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Abstract

Hypertension is a critical comorbidity for progression of diabetic kidney disease (DKD). To facilitate the development of novel
therapeutic interventions with the potential to control disease progression, there is a need to establish translational animal mod-
els that predict treatment effects in human DKD. The present study aimed to characterize renal disease and outcomes of stand-
ard of medical care in a model of advanced DKD facilitated by adeno-associated virus (AAV)-mediated renin overexpression in
uninephrectomized (UNx) db/db mice. Five weeks after single AAV administration and 4 wk after UNx, female db/db UNx-
ReninAAV mice received (PO, QD) vehicle, lisinopril (40mg/kg), empagliflozin (20mg/kg), or combination treatment for 12 wk (n =
17 mice/group). Untreated db/þ mice (n = 8) and vehicle-dosed db/db UNx-LacZAAV mice (n = 17) served as controls. End points
included plasma, urine, and histomorphometric markers of kidney disease. Total glomerular numbers and individual glomerular
volume were evaluated by whole kidney three-dimensional imaging analysis. db/db UNx-ReninAAV mice developed hallmarks of
progressive DKD characterized by severe albuminuria, advanced glomerulosclerosis, and glomerular hypertrophy. Lisinopril sig-
nificantly improved albuminuria, glomerulosclerosis, tubulointerstitial injury, and inflammation. Although empagliflozin alone had
no therapeutic effect on renal endpoints, lisinopril and empagliflozin exerted synergistic effects on renal histological outcomes.
In conclusion, the db/db UNx-ReninAAV mouse demonstrates good clinical translatability with respect to physiological and histo-
logical hallmarks of progressive DKD. The efficacy of standard of care to control hypertension and hyperglycemia provides a
proof of concept for testing novel drug therapies in the model.

NEW & NOTEWORTHY Translational animal models of diabetic kidney disease (DKD) are important tools in preclinical
research and drug discovery. Here, we show that the standard of care to control hypertension (lisinopril) and hyperglycemia
(empagliflozin) improves physiological and histopathological hallmarks of kidney disease in a mouse model of hypertension-
accelerated progressive DKD. The findings substantiate hypertension and type 2 diabetes as essential factors in driving
DKD progression and provide a proof of concept for probing novel drugs for potential nephroprotective efficacy in this
model.

ACE inhibitor; diabetic kidney disease; glomerulosclerosis; mouse model; SGLT2 inhibitor

INTRODUCTION

Diabetes is the leading cause of chronic kidney disease
(CKD) globally, accounting for nearly half of all cases of end-
stage kidney disease (ESKD). Approximately 40% of patients
with type 2 diabetes (T2D) develop CKD, and the prevalence
is predicted to increase to around 50% by 2025 (1, 2). The pro-
gression of diabetic kidney disease (DKD) is characterized by
progressive albuminuria and declining glomerular filtration
rate (GFR), concomitant with cardiovascular disease and
ultimately ESKD. The pathophysiology of DKD involves an
interplay of metabolic and hemodynamic factors (3), and
thus control of blood glucose and blood pressure has been
the cornerstone in DKD risk management and treatment for
the last two decades. Renin-angiotensin-aldosterone system
(RAAS) blockade using angiotensin-converting enzyme

(ACE) inhibitors and angiotensin II receptor antagonists rep-
resents the standard ofmedical care for hypertension control
and improves both renal and cardiovascular outcomes in
patients with T2D and DKD (4–6). Of the new antidiabetic
drug classes, sodium-glucose cotransporter-2 (SGLT2) inhibi-
tors are of particular interest for DKD management. Recent
clinical trials have demonstrated that SGLT2 inhibition,
when added to RAAS blockade, slows the rate of GFR decline
and lowers the risk for ESKD and death from cardiovascular
causes in patients with DKD (7). Notably, SGLT2 inhibitors
may have nephroprotective effects independent of their glu-
coregulatory action, as the benefits of dual RAAS and SGLT2
inhibition also extend to patients with CKD without diabetes
(7–10).

Despite the recent improvement of CKD care in diabetes,
the prevalence of DKD remains high among patients with
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T2D, and improved treatment modalities to prevent DKD
progression are urgently required. Consequently, there is a
need for animal models that more closely resemble the mul-
tifactorial features of the human disease to better predict
clinical treatment responses. To reflect recent advances in
DKD treatment, preclinical efficacy testing of potential DKD
therapeutics should be conducted in the context of concur-
rent RAAS blockade and SGLT2 inhibitor treatment.

