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ABSTRACT
Aims: Survodutide is a novel long-acting dual glucagon (GCGR)/glucagon-like peptide-1 (GLP-1R) receptor agonist currently 
in phase-3 clinical development for the treatment of people living with obesity and metabolic dysfunction-associated steatohep-
atitis. Emerging evidence suggests impaired renal GCGR function in chronic kidney disease (CKD), including diabetic kidney 
disease (DKD). This study aimed to characterize the effects of survodutide in a translational mouse model of advanced DKD, in-
duced by adeno-associated virus-mediated renin overexpression (ReninAAV) in uninephrectomized (UNx) diabetic db/db mice.
Materials and Methods: Female obese and diabetic db/db C57BKS mice received a single intravenous dose of ReninAAV 
1 week prior to UNx. Three weeks post-UNx, db/db UNx-ReninAAV mice were administered (s.c., q.d.) vehicle or survodutide 
(7.5 nmol/kg) for 10 weeks. Endpoints included blood/urine biochemistry, histological markers of glomerulosclerosis, tubular 
injury and inflammation, as well as quantitative 3D whole-pancreas and whole-kidney imaging.
Results: Compared to vehicle controls, survodutide reduced body weight, hyperglycemia, and HbA1c levels concurrent with im-
proved hyperinsulinemia and β-cell islet volume distribution. Notably, survodutide promoted substantial benefits on advanced 
albuminuria, severe glomerulosclerosis, kidney hypertrophy and inflammation. 3D whole-kidney imaging revealed that sur-
vodutide significantly reduced kidney and glomerular hypertrophy while increasing glomerular density and improving glomer-
ular sphericity. Survodutide reduced liver weight and plasma amino acid levels, including alanine, confirming hepatic glucagon 
receptor activation.
Conclusions: Survodutide markedly improved metabolic and renal outcomes in the db/db UNx-ReninAAV mouse model of 
advanced DKD, supporting further investigation into therapeutic options of survodutide in chronic kidney diseases.
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1   |   Introduction

Diabetes and hypertension together contribute to more than 60% of 
end-stage kidney disease (ESKD) cases worldwide, making them 
the leading causes of chronic kidney disease (CKD) globally [1]. 
Among these, type 2 diabetes alone accounts for an estimated 
30%–50% of CKD and ESKD cases, substantially heightening the 
risk of cardiovascular events, premature mortality and escalating 
healthcare costs [2, 3]. As the prevalence of diabetic kidney dis-
ease (DKD) continues to rise, it represents a growing global health 
burden and a critical challenge for healthcare systems.

DKD is clinically characterized by a progressive decline in renal 
function. While hyperglycemia is a primary driver, several met-
abolic risk factors, including hypertension, obesity and dyslip-
idemia, also contribute significantly to DKD pathogenesis [4]. 
Accordingly, DKD management focuses on optimizing glycemic 
control, slowing kidney function decline and mitigating cardio-
vascular risk. For decades, the cornerstone of DKD management 
has involved lifestyle modification alongside pharmacologic block-
ade of the renin-angiotensin system, primarily through the use of 
angiotensin-converting enzyme (ACE) inhibitors or angiotensin 
II receptor blockers [5]. Sodium–glucose cotransporter 2 (SGLT2) 
inhibitors have have also become valuable adjuncts in DKD man-
agement  More recently, glucagon-like peptide-1 receptor (GLP-1R) 
agonists have emerged as a distinct drug class with additional kid-
ney protective benefits. Beyond their glucose-lowering effects, 
GLP-1R agonists provide renoprotective, cardioprotective and anti-
inflammatory benefits, supported by robust clinical trial evidence 
[6–11].

Emerging evidence suggests a functional role for glucagon 
receptor (GCGR) signalling in renal physiology. GCGRs are 
highly expressed in the kidney, especially in the thick as-
cending loop of Henle and distal tubules [12, 13]. Notably, 
GCGR expression is downregulated in CKD [14, 15] and posi-
tively correlates with the estimated glomerular filtration rate 
(eGFR) in patients with DKD [16]. Supporting a functional 
role for renal GCGR signalling, mice with kidney-specific 
Gcgr deletion develop chronic kidney disease characterized by 
pronounced albuminuria, hypertension and electrolyte imbal-
ances [17]. While direct clinical evidence of GCGR-mediated 
renoprotective effects is still emerging [18], these findings 
suggest that targeting GCGR, particularly in combination 
with GLP-1R agonism, may offer added therapeutic benefit in 
the management of DKD.

Survodutide is a novel long-acting GCGR/GLP-1R dual agonist 
[19], currently in phase-3 clinical development for the treat-
ment of people living with obesity (SYNCHRONIZE trials) and 
those living with metabolic dysfunction-associated steatohepa-
titis (LIVERAGE trials) [20, 21]. Given its combined activation 
of GCGR and GLP-1R signalling, we evaluated the efficacy of 
survodutide in a translational mouse model of advanced DKD, 
induced by adeno-associated virus (AAV)–mediated renin over-
expression in uninephrectomized (UNx) diabetic db/db mice 
[22, 23].

2   |   Materials and Methods

2.1   |   Animals

The study was approved by The Danish Animal Experiments 
Inspectorate (license 2023-15-0201-01456). Female db/db 
(BKS.Cg-Dock7m+/+Leprdb/J) mice (Charles River, Calco, 
Italy) arrived at 5–6 weeks of age and were group-housed in a 
controlled environment (12 h light/dark cycle, 24°C ± 2°C, hu-
midity 50% ± 10%). Female db/db mice are less susceptible to 
developing age-related hydronephrosis and pyelonephritis than 
male db/db mice [24–26], and were therefore used in the present 
study. Animals had access to plenty of bedding material, shelters 
and chewing sticks. Mice had ad libitum access to tap water and 
chow (Altromin 1324, 3.2 kcal/kg, 11 kcal-% fat, 24 kcal-% pro-
tein, 65 kcal-% carbohydrate, Brogaarden, Denmark).

2.2   |   Drug Treatment

See study outline in Figure 1A. In brief, db/db mice (8–9 weeks) 
were intravenously injected via the tail vein with an adeno-
associated virus (AAV) vector encoding the mouse Ren1d 
gene (AAV8-TBG-m-Ren1d, Vector Biolabs) (1.5 × 1010 Genome 
Copies, GC, Week-4) and underwent UNx (Week-3) 67 days 
later, from this point to study end mice were single-housed. One 
week before treatment start (Week-1), db/db UNx-ReninAAV 
mice were randomized into experimental groups based on body 
weight, urine albumin-to-creatinine ratio (uACR), and fed blood 
glucose. Mice received (SC, QD) of vehicle (50 mM phosphate 
buffer pH 7.0 + 5% mannitol) or survodutide (7.5 nmol/kg) for 
10 weeks (n = 15 per group) [22, 27]. Human translational dose-
prediction analysis indicated that this survodutide dose in mice 
corresponds to an approximately 4.5 to 8.0 mg once-weekly sub-
cutaneous dose in humans (Figure S2), supporting the clinical 
relevance and translational rationale for the selected dose.

