabolized by fatty acid oxidation and oxidative
phosphorylation. Disturbances in kidney fatty acid metabolism
have been observed in DKD.66–68 In diabetes, the inability to
make appropriate metabolic adaptations in the diabetic milieu
leads to dysfunctional mitochondria and impaired renal energy
generation. In DKD, there is a shift from oxidative phosphor-
ylation69,70 to glycolysis71 via the Crabtree72 or the Warburg69

effect. An upregulation in “mitochondrial pathways” observed
in the gene set enrichment analysis in our study is likely to
reflect a shift in metabolism in the kidney in diabetes. However,
live respiration studies would be required to determine mito-
chondrial function to directly assess if such changes in renal
metabolism occurred in response to GLP1R agonism. This
upregulation in “mitochondrial pathways” is likely a compen-
satory response to the increased metabolic demands of diabetes.
Liraglutide reversed this mitochondrial signature in proximal
tubular cells and endothelial cells. This could infer metabolic
reprogramming by liraglutide and is likely due to a shift from
glucose oxidation to lipid fueling, in an attempt to establish
normal kidney metabolism.

GLP-1R agonism in diabetes also remodeled a network of
nutrient transporters including Slc6a19, which encodes the
sodium-dependent neutral amino acid transporter. The
sodium-dependent neutral amino acid transporter is pri-
marily expressed in early proximal tubules (S1–S2) and re-
absorbs neutral amino acids.73,74 The Slc6a19 transcript level
was increased in diabetes across most key cell populations and
decreased after liraglutide treatment. A recent study found
that mice with a deletion in Slc6a19 were protected against
aristolochic acid–induced nephropathy.75 Of note, there is
current interest in considering the sodium-dependent neutral
amino acid transporter as a therapeutic target in diabetes.76

Slc11a1 is a member of the solute carrier family 11
(proton-coupled divalent metal ion transporters) and encodes a
multipass membrane protein known as natural resistance-
associated macrophage-1.77,78 Natural resistance-associated
macrophage-1 functions as a divalent transition metal (iron
and manganese) transporter. It regulates macrophage and
neutrophil activity primarily in the setting of innate immu-
nity.79 Slc11a1 was upregulated uniquely in the macrophage cell
population in diabetes and was decreased with liraglutide
treatment, pointing toward reshaping of macrophage
Kidney International (2023) -, -–-
metabolism. Txnip was a key signaling node reflected across
proximal tubule cells, podocytes, macrophages, and endothelial
cells in the Ins2Akita mouse and was significantly downregulated
by liraglutide. We also demonstrated that liraglutide reduced
Txnip in the renal cortex. These data show that TXNIP is a target
of the GLP-1-incretin pathway. Consistent with redox regula-
tion, Depp/Depp1/c10orf10, a key hypoxia-inducible gene and
transcriptional target of FOXO3, was induced in diabetes and
was reduced by liraglutide treatment, predominantly in prox-
imal tubule cells. Depp1 localizes to peroxisomes and mito-
chondria and impairs cellular reactive oxygen species
detoxification,80 and it is involved in the activation of FOXO3-
dependent autophagy.81 More recently, Depp1 was found to
regulate hepatic glucose and fat metabolism partly by fibroblast
growth factor 21,82 though to our knowledge, no prior data exist
regarding its specific role in the kidney.

Although the current studies have focused on direct renal
mechanisms, one cannot exclude that other pathways may
also be involved, including effects on weight, lipids and fatty
acid metabolism, renal metabolism, kidney perfusion, and
hypoxia, as has been suggested.83 In an inflammation-driven
kidney murine model, liraglutide specifically regulated genes
related to the renin-angiotensin-aldosterone system, sodium
glucose transporters, vasoconstriction, proliferation, angio-
genesis, fibrosis, and inflammation.84 It should be noted that
this study has several limitations including the reliance on
whole-body KO animals precluding precise evaluation of
kidney-specific versus systemic effects.