Induction of persistent hypertension by adeno-associated
virus (AAV)-mediated renin gene transfer has recently been
reported to exacerbate kidney injury in uninephrectomized
(UNx) db/dbmice (11, 12). Because the db/db UNx-ReninAAV
mouse shows close resemblance to human DKD pathogene-
sis (12), we further validated the model for utility in preclini-
cal drug discovery by characterizing renal disease and
outcomes of the long-term standard of care using an ACE in-
hibitor (lisinopril) and SGLT2 inhibitor (empagliflozin).

METHODS

Animals

The Danish Animal Experiments Inspectorate approved all
experiments, which were conducted using internationally
accepted principles for the use of laboratory animals (License
No. 2013-15-2934-00784). Female db/m and db/db (BKS.Cg-
Dock7mþ /þLeprdb/J) mice (5-wk-old) were obtained from
Charles River (Calco, Italy) and housed in a controlled envi-
ronment (12:12-h light-dark cycle, lights on at 3 AM, 23±2�C,
humidity: 50± 10%). Female db/db mice are less prone to de-
velop hydronephrosis and pyelonephritis with increasing age
compared with male db/db mice (13–15). Each animal was
identified by an implantable subcutaneous microchip (PetID
Microchip, E-vet, Haderslev, Denmark). Mice had ad libitum
access to standard chow (Altromin 1324, Brogaarden,
Hørsholm, Denmark) and tap water.

UNx and AAV Delivery of Renin

An AAV construct, AAV8-TBG-m-Ren1d(F61R/P65S), was
used to induce hypertension (16). An AAV8-TBG-LacZ con-
struct expressing LacZ was used as the negative control. Both
constructs are expressed under the control of the liver-specific
thyroxin-binding globulin promotor (12, 17). ReninAAV and
LacZAAV were from Vector Biolabs (Malvern, PA). Animals
were randomized according to baseline fed blood glucose and
body weight 1 wk before AAV administration. AAV constructs
were suspended in sterile PBS and administered by tail vein
injection in conscious animals (7 wk of age). In an initial dose-
finding study in db/db UNx mice (n = 10�13 mice/group),
ReninAAV doses of 1� 1010, 2� 1010, 4� 1010, and 10� 1010

genome copies (GC) were characterized and compared with
LacZ 2� 1010 GC (see the study outline provided in Supple-
mental Fig. S1; all Supplemental Material available at https://
doi.org/10.6084/m9.figshare.14431229.v1). One week after
AAV injection, UNx was performed as previously described
(14). Animals were allowed to recover for 4 wk before the
study start (defined as week 1). Body weight was measured
twice a week from 1 wk before AAV administration until the
study start and thereafter once daily. Mice were euthanized 12
wk after the study start, corresponding to 17 wk after AAV
administration.

Drug Treatment

In a subsequent intervention study, a ReninAAV and
LacZAAV dose of 2� 1010 GCwas used (see the study outline in
Supplemental Fig. S1). Treatment was initiated 5 wk after AAV
administration. Randomization and stratification to treatment
were based on fed blood glucose and body weight measured
2days before the treatment start. db/db UNx-ReninAAV mice
(n = 17mice/group) received (PO, QD) vehicle (0.5%methyl cel-
lulose), lisinopril (40mg/kg, MedChemExpress, Monmouth
Junction, NJ), empagliflozin (20mg/kg, MedChemExpress), or
lisinopril þ empagliflozin (40mg/kg þ 20mg/kg) for 12 wk.
Untreated female db/m mice (n = 8) and vehicle-dosed db/db
UNx-LacZAAVmice (n = 15) served as controls. Doses of lisino-
pril and empagliflozin were within standard ranges used for
mousemodels of DKD (18).

Blood Pressure

In the ReninAAV dose-finding study, systolic arterial
blood pressure was measured on weeks 4 and 10 by tail-cuff
plethysmography using a mouse tail-cuff system (IITC Life
Science, Woodland Hills, CA). Animals were randomly
selected for blood pressure measurement and trained in the
system for 4 consecutive days before blood pressure mea-
surement on the fifth day.

Transcutaneous FITC-Sinistrin Measurement

GFR was measured in the ReninAAV dose-finding study
by FITC-sinistrin clearance in week 10. The GFR monitor
(MediBeacon, Mannheim, Germany) was mounted on the
back of the animal according to the manufacturer’s instruc-
tions. FITC-sinistrin was injected into the tail vein (40mg/
mL, 0.15mg/g body wt), and FITC-sinistrin was monitored
transcutaneously for up to 90min postinjection in conscious
and freely moving animals. GFR in mL/min/100 g body wt
was estimated using MDP Studio software (MediBeacon, St.
Louis, MO) using a conversion factor to express GFR in mL/
min (19).