2.3   |   Plasma and Urine Biochemistry

Blood and urine samples were collected every 2 weeks from 
non-fasted animals for glucose monitoring. Terminal blood 
samples were analysed for blood glucose and glycated haemo-
globin A1c (HbA1c) as well as plasma insulin, urea, cystatin 
C [22, 25]. Spot urine samples were assayed for glucose, albu-
min, creatinine, cystatin C, urea and kidney injury molecule-1 
(KIM-1) [22, 25]. Urine albumin-to-creatinine ratio (uACR) was 
calculated. Plasma renin, cystatin C and kidney injury mole-
cule-1 (KIM-1) were determined using ELISA (R&D Systems). 
Plasma 3-hydroxybutyrate (3-HB, β-hydroxybutyrate) levels 
were determined using an enzyme-based colorimetric assay 
(#MAK540, Sigma-Aldrich). HbA1c was measured using a com-
mercial kit (Roche Diagnostics) using a Cobas c501 autoanal-
yser. Plasma amino acids were determined using LC–MS/MS 
analysis [19]. Plasma albumin, β2-microglobulin (β2M), calbin-
din, clusterin, monocyte chemoattractant protein-1 (MCP-1), 
neutrophil gelatinase-associated lipocalin (NGAL) and oste-
opontin biomarkers were assayed using a mouse/rat multi-
plex assay (Ampersand Biomedicine, Lake Clean, NY). db/db 
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UNx-ReninAAV mice exhibit glomerular hyperfiltration rather 
than a decline in GFR [22], GFR was therefore not assessed in 
the present study.

2.4   |   2D Histological Analyses

F4/80 and KIM-1 stained sections were scanned with a 20× 
objective and quantified in whole-kidney sections, expressed 
as proportional (%) surface area of immunopositive stain-
ing [25, 27, 28]. Glomerulosclerosis scoring was performed on 
Periodic acid-Schiff (PAS) stained sections by AI-assisted image 
analysis [22].

2.5   |   3D Whole-Organ Imaging Analysis

Fixed kidneys and pancreata were cleared and stained for 
podocin and insulin, respectively, optically cleared and imaged 
using a Bruker Luxendo LCS SPIM microscope with dual-sided 
illumination (4.4× objective; 10 μm z-steps, 6.3 μm beam ex-
pander). Autofluorescence and target signal were measured in 
multiple-tile acquisition at 488/642 nm (kidney) and 561/642 nm 

(pancreata). Volumetric datasets were processed and then an-
alysed using automated 3D segmentation algorithms to quan-
tify kidney glomeruli (volume, count, density, sphericity) and 
pancreatic b-cells (volume, count, density, size distribution), 
all of which were normalized to total tissue volume. A detailed 
description of the 3D imaging analysis can be found in the 
Supporting Information.

2.6   |   Statistics

For single-timepoint data, a one-factor linear regression 
model with the treatment groups as categorical, independent 
(predictor) variables was applied, Dunnett's test compared 
treatments to control. For repeated or multi-category data, a 
two-factor linear regression model with the treatment groups 
and time points as categorical independent (predictor) vari-
ables with interaction was used. Dunnett's test was used to 
compare treatment groups with the respective control at each 
time point. Plasma amino acid levels were analysed using an 
unpaired t-test. Coefficients of variation (CVs) are reported 
where appropriate.

FIGURE 1    |    Survodutide suppresses weight gain and improves glycemia in db/db UNx-ReninAAV mice. (A) Study outline. (B, C) Absolute (g) 
and relative (% vs. baseline) body weight profiles (n = 15 mice per group). (D) Fed blood glucose (mmol/L) profiles (14–15 samples per time point). 
(E) Fed urine glucose (mmol/L) profiles (9–14 samples per time point). (F) 4 h fasted blood glucose at Week 9 (n = 15 mice per group). (G) 4 h fasted 
urine glucose at Week 9 (n = 12–14 samples per group). (H) Blood HbA1c at Week-1 and Week 10 (n = 12–15 samples per group). (I) Plasma Insulin at 
Week 10 (n = 15 samples per group). Data presented as mean ± SEM. For body weight measurements statistics were only performed at termination. 
For single timepoint data, Dunnett's test one-factor linear model used. For data with multiple timepoints, Dunnett's test on two-factor linear model 
with interaction used. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the Vehicle group.
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3   |   Results

At Week-1, db/db UNx-ReninAAV mice were randomized and 
stratified into groups based on urine albumin-to-creatinine ratio 
(uACR), body weight and fed blood glucose levels (Figure S1). 
Vehicle-dosed db/db UNx-ReninAAV mice exhibited continuous 
weight gain throughout (Figure 1B,C), reflecting the character-
istic hyperphagic phenotype of db/db mice. In contrast, once-
daily administration of survodutide initially led to mild weight 
loss, followed by a gradual return to baseline body weight. At 
termination, body weight in the survodutide-treated group was 
markedly and significantly lower compared to the vehicle group, 
both in terms of absolute (vehicle: 55.5 ± 1.4 g vs. survodutide: 
43.5 ± 1.1 g, p ≤ 0.001; Figure 1B,C) and relative measurements 
compared to baseline (vehicle: 130% ± 3.0% vs. survodutide: 
101% ± 1.5%, p ≤ 0.001; Figure 1B,C).

In addition to its suppression of weight gain, survodutide sig-
nificantly improved hyperglycemia at Weeks 2, 4, 6 and 10 
compared to the vehicle group (Figure 1D). Correspondingly, 
fed urine glucose was also improved by survodutide ad-
ministration with significantly lower levels at Week 4 and 
Week 8 (Figure  1E). Additionally, 4 h fasted blood glucose 
levels measured at Week 9 were significantly lower in the 
survodutide-treated group relative to vehicle controls (vehicle: 
16.5 ± 1.7 mmol/L vs. survodutide: 8.3 ± 1.5 mmol/L, p = 0.002; 

Figure  1F). 4 h fasted urine glucose measured at Week 9 
was also substantially lower compared to vehicle; however, 
this reduction did not reach statistical significance (vehicle: 
6.9 ± 3.0 mmol/L vs. survodutide: 2.3 ± 0.3 mmol/L, p = 0.108; 
Figure  1G). Blood HbA1c, a measure of long-term average 
blood glucose levels, was measured at Week-1 and Week 10 
(prior to termination). While baseline levels were similar be-
tween vehicle and survodutide groups (Figure 1H), 10 weeks 
of survodutide treatment caused a significant ~20% reduction 
in blood HbA1c compared to vehicle (vehicle: 6.1% ± 0.3% vs. 
survodutide: 4.9% ± 0.3%, p ≤ 0.001; Figure  1H). Plasma in-
sulin levels measured at Week 10 were ~60% reduced in the 
survodutide treated group relative to the vehicle group (vehi-
cle: 6.5 ± 0.9 pg/mL vs. survodutide: 2.6 ± 0.3 pg/mL, p ≤ 0.001; 
Figure 1I).