In conclusion, these studies identify a novel glucose-
independent renoprotective action of GLP-1RA in DKD,
which includes the suppression of nonresolving inflammation
across key kidney cell populations. This work supports the
impetus to not only consider GLP-1-based therapies in DKD
but also as a novel approach in nondiabetic chronic kidney
diseases. In addition, these data provide a valuable resource
for exploring the cell-specific kidney transcriptional response
to long-term GLP-1 analog administration in diabetes.
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SUPPLEMENTARY MATERIAL
Supplementary File (Word)
Supplementary Methods.
Supplementary Figure S1. No effect of genetic deletion of Ager,
Glp1r, or both Ager and Glp1r in vivo on physiological or metabolic
features at study endpoint. Wild-type (WT), ager�/�, Glp1r�/�, and
ager-glp1r double knockout (dKO) mice were rendered diabetic with
streptozotocin (STZ) and followed for 24 weeks. (A) Body weight, (B)
food intake during 24-hour metabolic caging, (C) blood glucose, (D)
glycated hemoglobin (HbA1c), (E) water intake during 24-hour
metabolic caging, and (F) urine output during 24-hour metabolic
caging. Data are displayed as mean � SD (n ¼ 5–10 mice/group).
Dots represent individual mice. *P < 0.05, **P < 0.01, ***P < 0.001,
**** P< 0.0001. P values determined by 2-way analysis of variance
with the Tukey multiple comparison test.
Supplementary Figure S2. Markers of glucagon-like peptide-1 re-
ceptor (GLP-1R) activation and oxidative stress in Ager�/�, Glp1r�/�, or
Ager-Glp1r double knockout (dKO) mice. Wild-type (WT), Ager�/�,
Glp1r�/�, and Ager-Glp1r dKO mice were rendered diabetic with
16
streptozotocin (STZ) and followed for 24 weeks. (A) Protein kinase A
(PKA) was determined in the kidney cortex by the enzyme-linked
immunosorbent assay (ELISA). (B) 8-Isoprostanes as determined by
the ELISA in 24-hour urine collections. Data are displayed as mean �
SD (n ¼ 5–10 mice/group). Dots represent individual mice. *P < 0.05,
**P < 0.01, ****P < 0.0001. P values determined by 2-way analysis of
variance with the Tukey multiple comparison test.
Supplementary Figure S3. No effect of pharmacologic treatment
with liraglutide, perindopril, or combination therapy (liraglutide and
perindopril) on physiological or metabolic features at the study
endpoint in Ins2Akita mice. (A) Blood glucose (glucometer), (B)
glycated hemoglobin (HbA1c), (C) food intake during 24-hour meta-
bolic caging, (D) water intake during 24-hour metabolic caging, (E)
urine output during 24-hour metabolic caging, and (F) body weight.
Data are displayed as mean � SD (n ¼ 12 mice/group). Dots repre-
sent individual mice. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. P values determined by 2-way analysis of variance with the
Tukey multiple comparison test.
Supplementary Figure S4. Markers of glucagon-like peptide-1 re-
ceptor (GLP-1R) activation and receptor for advanced glycation end
products (RAGE) in the kidney cortex in liraglutide-treated Ins2Akita

mice. (A) Glp1r mRNA expression in the kidney cortex. (B) Protein
kinase A (PKA) in the kidney cortex. (C) Ager mRNA expression in the
kidney cortex. (D) RAGE protein in the kidney cortex. Data are dis-
played as mean � SD (n ¼ 11–12 mice/group). Dots represent indi-
vidual mice. **P < 0.01, ***P < 0.001, ****P < 0.0001. P values
determined by 1-way analysis of variance with the Tukey multiple
comparison test.
Supplementary Figure S5. Markers of inflammation in Glp1r�/�

mice. (A) Nuclear factor kB (NF-kB) DNA-binding activity in the kidney
cortex by the enzyme-linked immunosorbent assay (ELISA). (B) Kidney
MCP-1 protein by the ELISA. (C–E) Bone marrow–derived progenitor
cells were measured by flow cytometry: (C) hematopoietic stem and
multipotent progenitor cells (HSPC), (D) granulocyte macrophage
progenitor cells (GMP), and (E) common myeloid progenitor cells
(CMP). Data are displayed as mean � SD (n ¼ 4–7 per group). Dots
represent individual mice. P values were determined by an unpaired
2-tailed t test. *P < 0.05, ***P < 0.001.
Supplementary Figure S6. Podocyte inflammatory signature.
Differential expression (average log fold change [logFC]) of detected
inflammation set genes (Reactome) in podocytes from mice with
diabetes versus control (Ins2-Akita DV vs. Control CV) and diabetes
versus diabetes plus liraglutide treatment (Ins2-Akita þ Lira DL vs.
Ins2-Akita DV). n ¼ 4 mice per group.
Supplementary Figure S7. Top 200 differentially expressed genes in
the podocyte in response to liraglutide. Top 200 differentially
expressed genes in the podocyte cell population from single-cell
transcriptomic analysis in Ins2-Akita mice with or without liraglutide
treatment. Right-hand column follows on from left. n ¼ 4 mice per
group. Differentially expressed genes between groups were
determined using Seurat FindMarkers with Wilcoxon rank-sum
testing. P value adjustment is based on the Bonferroni correction
using all genes in the dataset. DL, diabetic liraglutide; DV,
Ins2Akita vehicle.
Supplementary Figure S8. Dot plot of Ager gene expression in
Control versus Ins2-Akita mice with and without liraglutide
treatment. Ager expression in kidney cell populations from single-cell
transcriptomic analysis in Control (CV), Ins2-Akita mice (DV), and Ins2-
Akita mice treated with liraglutide (DL). Data are displayed as per-
centage cells expressing Ager. The average expression level is scaled,
where 0 is not detected and 1 represents highest expression detected
for Ager. n ¼ 4 mice per group.
Supplementary Figure S9. Liraglutide reverses the Depp1 gene
signature in diabetes. Depp1 expression in kidney cell populations
Kidney International (2023) -, -–-
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from single-cell transcriptomic analysis in Ins2Akita mice with (top) or
without (bottom) liraglutide treatment. Data are displayed as log2
normalized expression per cell per group (n ¼ 4 mice per group).
Dots represent individual cells. Differentially expressed genes be-
tween groups were determined using Seurat FindMarkers with Wil-
coxon rank-sum testing. P value adjustment is based on the
Bonferroni correction using all genes in the dataset. DL, diabetic lir-
aglutide; DV, Ins2Akita vehicle.
Supplementary Table S1. Primer and probe sequences for
quantitative reverse transcription polymerase chain reaction.
Supplementary References.
Supplementary File (Excel)
Supplementary Data File S2.
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Supplementary Methods 

Study approval 

The animal use and welfare adhered to the guidelines of the National Health and Medical Research 

Council of Australia following protocols reviewed and approved by the Alfred Medical Research and 

Education Precinct Animal Ethics Committee (E/1449/2014/B, E/1791/2018/B, E/1263/2012B) or the 

guidelines of the Canadian Council on Animal Care and were approved by St. Michael’s Hospital 

Animal Care Committee (ACC253). 

Animal studies 

All colonies were established (backcrossed >10 generations) and maintained at the Alfred Medical 

Research and Education Precinct Animal Services, Melbourne, Australia, unless otherwise stated. All 

rodents were housed in a temperature-controlled environment, with a 12-h light/12-h dark cycle, 

and had access to rodent chow (Specialty Feeds, Perth, Western Australia, Australia) and water ad 

libitum. The sample size was determined based on the pre-specified primary endpoint of albuminuria 

from previous studies performed in our laboratory using diabetic mouse models, taking into account a 

predicted 10% early death rate of diabetic mice. 

Generation of RAGE x GLP-1R double KO mice 

Mice deficient in either Glpr1, Ager or deficient in both Ager and Glpr1 (Ager-Glp1r--/-- double 

knockout) were generated on a C57BL/6J background (wild-type) (WT; C57BL/6J). Ager-/- mice were 

kindly donated by Prof Angelika Bierhaus, University of Heidelberg, Germany.S1, S2 Glp1r-/- mice were 

kindly donated by Prof Daniel Drucker, University of Toronto, Canada. S3 To generate the double 

knockout mice, Ager-/- mice were crossed with Glp1r-/- knockout mice. The resulting Ager-Glp1r+-/+- 

heterozygous mice were crossed and, after four generations, the Ager-Glp1r--/-- mouse was generated, 



 4 

and a colony established from these founders. The colony was maintained as Ager-Glp1r+-/+- 

heterozygous in order to obtain WT littermates. 