Blood and Urine Analyses

Blood and urine samples were collected from nonfasted ani-
mals. Tail blood samples were collected every 3–4 wk. Spot
urine samples were collected in weeks 6 and 12 (ReninAAV
dose-finding study) orweek 11 (treatment study). Blood glucose,
glycated hemoglobin A1c (HbA1c), plasma urea, urine albumin,
and creatinine were determined as previously described (14).
Terminal plasma cystatin C levels were determined using an
ELISA kit (R&D Systems,Minneapolis, MN).

Histology

Histology was performed on sections from formalin-fixed
(conventional histology) or glyoxal-fixed [three-dimensional
(3D) imaging and conventional histology] kidneys as previ-
ously described in detail (14, 20). All histological analyses were
performed on cleared kidneys as described below in Whole
Kidney Quantitative 3D Imaging Analysis of Glomeruli Number
and Volume. Stained sections were scanned with a �20 objec-
tive using a Scanscope AT slide scanner (Aperio, Leica
Biosystems, Buffalo Grove, IL), and quantitative image analysis
was performed using Visiomorph software (Visiopharm,
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Hørsholm, Denmark). Collagen type III (no. 1330-01,
SouthernBiotech, Birmingham, AL) and CD11b (ab133357,
Abcam, Cambridge, UK) was quantified in the renal cortex,
whereas kidney injury molecule-1 (KIM-1; AF1817, R&D
Systems) was quantified in the whole section. Data were
expressed as total mass (mg) of positive staining by multiply-
ing terminal kidney weight with the corresponding fractional
(%) surface area of positive staining.

Glomerulosclerosis Scoring Using Deep Learning

In the ReninAAV dose-finding study, periodic acid-Schiff
(PAS)-positive staining was determined inside glomeruli by
artificial intelligence (AI)-assisted image analysis. Slides
were scanned with a 20� objective. Glomerulosclerosis was
quantified according to the percentage of the glomerular tuft
occupied with PAS-positive and nuclei-free matrix (21, 22).
Total PAS-positive staining was expressed as total mass (mg)
of positive staining by multiplying terminal kidney weight
with the corresponding fractional (%) surface area of positive
staining. In the pharmacological study, the glomerulosclero-
sis score was computed by detecting all glomeruli using a
neural network, whereafter each glomeruli was assigned a
glomerulosclerosis score by a second neural network. A U-
net network architecture (23) was trained to segment glomer-
uli from 2,324 annotated glomeruli derived from 20 kidneys
sampled across all study groups. Network training was per-
formed in Visiopharm Integrator Software (VIS2020.1.3,
Visiopharm, Hørsholm, Denmark) using the AI module and
analyzed at �10 magnification. The trained model was eval-
uated by visual inspection. Glomeruli were next classified
according to a five-point scale using the following criteria:
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%) with a
second neural network. The training set consisted of the fol-
lowing number of samples (glomeruli): GS0 (n = 943), GS1
(n = 970), GS2 (n = 960), GS3 (n = 725), and GS4 (n = 507). An
Inceptionv3 network (24) was trained using the Keras library
(25) to assign glomerulosclerosis scores. Images were ana-
lyzed at �20 magnification. The trained model had an accu-
racy of 66% measured on a test set of 269 samples. For both
neural networks, the prediction error was measured as cross
entropy, and the Adam optimizer (26) was used during train-
ing. Data augmentation, in the form of rotations, flips, and
brightness, was applied. Data were expressed as the number
of glomeruli with individual glomerulosclerosis scores
(GS0�GS4 and GS3�GS4, respectively) relative to total glo-
meruli counts in the corresponding experimental group
(fraction %). The glomerulosclerosis index was calculated
using the following formula: (1�n1) þ (2�n2) þ (3�n3) þ
(4�n4)/n0 þ n1 þ n2 þ n3 þ n4, where nx is the number of
glomeruli in each grade of glomerulosclerosis (27).

Whole Kidney Quantitative 3D Imaging Analysis of
Glomeruli Number and Volume

Whole kidney 3D imaging analysis was applied in the treat-
ment study. Procedures were according to a previous report
in db/db UNx mice (20). In brief, anesthetized mice were
injected in the tail vein with DyLight-594–conjugated
Lycopersicon esculentum (tomato) lectin (Vector Laboratories,

Burlingame, CA), which labels endothelial cells and blood ves-
sels, including glomerular capillaries (28). After 5min, mice
were transcardially perfused with heparinized PBS. Glyoxal-
fixed kidneys were imaged by light-sheet fluorescencemicros-
copy using a LaVision Ultramicroscope II (Miltenyi Biotec,
Bergisch Gladbach, Germany). Procedures for automated
mapping, segmentation, quantification, and statistical evalua-
tion of glomeruli numbers and volumes have been previously
described in detail (20). 3D segmentation of glomeruli con-
sisted of two steps. First, a two-dimensional U-Net network
architecture (28) was trained to detect glomeruli centroids,
based on annotations from 291 randomly sampled image tiles
(512� 512 pixels). Data augmentation, in the form of rotations
and nonlinear distortions, was applied during training, and
detected glomeruli centroids were used as input for a seeded
3D watershed segmentation. Using the image gradients,
this operation filled out the entire glomerular area around
each detected centroid, resulting in the final 3D glomeruli
segmentation.