In analyses of kidney function, uACR increased progressively 
in vehicle-dosed db/db UNx-ReninAAV mice, indicative of ad-
vancing diabetic nephropathy. Notably, survodutide adminis-
tration kept uACR stable throughout the study duration with 
significantly lower levels at Weeks 4, 6, 8 and 10 compared 
to vehicle (Figure 2A). When analysed separately, urine albu-
min was reduced by survodutide treatment with significant 
reductions at Weeks 6, 8 and 10 (Figure 2B) while urine creat-
inine increased, with significant elevation at Weeks 4 and 10 
(Figure 2C). Plasma renin, which measures the functionality 

FIGURE 2    |    Survodutide improves biomarkers of kidney function in db/db UNx-ReninAAV mice. Profiles of urine (A) albumin-creatinine ratio 
(uACR, μg/mg), (B) albumin (μg/mL) and (C) creatinine (mg/L). n = 13–15 samples per time point for uACR, urine albumin and creatine measure-
ments. (D) Plasma renin levels (ng/mL) at Week-1 and Week 10. Plasma levels of (E) Cystatin C (ng/mL), (F) urea (nmol/L). n = 14–15 for plasma 
renin, cystatin C and urea measurements. (G) 3-hydroxybutyric acid (3-HB, μmol/L), all at Week 10 (n = 10–14 per group). (H) Plasma levels of albu-
min (mg/mL, n = 6–10 per group), (I) Beta-2 microglobulin (B2M, ng/mL), (J) neutrophil gelatinase-associated lipocalin (NGAL, ng/mL), (K) kidney 
injury molecule (KIM-1, pg/mL), (L) clusterin (μg/mL), osteopontin (OPN, ng/mL) and (N) monocyte chemoattractant protein-1 (MCP-1, pg/mL). 
n = 6–11 per group for B2M, NGAL, KIM-1, clusterin, OPN and MCP-1 measurements. Data presented as mean ± SEM. For single timepoint data, 
Dunnett's test one-factor linear model used. For data with multiple timepoints, Dunnett's test on two-factor linear model with interaction used. 
*p < 0.05, **p < 0.01, ***p < 0.001 compared to the Vehicle group.
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of the kidney renin-angiotensin-aldosterone system, was eval-
uated at Week-1 and Week 10. Renin levels were significantly 
higher in the survodutide- vs. vehicle-treated group at Week 
10 (vehicle: 126 ± 5.0 ng/mL vs. survodutide: 160 ± 9.0 ng/
mL, p = 0.016; Figure 2D). Plasma cystatin C, a biomarker for 
glomerular filtration which increases with the progression 
diabetic nephropathy [29] was reduced by survodutide admin-
istration at Week 10 relative to vehicle (vehicle: 505 ± 16 ng/mL 
vs. survodutide: 461 ± 50 ng/mL, p = 0.035; Figure 2E). There 
was no difference in plasma urea between the groups at Week 
10 (vehicle: 10.7 ± 1.3 nmol/L vs. survodutide: 10.3 ± 1.3 nmo-
l/L, p = 0.796; Figure  2F). Survodutide markedly reduced 
liver weight (vehicle: 2.5 ± 0.2 g vs. survodutide: 1.3 ± 0.1 g, 
p ≤ 0.001; Figure S3). Plasma 3-HB concentrations, a key bio-
marker of hepatic ketogenesis and fatty acid oxidation, were 
increased by survodutide at Week 10 (vehicle: 675 ± 86 μmol/L 
vs. survodutide: 1918 ± 184 μmol/L, p ≤ 0.001; Figure 2G) and 
reduced plasma amino acid levels (Figure S4), reflecting that 
survodutide enhanced hepatic glucagon signalling, indicative 
of target engagement. Further measurements of plasma bio-
markers showed increased plasma albumin levels following 
survodutide treatment (vehicle: 64.3 ± 21 mg/mL vs. survodu-
tide: 75.8 ± 42 mg/mL, p < 0.05, Figure  2H), consistent with 
the observed reduction in urinary albumin excretion. Plasma 
β2M levels were significantly reduced by survodutide (vehi-
cle: 237 ± 19 ng/mL vs. survodutide: 147 ± 14 ng/mL, p < 0.01; 
Figure 2I), suggesting improved glomerular filtration. Plasma 
NGAL, a marker of acute kidney injury, was also reduced after 
survodutide treatment, although this change did not reach 
statistical significance (vehicle: 124 ± 18 ng/mL vs. survodu-
tide: 77.0 ± 8.3 ng/mL, p = 0.08; Figure 2J). In contrast, plasma 
KIM-1 levels, a marker of kidney damage, declined markedly 
following survodutide treatment (vehicle: 162 ± 21 pg/mL vs. 
survodutide: 49.7 ± 8.5 pg/mL, p < 0.01, Figure 2K). Levels of 
plasma clusterin (vehicle: 36.6 ± 1.3 μg/mL vs. survodutide: 
33.3 ± 3.1 μg/mL, p = 0.08, Figure  2L), osteopontin (OPN; 
vehicle: 58.6 ± 8.1 ng/mL vs. survodutide: 39.5 ± 4.3 ng/mL, 
p = 0.12, Figure 2M) and MCP-1 (vehicle: 1486 ± 80 pg/mL vs. 
survodutide: 1169 ± 244 pg/mL, p = 0.15, Figure 2N), systemic 
inflammatory markers that are often elevated in kidney dis-
ease, were also reduced by survodutide, but these effects did 
not attain statistical significance. Further evaluation of kid-
ney health using histology supported the nephroprotective ef-
fect of survodutide in db/db UNx-ReninAAV mice. Using PAS 
staining to highlight kidney structure revealed robustly re-
duced glomerulosclerosis severity in survodutide-treated mice 
compared to vehicle (Figure 3A), as demonstrated by overall 
lowered glomerulosclerosis scores (Figure 3B), a significantly 
lower glomerulosclerosis index (Vehicle: 0.78 ± 0.09 vs. sur-
vodutide: 0.3 ± 0.05, p ≤ 0.001; Figure 3C) and a significantly 
reduced proportion of glomeruli with advanced or severe glo-
merulosclerosis (G3 + G4 fraction, vehicle: 13.7% ± 2.4% vs. 
survodutide: 3.3% ± 0.9%, p ≤ 0.001; Figure 3D). Staining with 
F4/80, a marker for macrophages, revealed extensive macro-
phage infiltration in the vehicle-treated group which was re-
duced in the survodutide group (Figure 3E) with significant 
reductions at both total (vehicle: 11.4 ± 1.3 mg vs. survodutide: 
5.18 ± 0.3 mg, p ≤ 0.001; Figure 3F) and relative (%-area) levels 
(vehicle: 4.11% ± 0.5% vs. survodutide: 2.13% ± 0.2%, p ≤ 0.001; 
Figure  3G). Immunostaining for KIM-1 suggested reduced 
levels after survodutide treatment when assessed visually 

(Figure 3H), however, the effect did not attain statistical sig-
nificance against vehicle at both total (vehicle: 3.64 ± 0.87 mg 
vs. survodutide: 2.10 ± 0.6 mg, p = 0.141; Figure 3I) and relative 
levels (vehicle: 1.29% ± 0.28% vs. survodutide: 0.92% ± 0.28%, 
p = 0.363; Figure 3J).