Induction of Streptozotocin-induced diabetes 

Groups of six-week-old (n=10-12/group) male mice were randomised to receive intraperitoneal 

injections of vehicle (sodium citrate buffer, pH4.5)  or streptozotocin (55 mg/kg/day, Sigma-Aldrich, 

St. Louis, MO) for 5 consecutive days as previously described. S4 On the sixth day, blood glucose was 

tested by Glucometer using Accu-Chek® Advantage II test strips (Roche Diagnostics GmbH, 

Mannheim, Germany) and only mice with a blood glucose reading >15 mmol/L were included (> 90% 

mice injected) within the diabetic groups of the study. After 24 weeks, animals received an overdose 

of sodium pentobarbital (80 mg/kg i.p.), followed by exsanguination by cardiac puncture and the 

kidneys were rapidly dissected, weighed, and snap-frozen or placed in 10% neutral buffered formalin 

(v/v) for fixation before paraffin embedding.  

Ins2Akita mice 

Diabetic Ins2Akita mice (C57BL/6-Ins2Akita/J) and their WT counterparts were purchased from the 

Jackson Laboratory (Strain #003548, Bar Harbor, ME, USA) and a colony established. Since the 

Ins2Akita mutation is autosomal dominant, with homozygotes for the Ins2Akita allele exhibiting failure 

to thrive and early death, the heterozygote mice are suitable to study. At 6 weeks of age, male WT or 

heterozygous Ins2Akita mice were randomly assigned to receive either vehicle (PBS-Tween 80), or 

liraglutide (Lira, 50μg/kg) by daily subcutaneous injection for 20 weeks (n=12 mice per group). The 

dose of liraglutide was chosen based on pilot studies which aimed to identify the highest dose which 

did not significantly influence glycaemic control (50 µg/kg/day). In addition, a group of heterozygous 

Ins2Akita mice were randomised to receive the current standard of care for individuals with DKD, 

the ACE-inhibitor perindopril (ACEi, 2mg/kg) provided in the drinking water; and a further group of 

heterozygous Ins2Akita mice were administered a combination therapy consisting of liraglutide and 
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perindopril (L+A) for 20 weeks (n=12 mice per group). Blood glucose and body weight were recorded 

on a weekly basis as part of animal routine monitoring. After 20 weeks, animals received an overdose 

of sodium pentobarbital (80 mg/kg i.p.), followed by exsanguination by cardiac puncture and the 

kidneys were rapidly dissected, weighed and snap-frozen, or placed in 10% neutral buffered formalin 

(v/v) for fixation before paraffin embedding.  

Rat Sub-total Nephrectomy model 

Female Fischer 344 rats (Charles River, Montreal, Quebec, Canada) aged 8 weeks were randomized to 

undergo subtotal nephrectomy (SNx) or sham surgery, as previously described.S5 Briefly, animals were 

anaesthetized with 2.5% isoflurane, the right kidney was removed via a subcapsular nephrectomy and 

infarction of approximately two thirds of the left kidney was achieved via selective ligation of two 

out of the three or four branches of the left renal artery.  Sham surgery consisted of laparotomy and 

manipulation of both kidneys before wound closure.  One week after surgery, rats were randomized 

to receive liraglutide (Novo Nordisk Canada Inc., Mississauga, Ontario, Canada) 0.2mg/kg twice daily 

s.c. S6 or PBS (n=6-12/group) for 7 weeks. Urine albumin excretion was determined using AssayMax 

Rat Albumin ELISA kit (Assaypro, St. Charles, MO) after 24h metabolic caging. Systolic blood 

pressure was determined in conscious rats using an occlusive tail-cuff plethysmograph attached to a 

pneumatic pulse transducer (Powerlab, ADInstruments, Colorado Springs, CO), as previously 

described. S7  Plasma creatinine was determined by autoanalyzer. Hemoglobin A1c (Glycated 

haemoglobin) was measured using A1cNow+ (Bayer, Sunnyvale, CA).  At sacrifice rat kidney tissue 

was collected and immersion-fixed in 10% neutral buffered formalin before processing, embedding in 

paraffin and sectioning.  

Measurement of mouse physiological and biochemical parameters 

One week prior to study completion, mice were individually placed in metabolic cages (Tecniplast®, 

Lane Cove, NSW, Australia) for a period of 24 hours.  A blood sample was collected, body weight, 
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food and water intake monitored and urine collected. Glycated hemoglobin (GHb) was determined 

using a Cobas Integra 400 Autoanalyzer (Roche Diagnostics Corporation, USA). Systolic blood 

pressure (mmHg) was measured using a computerised non-invasive tail-cuff method (AD 

Instruments, Powerlab, Chart version 5.2.2, Bella Vista NSW, Australia) as previously described. S8, S9 

Measurement of mouse kidney function 

Albumin excretion rate (AER) was measured in 24-hour urine collections by a Mouse Albumin ELISA 

Quantitation Set (Cat. No. E90-134, Bethyl Laboratories Inc, Montgomery, TX, USA) as per the 

manufacturer’s instructions. Creatinine was measured using the Creatinine plus ver.2 (CREP2) on a 

Cobas Integra 400 plus (Roche Diagnostics). Urinary Kim-1 (Kidney injury molecule-1) was measured 

by ELISA (USCN, Wuhan, China). Plasma Cystatin C was quantified by ELISA (Biovendor, Brno, 

Czech Republic). 