Statistics

Except from quantitative 3D imaging, data were analyzed
using GraphPad Prism v7.03 software (GraphPad, La Jolla,
CA). All results are shown as means ± SE. Dunnett’s test one-
factor/two-factor linear model with interaction was used
with a P value of<0.05 considered statistically significant.

RESULTS

Robust Diabetic Nephropathy in ReninAAV-Injected
UNx db/dbMice

A single injection of ReninAAV (ReninAAV 1–10� 1010 GC)
was evaluated for metabolic and renal effects in female db/
db UNx mice compared with LacZAAV control mice (2� 1010

GC). Physiological parameters are shown in Table 1 and pro-
vided in Supplemental Table S1. ReninAAV doses up to 4�
1010 GC did not influence diabetes severity in db/db UNx
mice (Fig. 1A). ReninAAV promoted dose-dependent incre-
ments in systolic arterial blood pressure, with doses of �2�
1010 GC inducing robust and persistently elevated blood
pressure (P < 0.05�0.001; Fig. 1B). Consistent with a previ-
ous ReninAAV dose-response study in mice using the same
vector and renin construct (17), the survival rate was reduced
in db/db UNx mice that received a ReninAAV dose of �4�
1010 GC (Table 1), being associated with spontaneous major
vessel rupture. ReninAAV 2� 1010 GC promoted progressive
elevations in the urine albumin-to-creatine ratio (ACR; P <
0.05 vs. week 6: Fig. 1C). Terminal plasma cystatin C levels
were only significantly elevated by high ReninAVV doses
(�4� 1010 GC, P < 0.05�0.001; Fig. 1D). A ReninAAV dose-
dependent decline in GFR was noted, but without attaining
statistical significance (P = 0.128�0.265; Table 1). ReninAAV
(�4� 1010 GC) significantly increased glomerular PAS-posi-
tive mass (P < 0.001; Fig. 1E). Although LacZAAV control
and ReninAAV mice (1� 1010 GC) showed mild mesangial
matrix expansion, higher ReninAAV doses (�2� 1010 GC)
promoted segmental and global glomerulosclerosis (Fig. 1F).
A 2� 1010 GC dose was used in the drug treatment study as
robust elevations in blood pressure and urine ACR were
obtained without any significant mortality.
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Lisinopril and Empagliflozin Combination Treatment
Improves Urinary Markers of Kidney Disease in db/db
UNx-ReninAAVMice

Physiological parameters are shown in Table 2 and
provided in Supplemental Table S2. Empagliflozin and
lisinopril þ empagliflozin increased body weight gain
accompanied by marked and sustained improvements in
hyperglycemia and HbA1c levels in db/db UNx-ReninAAV
mice (Fig. 2, A–C). Lisinopril was weight neutral and had no
effect on glycemic parameters. Terminal plasma urea and cys-
tatin C levels were unaffected in db/db UNx-LacZAAV and
db/db UNx-ReninAAV mice. Plasma urea, but not cystatin C,
concentrations were significantly elevated by lisinopril and
lisinopril þ empagliflozin (Fig. 2, D and E). Urine ACR was
significantly elevated in db/db UNx-LacZAAV controls (19-
fold increase, P < 0.001 vs. db/m mice). db/db UNx-
ReninAAV controls exhibited a substantial increase in urine
ACR (235-fold vs. db/m mice, P < 0.001; 12-fold vs. LacZAAV
mice, P< 0.001), whichwas significantly reduced by lisinopril
and lisinopril þ empagliflozin (P < 0.001 vs. vehicle control;
see Fig. 2F).

Lisinopril and Empagliflozin Combination Treatment
Improves Kidney Histopathology in db/db UNx-
ReninAAVMice

A deep learning-based method was developed and
applied for automated detection of glomeruli and scoring
of glomerulosclerosis (Fig. 3A). Although the glomerular
population in db/m mice was overall normal (>95% with
GS0), glomerulosclerosis scores were consistently higher
in db/db UNx mice (Fig. 3, A–C). Notably, the proportion
of mice presenting severe or global glomerulosclerotic
lesions (GS3 and GS4) was significantly higher in db/db
UNx-ReninAAV controls (54 ± 8%) compared with db/db
UNx-LacZAAV controls (28 ± 5%, P < 0.01; Fig. 3D). The
glomerulosclerosis index was significantly improved by
lisinopril (P < 0.05) and lisinopril þ empagliflozin (P <