Quantitative 3D imaging was used to assess whole-organ 
histomorphometric changes induced by survodutide in the 
kidney and pancreas of db/db UNx-ReninAAV mice. There 
was a clear change in glomeruli morphology after survodutide 
treatment, as visualized by podocin-1 staining (Figure  4A). 
Kidney volume was reduced in the survodutide treatment 
group compared to vehicle (vehicle: 214 ± 4.5 mm3, CV = 7.9%, 
n = 14 vs. survodutide: 181 ± 23.6 mm3, CV = 13.0%, n = 15, 
p ≤ 0.001; Figure 4C), in line with reduced total kidney weight 
(vehicle: 0.28 ± 0.01 g vs. survodutide: 0.25 ± 0.01 g, p = 0.0107; 
Figure 4D). Notably, the total 3D quantified glomeruli volume 
was significantly reduced in the survodutide-treated group 
(vehicle: 6.23 ± 0.20 mm3, CV = 12.1%, n = 14 vs. survodutide: 
5.34 ± 0.25 mm3, CV = 17.9%, n = 15, p = 0.0104; Figure  4E) 
while glomerular volume fraction (vehicle: 2.91% ± 0.078%, 
CV = 10.1%, n = 14 vs. survodutide: 2.96% ± 0.12%, CV = 15.7%, 
n = 15, p = 0.723, Figure  4F) and total counts (vehicle: 
14452 ± 396, CV = 10.3%, n = 14 vs. survodutide: 13981 ± 192, 
CV = 5.3%, n = 15, p = 0.285, Figure  4G) were unchanged, 
suggesting a reduction in glomerular hypertrophy without 
an alteration in glomerular number. Correspondingly, sur-
vodutide increased glomerular density (Vehicle: 67.7 ± 1.8 
per mm3, CV = 10.0%, n = 14 vs. survodutide: 78.3 ± 2.7 
per mm3, CV = 13.4%, n = 15, p = 0.003; Figure  4H) while 
slightly reducing individual mean glomerular volume (ve-
hicle: 0.432 ± 0.010 μm3, CV = 8.9%, n = 14 vs. survodutide: 
0.381 ± 0.015 μm3, CV = 15.6%, n = 15, p ≤ 0.012; Figure 4I). To 
further quantitatively assess changes in glomeruli morphol-
ogy, we measured glomerular sphericity, a marker of glomer-
ular morphological integrity [30, 31]. Glomeruli sphericity 
(more round glomeruli) was significantly increased follow-
ing survodutide treatment (vehicle: 0.81 ± 0.004, CV = 1.98%, 
n = 14 vs. survodutide: 0.83 ± 0.002, CV = 0.9%, n = 15, 
p < 0.001; Figures  4J and S5). Mean glomerular podocin flu-
orescence intensity was unchanged by survodutide treatment 
(data not shown).

In the pancreas, there were no clear visual differences in total 
volume of the pancreas and total volume of insulin-positive 
(insulin+) islets between vehicle and survodutide (Figure  5A). 
Accordingly, survodutide had no effect on pancreas volume 
(vehicle: 105 ± 5.0 mm3, CV = 17.3%, n = 13 vs. survodutide: 
103 ± 4.5 mm3, CV = 15.9%, n = 13, p = 0.68; Figure  5B) or 
insulin+ cell volume, both in terms of absolute volume (ve-
hicle: 0.99 ± 0.13 mm3, CV = 45.8%, n = 13 vs. survodutide: 
1.20 ± 0.19 mm3, CV = 57.2%, n = 13, p = 0.365; Figure  5C) and 
when normalized to pancreas volume (vehicle: 0.96% ± 0.15%, 
CV = 55.36%, n = 13 vs. survodutide: 1.24% ± 0.23%, CV = 65.6%, 
n = 13, p = 0.295; Figure  5D). Furthermore, there was no dif-
ference in the total number of insulin+ islets (islets containing 
insulin signal) between the two groups (vehicle: 2730 ± 167, 
CV = 22.0%, n = 13 vs. survodutide: 2490 ± 198, CV = 28.7%, 
n = 13, p = 0.357; Figure  5E), nor in the islet density (vehicle: 
26.2 ± 1.5 per mm3, CV = 19.9%, n = 13 vs. survodutide: 24.8 ± 2.2 
per mm3, CV = 32.5%, n = 13, p = 0.613; Figure 5F). Stratification 
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of pancreatic islets by size revealed that, in the survodutide-
treated group, larger islets contributed a greater proportion of 
total insulin+ islet volume compared to vehicle controls, par-
ticularly among mid-sized islets (at 0.0096 and 0.0192 mm3, 
p = 0.00654 and p = 0.00405, Figure 5G). However, the number 
of insulin-positive islets across all size categories remained un-
changed (Figure 5H).

4   |   Discussion

Survodutide, a long-acting dual GCGR/GLP-1R agonist, 
demonstrated robust renoprotective efficacy after 10 weeks 
of subcutaneous treatment at a clinically relevant dose in 
the translational db/db UNx-ReninAAV mouse model of 
hypertension-accelerated DKD. Survodutide prevented the 
progression of albuminuria, improved markers of kidney in-
jury and glomerular filtration, and markedly ameliorated his-
topathological features of advanced glomerulosclerosis and 
renal inflammation. These benefits were accompanied by 

reduced kidney volume and improved glomerular structural 
integrity, characterized by reduced hypertrophy and restored 
sphericity. Collectively, these preclinical findings demonstrate 
broad renoprotective efficacy of survodutide across multiple 
key hallmarks of DKD.

In parallel with its renal effect, survodutide significantly 
improved metabolic parameters, including body weight, hy-
perglycemia, hyperinsulinemia and hepatomegaly. These 
findings are consistent with previous reports of survodutide 
efficacy in diabetic db/db mice [32]. Body weight gradually 
returned towards baseline in survodutide-treated db/db UNx-
ReninAAV mice. However, given the marked hyperphagia 
and progressive weight gain characteristic of db/db mice, the 
effects of weight-lowering interventions in this model may 
primarily manifest as attenuation of progressive weight gain 
rather than sustained weight loss relative to baseline [33]. 
Furthermore, the present study provides evidence of GCGR 
engagement by survodutide, as indicated by elevated plasma 
3-HB levels and reduced plasma amino acid concentrations. 