Renal histology 

Kidney sections (3µm) were stained with periodic-acid Schiff (PAS) and picrosirius red. Twenty 

glomeruli in each kidney were graded in a blinded fashion in accordance with the severity of 

glomerular damage. The degree of sclerosis in each glomerulus was subjectively graded on a scale of 

0-4 with grade 0 = normal; grade 1 = sclerotic area up to 25% (minimal); grade 2 = sclerotic area 25-

50% (moderate); grade 3 = sclerotic area 50-70% (moderate to severe), and grade 4 = sclerotic area 75-

100% (severe). The GSI was then calculated using the following formula: GSI = (1 × n1) + (2 × n2) + (3 

× n3) + (4 × n4)/n0 + n1 + n2 + n3 + n4, where nx is the number of glomeruli in each grade of 

glomerulosclerosis.  

Immunohistochemistry 

Paraffin sections of mouse kidney (4µm) were immunostained for fibronectin (Rabbit anti-human 

fibronectin, Cat#A024502, DAKO Cytomation, Glostrup, Denmark). Briefly, endogenous peroxidases 
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were blocked with 3% hydrogen peroxide for 15min and incubated in 0.5% skim milk/TBS for 1 hour 

at room temperature. Fibronectin slides underwent citrate buffer heat antigen retrieval. Primary 

antibody was left on overnight at 4⁰C. This was followed by incubation with biotinylated secondary 

antibody for 10min at room temperature. Sections were then incubated with Vectastain ABC reagent 

(Vector Laboratories, CA, USA). Peroxidase activity was identified by reaction with 3,3’-

diaminobenzidine tetrahydrochloride (Sigma-Aldrich Pty. Ltd, NSW, Australia). Sections were 

counterstained with haematoxylin. All sections were examined under light microscopy (Olympus BX-

50; Olympus Optical) and digitized with a high-resolution camera. All digital quantitation (Image-Pro 

Plus, v6.0) and assessments were performed in a blinded manner.  

Electron microscopy 

Kidney biospecimens were dissected into 1 – 1.5 mm3 cubes and placed into primary fixative, 

consisting of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M sodium cacodylate buffer, for 1 

hour at room temperature, followed by overnight incubation at 4oC. Secondary fixation was 

performed using 1% osmium tetroxide and 1.5% potassium ferricyanide in cacodylate buffer for 1 

hour at room temperature. The tissues were dehydrated in ethanol. Dehydrated tissues were 

incubated in a mixture of Epon resin and propylene oxide. The tissues were then placed into Beem 

capsules in 100% resin and the resin polymerised for 48 hours in an oven at 60oC.  Resin embedded 

tissue was sectioned with a Diatome diamond knife using a Leica UCS ultramicrotome (Leica, Port 

Melbourne, Australia). Sections of thickness 70 – 90nm were collected onto formvar-coated 100 mesh 

copper grids and stained sequentially with 1% uranyl acetate for 10 minutes and lead citrate for 5 

minutes. The sections were imaged in a JEOL 1400+ transmission electron (JEOL Australasia, French 

Forest, NSW, Australia) microscope at 80kV, and images captured with a digital camera at a 

magnification of x3000 and x10,000 (Clive and Vera Ramaciotti Centre for Structural Cryo-Electron 

Microscopy, Monash University, Australia).  Each section and electron micrograph were visualised in 
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a blinded manner for analysis purposes using Image J1.48 software (National Institutes of Health, 

Bethesda, Maryland, USA). Images at 2k resolution were used to determine glomerular basement 

membrane thickness.  A minimum of three glomeruli from each kidney (n=3-4 mice/group) were 

examined.  A total of 8-10 electron micrographs of nonoverlapping fields were taken from each 

glomerulus at a constant magnification of x2000. An average of 100 points per glomerulus was 

measured, after which the arithmetic mean ± SEM for glomerular basement membrane (GBM) 

thickness was determined for each mouse. The number of filtration slits was obtained by counting the 

number of slit pores per 100μm of GBM from each set of micrographs (x10,000). 