0.001; Fig. 3C), largely driven by a reduced proportion of
glomeruli with GS3 and GS4 (Fig. 3D and Supplemental
Fig. S2). Empagliflozin slightly, but significantly, increased
the glomerulosclerosis index and GS3 and GS4 fractions
(Fig. 3, C and D). The glomerulosclerosis index and albu-
minuria were significantly correlated (r2 = 0.86, P < 0.001;
Supplemental Fig. S3). Cortical collagen type III was signif-
icantly elevated in db/db UNx-ReninAAV mice but not db/db
UNx-LacZAAV mice compared with db/m mice. Lisinopril þ
empagliflozin, but not monotreatments, reduced collagen
type III expression (P < 0.05; Fig. 3, E and F). Kidney KIM-1
staining was almost absent in db/m and db/db UNx-LacZAAV
controls but robustly increased in vehicle-dosed db/db UNx-
ReninAAV mice. KIM-1 expression was predominantly
observed in tubular cells and to a lesser degree in Bowman’s
capsule (Fig. 3, G and H, and Supplemental Fig. S2). KIM-1
expression in db/db UNx-ReninAAV mice was nearly nor-
malized by lisinopril and lisinopril þ empagliflozin (both P
< 0.001; Fig. 3, G and H, and Supplemental Fig. S1). Cortical
CD11b-positive immune cell infiltration was pronounced in
db/db UNx-ReninAAV mice compared with db/db UNx-
LacZAAV controls (P < 0.001). Lisinopril and lisinopril þ
empagliflozin, but not empagliflozin alone, significantly
reduced CD11b levels in db/db UNx-ReninAAV mice (Fig. 3, I
and J, and Supplemental Fig. S2).

Lisinopril and Empagliflozin Combination Treatment
Attenuates Glomerular Hypertrophy in db/dbUNx-
ReninAAVMice

db/db UNx mice demonstrated kidney hypertrophy,
which was unaffected by treatment intervention (Table 1).
Glomerular hypertrophy was evident in db/db UNx LacZAAV
controls and further aggravated in db/db UNx-ReninAAV
mice (Fig. 4, A–C, and Supplemental Movies S1�S6). UNx and
ReninAAV additively stimulated glomerular hypertrophy
(Fig. 4B). Lisinopril þ empagliflozin significantly reduced
total glomerular volume in db/db UNx-ReninAAV mice
(P < 0.05; Fig. 4, B and C). Empagliflozin monotreatment

Table 1. ReninAAV dose-finding study

db/db UNx-

LacZAAV �2

db/db UNx-

ReninAAV �1

db/db UNx-

ReninAAV �2

db/db UNx-

ReninAAV �4

db/db UNx-

ReninAAV �10

Survival rate, n 7/10 10/12 9/13 4/12 3/12
Body weight at randomization (week 6), g 35.5 ± 0.9 36.1 ± 0.6 34.7 ± 0.6 35.0 ± 0.8 37.1 ± 2.6
Fed blood glucose at randomization (week 6), mmol/L 13.0 ± 1.7 12.2 ± 1.0 12.2 ± 1.0 12.2 ± 1.4 10.6 ± 1.6
Body weight at GFR test (week 10), g 46.7 ± 2.9 50.0 ± 1.9 49.4 ± 1.5 51.4 ± 4.0 48.3 ± 3.8
GFR (week 10), mL/min 493 ± 43 620 ± 39 415 ± 48 396 ± 42 344 ±50
GFR relative (week 10), mL/min/100 g body wt 1,059 ± 78 1,246 ± 75 843 ± 85 768 ± 43 753 ± 34
Half-life of sinistrin, min 14.3 ± 1.1 12.1 ± 0.6 18.6 ± 1.7 19.2 ± 1.1 19.5 ± 0.9
Body weight (week 12), g 44.9 ± 3.4 47.8 ± 2.2 48.1 ± 1.5 50.7 ± 3.9 45.8 ± 2.8
Fed blood glucose (week 12), mmol/L 21.1 ± 4.9 20.6 ± 2.1 20.0 ± 2.7 13.3 ± 4.3 5.1 ± 0.2
Plasma urea (week 12), mmol/L 10.9 ± 1.8 9.5 ± 0.4 9.0 ± 0.7 11.4 ± 0.7 10.5 ± 0.6
Kidney weight (week 12), mg 368 ±28 381 ± 13 337 ± 19 359 ±26 294 ± 32
Relative kidney weight (week 12), mg/g body wt 8.5 ± 2.1 8.3 ± 0.6 7.1 ± 0.4 7.5 ± 1.2 6.5 ± 0.4
Heart weight (week 12), mg 200 ± 19 228 ± 14 284 ± 17† 300 ±24† 283 ± 34
Relative heart weight (week 12), mg/g body wt 4.5 ± 0.3 4.9 ± 0.3 6.0 ± 0.3� 6.1 ± 0.5 6.3 ± 0.6