FIGURE 3    |    Survodutide reduces glomerulosclerosis and kidney macrophage infiltration in db/db UNx-ReninAAV mice. (A) Representative imag-
es of PAS-stained kidney sections in vehicle (left panel) and survodutide (right panel) groups (magnification, 20×, scale bar, 100 μm). (B) Distribution 
of glomerulosclerosis score (GS) based on a 5-point scale according to sclerotic area: GS0 (normal), GS1 (mild, sclerotic area up to 25%), GS2 (mod-
erate, sclerotic area of 25%–50%), GS3 (severe, sclerotic area of 51%–75%) and GS4 (global, sclerotic area of 76%–100%). (C) Mean glomerulosclerosis 
score (glomerulosclerosis index). (D) Relative proportion (%) of severe sclerotic glomeruli (GS3 + GS4 fraction). (E) Representative images of F4/80-
stained kidney sections in vehicle (left panel) and survodutide (right panel) groups (magnification, 20×, scale bar, 100 μm). (F, G) Total (mg) and 
relative (% fractional area) levels of F4/80. (H) Representative images of KIM-1-stained kidney sections in vehicle (left panel) and survodutide (right 
panel) groups (magnification, 20×, scale bar, 100 μm). (I, J) Total (mg) and relative (% fractional area) of KIM-1. Data presented as mean ± SEM (n = 15 
per group). Dunnett's test one-factor linear model used. ***p < 0.001 compared to the Vehicle group.
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7Diabetes, Obesity and Metabolism, 2026

FIGURE 4    |    Survodutide reduces kidney and glomerular volumes in db/db UNx-ReninAAV mice, as quantified by 3D whole-kidney light-sheet 
fluorescence microscopy. (A) Representative maximum intensity projections show podocin staining in whole kidneys, after tissue clearing and ac-
quired by volumetric 3D light sheet fluorescence microscope (LSFM) imaging. Magnified views are outlined in blue, displaying clear morphological 
differences at nephron-glomeruli networks. Scale bar, 1000 μm; zoomed-in scale bar, 500 μm. (B) Representative images displaying glomeruli seg-
mentation, each coloured sphere represents a single glomerulus, the colour of which represents glomerular volume—based on the key on the right. 
Note, the clear reduction in glomeruli size after survodutide treatment. Graphs display (C) total kidney volume (mm3), (D) kidney weight (g), (E) 
glomeruli volume (mm3), (F) glomeruli volume fraction (%, normalized to total kidney volume), (G) glomeruli count, (H) glomeruli density (glom-
eruli/mm3, normalized to total kidney volume) and (I) mean individual glomerular volume (mm3). (J) mean glomerular sphericity. Data presented 
as mean ± SEM (n = 14–15 per group). Dunnett's test one-factor linear model used. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the Vehicle group.

FIGURE 5    |    Survodutide has minimal effect on pancreas and beta cell volumes in db/db UNx-ReninAAV mice as quantified by 3D whole-pancreas 
light-sheet fluorescence microscopy. (A) 3D light sheet fluorescence microscope (LSFM) scans are displayed as maximum intensity projections of 
pancreatic splenic lobes from the vehicle group and survodutide group with insulin signal (647 nm) in red and tissue anatomy (autofluorescence sig-
nal (561 nm) in grey). Scale bar, 1000 μm. Graphs show (B) total pancreas volume (mm3) based on autofluorescence, (C) Insulin+ volume (mm3), (D) 
insulin+ volume fraction (%, normalized to total pancreas volume), (E) total insulin+ islet count, (F) insulin+ islet density (islets/mm3, normalized to 
pancreas volume). By categorizing islets of Langerhans by size, distribution plots display (G) Insulin+ islet volumes (mm3) and (H) Insulin+ islet count 
for different islet sizes (0.0000125–1.2288 mm3). Data presented as mean ± SEM (n = 13 per group). For single value data, Dunnett's test one-factor lin-
ear model used. For size distribution data, Dunnett's test on two-factor linear model with interaction used. **p < 0.01 compared to the Vehicle group.
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These biomarker changes are consistent with canonical effects 
of hepatic GCGR activation, reflecting increased ketogenesis 
and amino acid-dependent gluconeogenesis [34]. The improve-
ment in glycemia observed with survodutide, despite acute 
GCGR activation, may be explained by the counterbalancing 
effects of GLP-1R signalling. Survodutide is more potent at the 
human GLP-1R (EC50, 1 nM) than the human GCGR (EC50, 
8.3 nM) [19]. Furthermore, chronic GCGR activation promotes 
increased energy expenditure contributing to weight loss [19], 
which ultimately also improves hyperglycemia.

GLP-1R agonists have been shown to have nephroprotective ef-
fects in multiple preclinical [27, 35, 36] and clinical [11, 18, 37, 38] 
studies. However, it is presently unclear whether these effects 
are direct or secondary to its metabolic effects. The mode of 
action underlying the therapeutic effects of GLP-1R in DKD is 
incompletely understood and may likely be determined by both 
extra- and intrarenal actions [11, 39, 40]. In agreement with 
findings in DKD patients, semaglutide has been reported to im-
prove hypertension, hyperglycemia, albuminuria and glomeru-
losclerosis in db/db UNx-ReninAAV mice [27]. In comparison, 
the sodium-glucose co-transporter-2 (SGLT2) inhibitor empagli-
flozin robustly reduced hyperglycemia without influencing hy-
pertension and kidney histopathology in the model [22, 23, 41]. 
This implies that stimulating GLP-1R function improves kidney 
outcomes in db/db UNx-ReninAAV mice regardless of antihy-
perglycemic effects.

Survodutide increased plasma renin levels in db/db UNx-
ReninAAV mice; however, it should be emphasized that kid-
ney pathology in this model is independent of intrarenal renin 
expression, as renin overexpression is driven by a liver-specific 
promoter [23, 41]. As semaglutide has previously been reported 
to robustly improve hypertension in db/db UNx-ReninAAV 
mice while concomitantly increasing renin mRNA expression 
in the kidney [27], the renal renin signal appears unlikely to 
reflect activation of the renin-angiotensin-aldosterone system. 
Both semaglutide and liraglutide have been shown to increase 
renin mRNA expression in the renal vasculature, potentially 
contributing to GLP-1R-mediated angiogenesis and glomerular 
repair mechanisms [42, 43]. Supporting this concept, GLP-1R ag-
onists promote vasodilation and increase intrarenal blood flow, 
possibly mediated by GLP-1Rs expressed in renal vasculature 
[44, 45]. Given that antihypertensive treatment intervention, 
using ACE inhibitors, has consistently been shown to alleviate 
kidney disease in the model [22, 23, 27, 41], this further supports 
that vasodilatory effects could play an important role in the ne-
phroprotective effects of GLP-1R activation.

Despite GCGR expression in the nephron, tubules and collect-
ing duct [13], its precise physiological role remains incompletely 
understood. The postprandial increase in glomerular filtration 
rate has been proposed to involve glucagon signalling, poten-
tially reflecting a transient response that facilitates urea clear-
ance associated with increased amino acid metabolism [46]. 
Notably, renal GCGR expression is downregulated in CKD 
patients [14, 15, 47] and shows a positive correlation with esti-
mated eGFR in patients with DKD [16]. Supporting a functional 
role, Gcgr-deficient mice exhibit impaired kidney function, in-
cluding albuminuria, polyuria, hyperaminoacidemia and hy-
pertension [17]. Furthermore, Gcgr knockdown exacerbates 

glomerulosclerosis, tubulointerstitial fibrosis and inflammation 
in db/db mice and a mouse model of unilateral ureteral obstruc-
tion [47]. Survodutide markedly reduced renal F4/80 expression 
in db/db UNx-ReninAAV mice, indicative of anti-inflammatory 
activity. It has been speculated that reduced albuminuria follow-
ing treatment with cotadutide, a GCGR/GLP-1R dual agonist, in 
DKD patients could be secondary to protective GCGR-mediated 
metabolic action at the tubular level [18]. Supporting this, the 
dual GLP-1R and GCGR agonist 1907-B improved glomerulo-
sclerosis and tubulointerstitial fibrosis and reduced blood urea 
nitrogen and serum creatinine in db/db mice, even with Glp1r 
knockdown. Interestingly, glucagon alone reduced blood urea 
nitrogen, serum creatinine, glomerulosclerosis and tubuloint-
erstitial fibrosis comparably to 1907-B. It should be noted that 
1907-B has a 557-fold higher potency for the GLP-1R (EC50, 
0.08 nM) than GCGR (EC50, 49.08 nM) [47], hence being more 
biased at the GLP-1R than survodutide.