Urinary 15-isoprostane F2t 

As a whole-body measure of oxidative stress, 15-Isoprostane F2t was measured in urine by competitive 

ELISA (Oxford Biomedical Research, Oxford, UK).  

Kidney fractionation 

50mg of kidney cortex were homogenised using a Bullet blender (Next Advance, Lomb Scientific, 

Taren Point, NSW, Australia ) with a cocktail of 1 and 2µm zirconium beads, in extraction buffer (20 

mM HEPES buffer, pH7.2, 1 mM EGTA, 210 mM mannitol, 70 mM sucrose) to isolate nucleus, 

cytosol,  mitochondria and plasma membrane as previously described. S9, S10 Total protein was 

determined by the Bicinchoninic acid method (Pierce, Rockford, IL, USA). 

Kidney RAGE protein expression 

RAGE protein was determined in 1:200 diluted membrane extracts using a mouse RAGE DuoSet 

sandwich ELISA from R & D Systems (MRG00, Minneapolis, MN, USA). Absorbance was measured at 

450nm on the Victor 3 plate reader (Perkin Elmer, Glen Waverley, Victoria, Australia).  

Kidney Active TGF-β1 and Fibronectin 

Biologically active TGF-β1 was measured in plasma membrane fractions using the TGF-β1 Emax 

ImmunoAssay System (Promega, Madison, WI, USA). Prior to measurement, samples were acid 
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activated with 1M HCl followed by neutralization to pH 7.0 with 1M NaOH. Values were expressed 

as pg/ml.  Fibronectin was measured using a mouse Fibronectin ELISA kit according to the 

manufacturer’s instructions (EK0351, Boster, Pleasanton, CA, USA). 

Kidney NF-κB, MCP-1 and IL-10 

Interleukin-10 (DY417-05, Mouse IL-10, DuoSet, R&D Systems, Minneapolis, USA) and MCP-

1/CCL2 (DY479-05, Mouse MCP-1, DuoSet, R&D Systems, USA) in kidney cortex were measured by 

commercially available ELISA.  NFκB DNA-binding activity was measured in nuclear isolates using 

the TransAM p65 NFκB DNA-binding activity assay (Active Motif, Carlsbad, CA).   

Quantitative Real Time RT-PCR  

RNA was isolated from renal cortex (20-30 mg) using TRIzol Reagent (Life Technologies). DNA-free 

RNA was reverse transcribed into cDNA using the Superscript First Strand Synthesis System 

according to the manufacturer’s specifications (Life Technologies BRL, Grand Island, NY). Real-time 

qPCR was performed using TaqMan assays using a 7500 Fast Real-time PCR System (Applied 

Biosystem, VIC, Australia), and gene expression normalized relative to 18S ribosomal RNA. The 

relative fold difference in expression was calculated using the comparative 2-ΔΔCt method. Primers 

and probes were designed with Primer Express 2.0 software (Applied Biosystems). The probe and 

primer sequences for Ager, Glp1r, Nlrp3, Il1b, Ccl2 (MCP-1), Il10, and Txnip appear in Table S1. 

Single-Cell Sequencing 

Preparation of kidney tissues was conducted at 4˚C with all buffers maintained on ice. 

Processed individually, each mouse kidney was collected and chilled in PBS before 

dissection of kidney cortex. The isolated cortex material was minced using a scalpel and 

pressed through a 100µM cell sieve using a 1 mL syringe plunger while rinsing material 

through with PBS. The resulting homogenate was collected in a 50 mL falcon tube and 

centrifuged at 250 x G for 2 minutes and the supernatant discarded. The pellet was 
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transferred to a 15 mL falcon tube using a Pasteur pipette with a volume of PBS up to 15 mL. 

The recovered fraction was centrifuged at 200 x G for 5 minutes, after which the supernatant 

was carefully removed to avoid disturbing pelleted material. The glomerular pellet was 

resuspended in 1 mL of digestion buffer (10 mg protease from bacillus licheniformis, 10uL 

DNase, 1uL 0.5 M EDTA, 1mL PBS), and allowed to digest for 13 minutes at 4˚ C with slow 

rotation. Further digestion was stopped by the addition of 1 mL of 20 % FBS in PBS. To aid 

dissociation, the mixture was additionally triturated using a 1000 µL pipette very gently. 