All data are presented as means ± SE; n, number of mice. Physiological data in diabetic db/db uninephrectomized (UNx) mice adminis-
tered various doses of adeno-associated virus (AAV)-delivered renin and compared with LacZAAV controls are shown. AAV LacZ or renin
construct was intravenously administered in study week �5 (7 wk of age), and UNx was performed in female db/db mice in study week
�4. Mice were euthanized 17 wk after single AAV administration, corresponding to study week 12. Data are only shown from mice that
completed the entire study. LacZAAV �2, 2� 1010 genome copies (GC); ReninAAV �1, 1� 1010 GC; ReninAAV �2, 2� 1010 GC; ReninAAV
�4, 4� 1010 GC; and ReninAAV �10, 10� 1010 GC. �P < 0.05 and †P < 0.01 vs. LacZAAV �2 (Dunnett’s test one-factor/two-factor linear
model with interaction). GFR, glomerular filtration rate.
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slightly increased glomerular volume (P < 0.05; Fig. 4, A–
C, and Supplemental Movies S1�S6). No significant differ-
ences in the total number of glomeruli per kidney were
observed between groups (Fig. 4D). Cardiac hypertrophy
was most pronounced in ReninAAV groups (Tables 1 and
2), slightly accentuated by empagliflozin, and partially
reversed by lisinopril and lisinopril þ empagliflozin
(Table 2).

DISCUSSION

Persistent hypertension established by ReninAAV pro-
moted further progression of kidney disease in diabetic db/
db UNx mice. Kidney injury was attenuated in db/db UNx-
ReninAAV mice following long-term combination treatment
with lisinopril and empagliflozin. The clear pathological
hallmarks of DKD and therapeutic response to the standard

db/db UNx-LacZAAV x2
db/db UNx-ReninAAV x1
db/db UNx-ReninAAV x2
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Figure 1. Adeno-associated virus (AAV) delivery of renin promotes hypertension-accelerated kidney disease in uninephrectomized (UNx) diabetic db/db
mice. ReninAAV dose-dependent effects on physiological parameters and glomerulosclerosis in db/db UNx mice are shown. AAV was administered in
week �5, and UNx was performed in week �4 (LacZAAV: n = 7, ReninAAV �1: n = 10, ReninAAV �2: n =9, ReninAAV �4: n = 4, and ReninAAV �10:
n = 3). A: fed blood glucose levels. B: blood pressure. C: urine albumin-to-creatine ratio (ACR; log transformation). D: plasma levels of cystatin C. E: artifi-
cial intelligence-assisted identification and quantification of glomerular periodic acid-Schiff (PAS) staining. F: representative photomicrographs of glomer-
ulosclerosis pathology in db/db UNx ReninAAV mice. Arrows highlight global sclerotic glomeruli; stars indicate intratubular casts. See the insets for
representative glomerulus morphology. LacZAAV �2, 2� 1010 genome copies (GC); ReninAAV �1, 1� 1010 GC; ReninAAV �2, 2� 1010 GC; ReninAAV
�4, 4� 1010 GC; ReninAAV�10, 10� 1010 GC. �P< 0.05, ��P< 0.01, and ���P< 0.001 vs. db/db UNx-LacZAAV�2 mice; #P< 0.05 vs. the correspond-
ing level in treatmentweek 6 (Dunnett’s test one-factor/two-factor linear model with interaction).
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of medical care highlight the suitability of the db/db UNx-
ReninAAVmouse model for characterizing novel drug thera-
pies for DKD in the setting of T2D and hypertension.

Chronic hypertension induced by overexpression of renin,
independent from intrinsic homeostatic feedback mecha-
nisms, represents emerging models of DKD (29–31). A promis-
ing model of progressive DKD has recently been established
by AAV delivery of renin superimposed on baseline kidney
disease in diabetic db/db UNx mice (12). We therefore eval-
uated the db/db UNx-ReninAAV mouse model of DKD in fur-
ther detail. ReninAAV dose dependently elevated systolic
arterial blood pressure in db/db UNx mice, which persisted
for at least 17 wk. The degree of hypertension attained by a
single injection of ReninAAV was similar to previous studies
and is consistent with corresponding ReninAAV dose-de-
pendent increases in plasma renin levels and renin activity in
db/dbUNx-ReninAAVmice (12, 17). Themajority of AAV inte-
grates in the liver, including the AAV serotype used in the cur-
rent study (32). In combination with the use of renin
expression driven by a liver-specific promoter, renin overex-
pression occurs specifically at the level of the liver, where-
upon the gene product is released into the circulation (12, 17).
db/db UNx-ReninAAVmice show compensatory downregula-
tion of kidney renin expression (unpublished observations),
reflecting chronic systemic renin overactivity in the model. It
should, therefore, be considered that kidney pathology in the
model is likely independent of intrarenal renin expression.