Glomerular and tubular effects of GCGR activation, including 
enhanced natriuresis, may modulate renal hemodynamics and 
potentially attenuate glomerular hyperfiltration [17]. Thus, the 
GCGR component of survodutide may contribute to the reno-
protective effects observed in the db/db UNx-ReninAAV mouse 
model, although its specific contribution cannot be established 
from the present study. Indeed, the role of GCGR signalling in 
DKD remains incompletely resolved, with findings from phar-
macological studies being contradictory. For example, pro-
longed exposure to native glucagon has been associated with 
exacerbated kidney injury in a combined UNx, high-fat diet- 
and streptozotocin-induced mouse model of DKD [48], whereas 
long-acting dual GCGR/GLP-1R agonism differs fundamentally 
in its pharmacological and metabolic profile, including reduc-
tions in endogenous glucagon levels [19]. These observations 
suggest that the renal effects of GCGR activation are context de-
pendent, varying with the underlying renal phenotype, duration 
of treatment and magnitude and temporal profile of GCGR acti-
vation. Accordingly, further studies using receptor-selective ag-
onists and tissue-specific Glp1r and Gcgr knock-out models are 
required to define the specific contribution of GCGR signalling 
to the nephroprotective effects of survodutide.

Survodutide promotes weight loss through dual mechanisms, 
reduced food intake mediated by GLP-1R and increased energy 
expenditure mediated by GCGR, leading to greater weight re-
duction compared with GLP-1R agonist monotherapy [19, 49]. 
In agreement, survodutide markedly attenuated weight gain 
in db/db UNx-ReninAAV mice, which may have contributed, 
directly or indirectly, to the improved renal outcomes in the 
model. Mediation analyses from the LEADER and SUSTAIN 
6 trials showed that body weight reduction contributed min-
imally to renoprotection with liraglutide and semaglutide, 
respectively. In contrast, HbA1c and systolic blood pressure 
accounted for a greater proportion of the renoprotective ef-
fect, while diastolic blood pressure had negligible impact [50]. 
Although blood pressure was not monitored in the present 
study, survodutide has been demonstrated to exert antihyper-
tensive effects in clinical trials for obesity and type 2 diabetes 
[51, 52], with semaglutide previously shown to reduce blood 
pressure in db/db UNx-ReninAAV mice [27]. Survodutide also 
reduced HbA1c levels in db/db UNx-ReninAAV mice, consis-
tent with findings in type 2 diabetes patients [53]. Although 
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total β-cell volume was unchanged in db/db UNx-ReninAAV 
mice, survodutide modestly increased the volume of mid-
sized insulin-positive islets. This finding is consistent with 
prior reports showing increased β-cell mass following GLP-1R 
agonist or SGLT2 inhibitor treatment in rodent models of di-
abetes, an effect attributed to preservation of β-cell integrity 
or delayed β-cell loss rather than enhanced β-cell prolifera-
tion [54–58]. Survodutide may therefore alleviate β-cell stress 
through improved glycemic control, reducing glucotoxicity 
and insulin demand, which could contribute to preservation 
of mid-sized insulin islets in db/db UNx-ReninAAV mice. As 
improvements in glycemic control and blood pressure are not 
solely attributable to weight loss and only partially account for 
the observed renoprotection, GLP-1R-mediated kidney bene-
fits appear to be, at least in part, independent of weight loss.

Beyond reducing kidney and glomerular hypertrophy, survodu-
tide increased whole-glomerular sphericity, consistent with a 
more regular and preserved glomerular morphology. Glomerular 
sphericity or circularity progressively declines with increasing 
CKD severity and has been identified as an independent pre-
dictor of disease progression [30, 31]. Moreover, experimental 
podocyte injury has been associated with loss of glomerular 
sphericity [59], supporting a potential link between glomerular 
geometry and podocyte structural integrity. Consistent with this 
concept, semaglutide has previously been shown to preserve 
podocyte filtration slit density in db/db UNx-ReninAAV mice 
[27]. Thus, the increased sphericity of podocin-positive glomer-
uli following survodutide treatment may reflect preservation or 
restoration of glomerular architecture, potentially contributing 
to the attenuation of severe proteinuria and advanced glomeru-
losclerosis in the model.

The therapeutic landscape of DKD has expanded substantially with 
SGLT2 inhibitors and GLP-1R agonists, which confer complemen-
tary cardiorenal protection. SGLT2 inhibitors, including empagli-
flozin and canagliflozin, exert kidney-protective effects in part by 
restoring tubuloglomerular feedback and reducing intraglomeru-
lar pressure, thereby lowering the risk of kidney disease progres-
sion and cardiovascular events [60–62]. In comparison, GLP-1R 
agonists, including semaglutide, provide broad systemic metabolic 
benefits, including improved glycaemic control and weight reduc-
tion, while also reducing major kidney disease events and atten-
uating eGFR decline in patients with DKD [11, 63]. Survodutide 
may extend this therapeutic paradigm by combining GLP-1R and 
GCGR agonism, thereby integrating effects on glycaemic control, 
energy intake, body weight and energy expenditure. Consistent 
with this profile, substantial and sustained weight loss has been 
demonstrated with survodutide in clinical obesity trials [51, 64]. 
In the present hypertension-accelerated DKD model, survodutide 
improved body weight, albuminuria and kidney histopathological 
endpoints within 10 weeks, indicating a rapid and broad therapeu-
tic response. However, the onset and magnitude of these effects 
were not directly compared with those of SGLT2 inhibitors or se-
lective GLP-1R agonists. Thus, whether dual GLP-1R/GCGR ag-
onism confers incremental kidney protection beyond established 
therapies remains to be established in head-to-head preclinical 
and clinical studies. Moreover, although our findings provide pre-
clinical evidence supporting a nephroprotective potential of sur-
vodutide, the kidney benefits have yet to be established clinically. 
A dedicated phase 2 trial (ARTIST-CKD; #NCT07206290, Clini​

calTr​ials.​gov) is currently evaluating the effects of survodutide on 
albuminuria in individuals with CKD and a CV safety phase 3 trial 
(SYNCHRONIZE-CVOT; # NCT06077864, Clini​calTr​ials.​gov) in-
vestigates renal outcome and biomarkers as secondary endpoints.