Triturated material was passed through a 40 µM cell sieve and collected in a 50 mL falcon 

tube by rinsing through with 2% FBS in PBS. Material that did not pass through the 40 µM 

sieve was further triturated until no remaining clumps remained on the sieve. Immediately 

prior to starting single cell capture, the dissociated glomerular fraction was centrifuged at 

200 x G for 5 minutes, followed by repeated washes (at least 3 washes of 200 x G, 1 mL 

filtered PBS with 0.01% BSA, 2 minutes) to reduce free RNA in solution. Single-cell capture 

and transcriptome profiling were conducted using a droplet based technology “Drop-Seq” 

and a single-cell microfluidics platform designed by Dolomite-Bio according to “Drop-Seq 

Protocol version 3.1 Dec-2015” S11 with minor modifications. Modifications include the use 

of Terra PCR Direct Polymerase Mix for cDNA amplification steps with 4 cycles in stage one 

and 11 cycles in stage two). Final sample libraries were created using the Nextera XT DNA 

Library Preparation Kit and sequenced using Illumina HiSeq in paired-end 150-cycle 

configuration by NovogeneAIT Genomics (Singapore). 

Single-Cell sequencing Data Analysis 

Raw single-cell reads were processed using Drop-Seq tools version 2.4 S12 including demultiplexing 

and retention of reads according to the top 3000 cell barcodes detected per sample, alignment of 

reads to mouse transcripts (GRCm38, Ensembl) and generation of transcript by cell count matrices 
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to be used in downstream analysis. Count matrices were imported into R as Seurat objects using 

the R package Seurat version 3.0.1.S13 Subsequent quality filtering included removal of cells 

meeting any of the following criteria: cells having fewer than 400 or more than 3000 genes 

detected, cells with more than 20% of captured transcripts being mitochondrial. Quality filtered 

samples were normalised and integrated using Seurat functions NormalizeData and IntegrateData 

(dims=1:30) prior to clustering, which used PCA reduced dimensions (dims=1:23) for functions 

RunTSNE, FindNeighbors and FindClusters (res=0.8) to assign clusters. To identify cell types, 

cluster specific gene signatures were examined with Seurat’s FindAllMarkers function and 

comparison with known endogenous marker gene expression. S14, S15 Differential gene expression 

was calculated using the Seurat function FindMarkers specifying Wilcoxon rank sum analysis with 

min.pct set to 0.25. Cluster-wise differential gene expression was further assigned per gene 

ranking according to significance and fold change calculations as described previouslyS16 for 

analysis of Reactome gene sets S17 using the multi-contrast pathway enrichment tool ‘mitch’ 

(v1.0.8). S18  

 

  