Although all ReninAAV doses were equally effective in
increasing ACR and dose dependently worsened glomerulo-
sclerosis, the use of high ReninAAV titers (�4� 1010 GC) was
precluded due to reduced survival rate. GFR was similar in
ReninAAV- and LacZAAV-injected db/db UNx mice, as meas-
ured by FITC-sinistrin clearance. Correspondingly, ReninAAV
doses up to 2� 1010 GC did not influence terminal plasma cys-
tatin C levels, a marker of GFR (33). Taken together, this indi-
cates sustained GFR in db/db UNx-ReninAAV mice, and GFR
was therefore not evaluated in the treatment intervention
study. Reduced GFR has been previously reported 8 wk after

ReninAAV injection, using a lower ReninAAV dose in older
db/db UNx mice (5� 109 GC, dosing at 12 wk of age) (12). It
should be noted that the study by Harlan et al. (12) only
reported GFR data for a minor subpopulation (n = 5) of mice
with signs of significant renal impairment (doubling of creati-
nine). In addition, differences in ReninAAV titer as well as
timing of administration and GFR assessment could poten-
tially explain the discrepancy between the present study and
the study by Harlan et al. (12). Compared with untreated nor-
moglycemic db/m mice, db/db UNx-ReninAAV mice devel-
oped extreme albuminuria, a key diagnostic criteria in human
DKD (34, 35). In accordance, consistent pathological features
in db/dbUNx-ReninAAVmice included severe glomeruloscle-
rosis and tubular injury, glomerular hypertrophy, and mono-
cyte infiltration. Increased glomerular volume was also
observed in db/db UNx-LacZAAV mice. This is consistent
with a recent whole kidney 3D imaging study demonstrating
glomerular hypertrophy in db/db mice and is augmented by
UNx (20). Consistent with the absence of GFR decline, db/db
UNx-ReninAAV mice did not develop tubulointerstitial fibro-
sis, which is inversely correlated to kidney function (36).
However, db/dbUNx-ReninAAV, but not LacZAAVmice dem-
onstrated robust upregulation of KIM-1 expression, a histolog-
ical marker of proximal tubular epithelial cell damage (37). In
summary, kidney pathology in db/db UNx-ReninAAV mice
mirrors human progressive DKD anteceding decline in renal
function and tubulointerstitial fibrosis.

The standard of care for the management of hypertension
(lisinopril) and hyperglycemia (empagliflozin) attenuated
kidney disease in the model. Consistent with intrarenal
RAAS overactivity playing a cardinal role in the pathogenesis
and management of DKD (38), 12 wk of lisinopril monother-
apy robustly improved extreme albuminuria in db/db UNx-
ReninAAV mice. This effect was accompanied by slightly
elevated plasma urea levels. It should be noted that circulat-
ing urea levels are a poor indicator of GFR as the liver syn-
thesis rate depends on several nonrenal factors, including
urea cycle enzyme activity. Improved albuminuria may

Table 2. Treatment intervention study

db/m

db/db UNx-

LacZAAV

Vehicle

db/db UNx-

ReninAAV

Vehicle

db/db UNx-

ReninAAV

Lisinopril

db/db UNx-

ReninAAV

Empagliflozin

db/db UNx-

ReninAAV Lisinopril þ
Empagliflozin

Survival rate, n 8/8 15/15 17/18 17/18 17/18 17/18
Body weight at randomization (day �2), g 22.0 ± 0.2c 45.2 ± 0.7 44.8 ± 1.0 44.6 ± 1.2 43.9 ± 1.1 44.8 ± 1.1

Fed blood glucose at randomization (day �2),
mmol/L ND 18.9 ± 1.2 18.2 ± 2.0 17.1 ± 1.6 16.4 ± 1.5 17.5 ± 1.4

Body weight (week 12), g 23.8 ± 0.4c 42.7 ± 1.9 44.7 ± 2.1 43.5 ± 1.8 50.5 ± 1.6a 50.7 ± 1.8e

Fed blood glucose (week 12), mmol/L 6.4 ± 0.1c 21.6 ± 1.1 18.0 ± 1.9 21.0 ± 2.0 12.3 ± 1.5a 13.1 ± 1.0
Kidney weight (week 12), mg 158 ± 4.7c 311 ± 11.1 323 ± 10.0 306 ± 10.7 344 ± 9.0 332 ±9.6
Relative kidney weight (week 12), mg/g body wt 6.6 ± 0.2 7.5 ± 0.4 7.5 ± 0.5 7.2 ± 0.3 6.9 ± 0.3 6.6 ± 0.2
Heart weight (week 12), mg 126 ±2.7c 147 ± 3.7c 202 ±6.3 179 ± 5.9b 229 ±6.1b 182 ± 5.0a,f