The present study has several limitations. First, the 
hypertension-accelerated DKD model exhibits glomerular hy-
perfiltration rather than progressive GFR decline and does not 
develop prominent tubulointerstitial fibrosis [22], limiting its 
ability to recapitulate the functional decline and advanced tu-
bulointerstitial pathology characteristic of progressive human 
DKD. Second, given the hypertensive phenotype of the model, 
blood pressure monitoring would have been valuable to dis-
tinguish blood pressure-dependent from independent effects 
of survodutide. Third, the absence of mediation analyses pre-
cludes determination of the extent to which the nephroprotec-
tive effects of survodutide are independent of weight loss and 
associated metabolic improvements. Fourth, although only 
female mice were studied, previous work indicates that male 
and female db/db UNx mice exhibit broadly similar progres-
sion of diabetes and major features of DKD, including albu-
minuria and renal and glomerular hypertrophy [25]. However, 
sex-dependent differences in renal pathology and treatment 
response cannot be entirely excluded and confirmation of the 
nephroprotective effects of survodutide in male db/db UNx-
ReninAAV mice will be important to establish the general-
izability of these findings across sexes. Finally, inclusion of 
additional comparator groups, such as db/db UNx and db/db 
mice, would further delineate the metabolic and renal effects 
of survodutide across different stages and severities of diabetic 
kidney injury.

5   |   Conclusion

In conclusion, survodutide markedly ameliorates hallmarks of 
kidney disease and type 2 diabetes in the db/db UNx-ReninAAV 
mouse model of advanced DKD. Further studies are required to 
elucidate the precise mode of action of survodutide; however, 
the potential synergistic interplay between GLP-1R and GCGR 
activation suggests that survodutide may offer a promising and 
unique therapeutic strategy for patients with DKD and other 
forms of CKD.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: 3D whole-organ imaging 
analysis. Figure S1: Randomization and stratification. db/db Renin 
AAV-UNx mice were randomized and stratified to treatment groups 
according to (A) body weight, (B) blood glucose and (C) urine ACR. 
Data presented as mean ± SEM. Dunnett's test one-factor linear model 
used. No significant difference (p < 0.05) were observed between 
groups. Figure S2: Human translational dose-prediction for survodu-
tide. (A) Translational dose-prediction workflow. Subchronic pharma-
codynamic (PD) studies in db/db and diet-induced obesity (DIO) mice, 
respectively, defined the efficacious exposure (7.5 nmol/kg, s.c., q.d.; 
HbA1c and body-weight loss, see mouse data in Panel B). The corre-
sponding average steady-state concentration (Cave,ss ≈ 109 nM), sup-
ported by the low mouse peak/trough ratio (1.03), was set as the human 
steady-state target. Predicted human pharmacokinetic (PK) parameters 
[apparent clearance (CL/F) 0.000768 L/h/kg; bioavailability (F) 60%, 
volume of distribution at steady state (Vss) 0.108 L/kg; half-life t½ 62 h; 
mean residence time (MRT) 234 h], were applied to predict the human 
efficacious dose range. (B) In vivo efficacy in db/db and DIO mice. Left 
panel: female db/db mice treated for 4 weeks with survodutide (7.5 and 
10 nmol/kg s.c., q.d.); change in HbA1c from baseline. Right panel: DIO 
mice (3 months on high-fat diet) treated for 4 weeks (7.5 and 10 nmol/kg, 
s.c., q.d.). Data are shown as mean ± S.E.M. (n = 10 per group). *p < 0.05, 
***p < 0.001. (C) Exemplary simulated human steady-state PK pro-
file at 6.0 mg, s.c. once weekly (Cmax,ss 142 nM, Cave,ss 109 nM [target], 
Cmin,ss 79 nM; peak/trough 1.80). For the underlying mouse PK data, 
see Zimmermann et al., Mol. Metab. 66:101633, 2022. Figure S3: Liver 
weight following 10 weeks of survodutide treatment in db/db Renin 
AAV-UNx mice. Liver weight after treatment with vehicle (n = 15) and 
survodutide (n = 15). Data presented as mean ± SEM. Dunnett's test 
one-factor linear model used. ***p < 0.001 compared to vehicle control. 
Figure S4: Plasma amino acid levels following 10 weeks of survodu-
tide treatment in db/db Renin AAV-UNx mice. Plasma amino acid con-
centrations after treatment with vehicle (n = 12) or survodutide (n = 6). 
Unpaired t-test used. *p < 0.05, **p < 0.01 compared to the vehicle group. 
Figure S5: Glomeruli sphericity distribution in db/db UNx-ReninAAV 
mice as quantified by 3D whole-kidney light-sheet fluorescence mi-
croscopy. Glomeruli generally exhibited high sphericity across treat-
ment groups. Survodutide increased the sphericity of glomeruli with 
relatively high shape regularity. Sphericity analysis was performed in 
mice treated with vehicle (n = 14) or survodutide (n = 15). Each point 
represents the percentage of glomeruli per sample with a given sphe-
ricity (0.01 intervals), where sphericity = 1.0 represents a perfect sphere. 
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Figure S1. Randomization and stratification. db/db Renin AAV-UNx mice were 
randomized and stratified to treatment groups according to (A) body weight, (B) 
blood glucose and (C) urine ACR. Data presented as mean ± SEM. Dunnett’s test 
one-factor linear model used. No significant difference (p<0.05) were observed 
between groups. 
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Figure S2. Human translational dose-prediction for survodutide. (A) Translational dose-prediction 
workflow. Subchronic pharmacodynamic (PD) studies in db/db and diet-induced obesity (DIO) mice, 
respectively, defined the efficacious exposure (7.5 nmol/kg, s.c., q.d.; HbA1c and body-weight loss, see 
mouse data in panel B). The corresponding average steady-state concentration (Cave,ss ≈ 109 nM), 
supported by the low mouse peak/trough ratio (1.03), was set as the human steady-state target. Predicted 
human pharmacokinetic (PK) parameters [apparent clearance (CL/F) 0.000768 L/h/kg; bioavailability (F) 
60%, volume of distribution at steady state (Vss) 0.108 L/kg; half-life t½ 62 h; mean residence time (MRT) 
234 h], were applied to predict the human efficacious dose range. (B) In vivo efficacy in db/db and DIO 
mice. Left panel: female db/db mice treated for 4 weeks with survodutide (7.5 and 10 nmol/kg s.c., q.d.); 
change in HbA1c from baseline. Right panel: DIO mice (3 months on high-fat diet) treated for 4 weeks (7.5 
and 10 nmol/kg, s.c., q.d.). Data are shown as mean ± S.E.M. (n=10 per group). *p<0.05, ***p <0.001. (C) 
Exemplary simulated human steady-state PK profile at 6.0 mg, s.c. once weekly (Cmax,ss 142 nM, Cave,ss 
109 nM [target], Cmin,ss 79 nM; peak/trough 1.80). For the underlying mouse PK data, see Zimmermann et 
al., Mol. Metab. 66:101633, 2022.
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3. Human PK model
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L/h/kg, F 60%, Vss 0.108 L/kg, t½ 162 h, MRT 234 h