 12 

 
Fig. S1: No effect of genetic deletion of Ager, Glp1r or both Ager and Glp1r in vivo on physiological 
or metabolic features at study endpoint. WT, ager-/-, glp1r-/- and ager-glp1r dKO mice were 
rendered diabetic with STZ and followed for 24 weeks. (a) Body weight, (b) Food intake during 24h 
metabolic caging, (c) Blood glucose, (d) Glycated hemoglobin (HbA1c), (e) Water intake during 24h 
metabolic caging, (f) Urine output during 24h metabolic caging. Data are displayed as mean ± SD. 
Dots represent individual mice. * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001. P values determined 
by two-way ANOVA with Tukey’s multiple comparisons test. n=5-10 mice/group.  
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Fig. S2: Markers of GLP-1R activation and oxidative stress in ager-/-, glp1r-/- or ager-glp1r dKO 
mice. WT, ager-/-, glp1r-/- and ager-glp1r dKO mice were rendered diabetic with STZ and followed 
for 24 weeks. (a) PKA was determined in kidney cortex by ELISA. (b) 8-isoprostanes as determined 
by ELISA in 24 h urine collections. Data are displayed as mean ± SD. Dots represent individual mice. * 
P <0.05, ** P <0.01, **** P <0.0001. P values determined by two-way ANOVA with Tukey’s multiple 
comparisons test. n=5-10 mice/group.  
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Fig. S3: No effect of pharmacological treatment with liraglutide, perindopril or combination therapy 
(liraglutide and perindopril) on physiological or metabolic features at study endpoint in Ins2Akita 
mice. (a) Blood glucose (glucometer), (b) Glycated hemoglobin (HbA1c), (c) Food intake during 24h 
metabolic caging, (d) Water intake during 24h metabolic caging, (e) Urine output during 24h 
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metabolic caging, (f) Body weight. Data are displayed as mean ± SD. Dots represent individual mice. * 
P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001. P values determined by two-way ANOVA with 
Tukey’s multiple comparisons test. n=12 mice/group.  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. S4: Markers of GLP-1R activation and RAGE in kidney cortex in liraglutide-treated Ins2Akita 
mice. (a) Glp1r mRNA expression in kidney cortex. (b) PKA in in kidney cortex. (c) Ager mRNA 
expression in kidney cortex. (d) RAGE protein in kidney cortex. Data are displayed as mean ± SD. 
Dots represent individual mice. ** P <0.01, *** P <0.001, **** P <0.0001. P values determined by one-
way ANOVA with Tukey’s multiple comparisons test. n=11-12 mice/group.  
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Fig. S5: Markers of inflammation in Glp1r-/- mice. (a) NF-κB DNA-binding activity in kidney cortex 
by ELISA. (b) Kidney MCP-1 protein by ELISA. (c) – (e) Bone marrow-derived progenitor cells were 
measured by flow cytometry: (c) HSPC, (d) GMP and (e) CMP. Data are mean ± SD (n=4-7/group). 
Dots represent individual mice. P values were determined by unpaired two-tailed t-test. * P <0.05, *** 
P <0.001.  
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Fig. S6: Podocyte inflammatory signature. 
Differential expression (average logFC) of detected inflammation set genes (Reactome) in podocytes 
from mice with diabetes versus control (Ins2-Akita DV vs Control CV) and diabetes versus 
diabetes plus liraglutide treatment (Ins2-Akita + Lira DL vs Ins2-Akita DV), n=4 mice per group. 
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Fig. S7: Top 200 differentially expressed genes in the podocyte in response to liraglutide. 
Top 200 differentially expressed genes in the podocyte cell population from single cell 
transcriptomic analysis in Ins2-Akita mice with or without liraglutide treatment. Right hand 
column follows on from left. DV, Ins2Akita Vehicle; DL, Diabetic liraglutide, n=4 mice per group. 
Differentially expressed genes between groups were determined using Seurat FindMarkers with 
Wilcoxon Rank Sum testing. P-value adjustment is based on Bonferroni correction using all 
genes in the dataset. 
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Fig. S8: Dot plot of Ager gene expression in Control versus Ins2-Akita mice with and without 
liraglutide treatment.  
Ager expression in kidney cell populations from single cell transcriptomic analysis in in Control 
(CV), Ins2-Akita mice (DV) and Ins2-Akita mice treated with liraglutide (DL). Data are displayed as 
percentage cells expressing Ager. The average expression level is scaled, where 0 is not detected and 1 
represents highest expression detected for Ager. n=4 mice per group. 
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Fig. S9: Liraglutide reverses the Depp1 gene signature in diabetes.  
Depp1 expression in kidney cell populations from single cell transcriptomic analysis in Ins2-
Akita mice with (top) or without (bottom) liraglutide treatment. DV, Ins2Akita Vehicle; DL, 
Diabetic liraglutide. Data are displayed as log2 normalised expression per cell per group, n=4 
mice per group. Dots represent individual cells. Differentially expressed genes between groups 
were determined using Seurat FindMarkers with Wilcoxon Rank Sum testing. P-value 
adjustment is based on Bonferroni correction using all genes in the dataset.  
 
  



 22 

 
 
 
 
 
 
Supplementary Table 1: Primer and Probe sequences for qRT-PCR  
 
Target 

Gene 

Forward Primer  Reverse Primer Probe 

Ager GCTGTAGCTGGTGGTCAGA

ACA 

CCCCTTACAGCTTAGCAC

AAGTG 

6-FAM 

CACAGCCCGGATTG 

Glp1r TGGTGTTCCTGCTCATGCA CCTTCCACCAGCAACCAG

TAG 

6-FAM 

CGTGGCAGCCAAC 

Txnip TTTTCAAGCCCTGACTTTAC GGTTCAAGAAAAACGAAA

GC 
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