4. Human efficacious dose simulation
Plasma concentration time profile to match 
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Figure S3. Liver weight following 10 weeks
of survodutide treatment in db/db Renin 
AAV-UNx mice. Liver weight after treatment 
with vehicle (n=15) and survodutide (n=15). 
Data presented as mean ± SEM. Dunnett’s 
test one-factor linear model used. ***p<0.001 
compared to vehicle control. 
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Figure S4. Plasma amino acid levels following 10 weeks of survodutide treatment in db/db 
Renin AAV-UNx mice. Plasma amino acid concentrations after treatment with vehicle (n=12) or 
survodutide (n=6). Unpaired t-test used. *p<0.05, **p<0.01 compared to the vehicle group.
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Figure S5. Glomeruli sphericity distribution in db/db UNx-ReninAAV mice as quantified by 3D 
whole-kidney light-sheet fluorescence microscopy. Glomeruli generally exhibited high sphericity 
across treatment groups. Survodutide increased the sphericity of glomeruli with relatively high 
shape regularity. Sphericity analysis was performed in mice treated with vehicle (n=14) or 
survodutide (n=15). Each point represents the percentage of glomeruli per sample with a given 
sphericity (0.01 intervals), where sphericity = 1.0 represents a perfect sphere.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0

2

4

6

8

10

12

14

16

18

Sphericity

%
 o

f 
g

lo
m

e
ru

li 
(p

e
r 

s
a

m
p

le
)

Vehicle
Survodutide



3D WHOLE-ORGAN IMAGING ANALYSIS 

Kidneys and pancreata were extracted from animals and fixed in glyoxal and 4% 

paraformaldehyde overnight at 4°C, respectively. Both organs were tissue processed, stained 

and optically cleared based on iDISCO method for whole organ light sheet fluorescence 

microscopy (LSFM) imaging 1. Kidneys were cleared and stained with rabbit anti-podocin 

antibody (1:1000; Sigma Aldrich; PO372) and donkey anti-rabbit Alexa Fluor™ 647 (1:1000; Sigma 

Aldrich; A31573) as described in detail previously 2. Pancreata were processed for 3D imaging as 

described in detail previously 3. They were stained with goat anti-insulin (1:50 dilution; IR002; 

Dako Agilent) and goat anti-guinea pig Alexa Fluor™ 647 (1:500 dilution; A-21450; Invitrogen). Both 

organs were imaged on a Bruker Luxendo LCS SPIM microscope (Bruker Corporation, MA, USA), 

which was equipped with a Hamamatsu ORCA-Flash4.0 CMOS camera, two Nikon 4× 0.2 NA air 

objectives for illumination, and an Olympus 4× 0.28 NA air objective for detection. During data 

acquisition, samples were mounted in customized quartz cuvettes with ethyl cinnamate (ECi) 

serving as the immersion medium for the kidney and dibenzyl ether (DBE) for the pancreas. A 

robotic system automated cuvette loading into the microscope to streamline the imaging 

process. Images were acquired with dual-sided illumination at 4.4× magnification 

(1.4625 µm²/pixel) in z-stacks at 10 µm intervals. For the kidney, data was collected in two 

channels using a 6.3 µm beam expander and a tunable acoustic gradient (TAG) lens set to 35% 

to record both intrinsic tissue autofluorescence and podocin staining. Autofluorescence was 

recorded with 488 nm excitation (OBIS LS 561 nm, 50 mW, Coherent Corporation, PA, USA), a 

497–544 nm bandpass emission filter. The podocin signal was captured with 642 nm excitation 

(LuxX® 642-140, 140 mW, Omicron-Laserage Laserprodukte GmbH, Germany) and a 655–

704 nm bandpass emission filter. For the pancreas, data was collected in two channels using a 

6.3 µm beam expander and a tunable acoustic gradient (TAG) lens set to 35% to record intrinsic 

tissue autofluorescence and a 10.7 µm beam expander used for insulin staining. 

Autofluorescence was recorded with 561 nm excitation (OBIS LS 561 nm, 50 mW, Coherent 



Corporation, PA, USA), a 580–627 nm bandpass emission filter. The insulin signal was captured 

with 642 nm excitation (LuxX® 642-140, 140 mW, Omicron-Laserage Laserprodukte GmbH, 

Germany) and a 655–704 nm bandpass emission filter. Image data was captured by multi-tile 

acquisition with an overlap of ~13% between tiles. Bruker’s LuxBundle software was used to 

acquire (LuxControl version 4.6.1) and postprocess the raw data (LuxProcessor version 4.11.0). 

Postprocessing of raw data included flat-field correction, registration and stitching of tiles, 

down-sampling to 5 × 5 × 10 µm³ voxel size, and automated chromatic-shift correction of the 

imaged channels. 

 In-house developed deep learning–based residual U-Net segmentation models were used to 

analyze and quantify kidney and pancreas endpoints. For kidney analysis, the podocin signal was 

used to quantify glomeruli volume and glomeruli count. These metrics were normalized to total 

tissue volume, determined from the autofluorescence channel, to derive glomeruli volume 

fraction and density, respectively. Mean glomerular volume was calculated by dividing glomeruli 

volume by glomeruli count. For the pancreas analysis, insulin volume was quantified directly 

from the insulin-positive signal. For islet-level analyses (islet count and islet-based size 

distribution), islet boundaries were defined using a combination of insulin and autofluorescence 

signals. The inclusion of the autofluorescence channel was necessary to accurately delineate 

larger islets, which frequently exhibit reduced insulin signal in the db/db UNx-ReninAAV model. 

Total tissue volume was determined from the autofluorescence channel and used to normalize 

insulin+ volume and insulin+ islet count to derive insulin+ volume fraction and insulin+ islet 

density, respectively. 

Glomerular sphericity was quantified as follows. was performed as follows. Individual glomeruli 

were segmented from 3D NIfTI masks using connected-component labelling with 26-

connectivity (cc3d). Components smaller than 134 voxels were discarded as segmentation 

noise. For each retained glomerulus, the bounding-box crop was extracted and sphericity ψ was 



computed as: ψ = π1/3(6V)2/3 / A, where V is the physical volume (voxel count × voxel volume, 

µm³) and A is the surface area (µm²). Volume was calculated by summing all foreground voxels 

and multiplying by the anisotropic voxel volume (10 × 5 × 5 µm³). Surface area was estimated 

using the marching cubes algorithm (scikit-image ≥0.19)4 applied to each binary glomerulus 

mask. The mask was zero-padded by one voxel on all sides prior to meshing to ensure correct 

face detection at tight bounding-box boundaries. The resulting triangular mesh surface area was 

summed over all triangles. The physical voxel spacing (z = 10 µm, y = x = 5 µm) was passed directly 

to the marching cubes spacing parameter, so anisotropy is accounted for in the mesh vertex 

coordinates. A ψ of 1 corresponds to a perfect sphere; values approaching 0 indicate increasingly 

elongated or irregular shapes. 
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