Relative heart weight (week 12), mg/g body wt 5.3 ± 0.1a 3.5 ± 0.1c 4.7 ± 0.2 4.1 ± 0.1 4.6 ± 0.1 3.6 ± 0.1c,d,f

All data are presented as means ± SE; n, number of mice. Physiological data in diabetic db/db uninephrectomized (UNx)-ReninAAV
mice administered lisinopril, empagliflozin, or combination for 12 wk are shown. Adeno-associated virus (AAV) LacZ or renin construct
(2� 1010 genome copies) was intravenously administered in study week �5 (7 wk of age), and UNx was performed in female db/db mice in
study week �4. db/db UNx-ReninAAV mice received vehicle (PO, QD), lisinopril (40mg/kg, PO, QD), empagliflozin (20mg/kg, PO, QD), or
lisinopril þ empagliflozin combination treatment (40mg/kg þ 20mg/kg, PO, QD) for 12 wk. Mice were euthanized after 17 wk of single
AAV exposure, corresponding to treatment week 12. Nondiabetic female db/m mice served as untreated normal controls; vehicle-dosed
female db/db UNx-LacZAAV served as diabetic UNx controls. Data are only shown from mice that completed the entire study. aP<0.05,
bP<0.01, and cP<0.001 vs. db/db UNx-ReninAAV vehicle; dP<0.01 and eP<0.001 vs. lisinopril monotherapy; fP<0.001 vs. empagliflo-
zin monotherapy (Dunnett’s test one-factor/two-factor linear model with interaction). ND, not determined.
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primarily reflect lowered intraglomerular pressure and cor-
relates with reduced inflammation, endothelial dysfunction,
and fibrosis, resulting in less long-term kidney injury (39,
40). The improved glomerular function following lisinopril
treatment was supported by reduced glomerulosclerosis.
Reduced infiltration of CD11-positive monocytes following lis-
inopril treatment was paralleled by marked suppression of
KIM-1 expression. Renal KIM-1 overexpression has been
linked to macrophage-driven tubule interstitial inflammation
(41). Notably, the addition of empagliflozin to lisinopril treat-
ment resulted in further robust renal improvements in db/db
UNx-ReninAAV mice. Accordingly, only combined lisinopril
and empagliflozin treatment significantly reduced glomeruli
populations with severe or global glomerulosclerotic lesions.
In addition, only combination therapy significantly improved
cortical collagen type III deposition and whole kidney

glomerular hypertrophy, further arguing for contributory
therapeutic effects of SGLT2 inhibition. Compared with lisin-
opril monotherapy, lisinopril and empagliflozin cotreatment
resulted in slightly more pronounced improvement in key
histological end points in db/db UNx-ReninAAV mice. It is
therefore conceivable that histological outcomes following
drug combination treatment were mostly attributed to sys-
temic and renal hemodynamic effects of lisinopril.

Our study corroborates and extends findings of robust neph-
roprotective effects of lisinopril in combination with antidia-
betic treatment (rosiglitazone) in db/db UNx-ReninAAV mice
(11, 12). Enhanced therapeutic effects of combined lisinopril
and empagliflozin administration may relate to their different
modes of action. The principal nephroprotective mechanism
of RAAS inhibitors is a reduction of intraglomerular pressure
by limiting angiotensin II-induced vasoconstriction of the
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Figure 2. Lisinopril and empagliflozin combination treatment improves plasma and urine markers of kidney disease in db/db uninephrectomized (UNx)-
ReninAAV mice. Shown is the characterization of lisinopril (40mg/kg, PO, QD, n = 17), empagliflozin (20mg/kg, PO, QD, n = 17), and combination treat-
ment (40 þ 20mg/kg, PO, QD, n = 17) for 12 wk in db/db UNx-ReninAAVmice (AAV-renin dose, 2� 1010 genome copies). Untreated db/m (n =8), vehicle-
dosed db/db UNx-LacZAAV (n = 15), and vehicle-dosed db/db UNx-ReninAAV (n = 17) mice served as controls. A: body weight. B: fed blood glucose lev-
els. The open circle indicates blood glucose levels in db/m control mice (week 12). C: HbA1c levels. D: plasma urea concentrations. E: plasma cystatin C
levels. F: urine albumin-to-creatine ratio (ACR). AAV, adeno-associated virus. �P < 0.05, ��P < 0.01, and ���P < 0.001 vs. vehicle-dosed db/db UNx-
ReninAAV mice; ºººP < 0.001 vs. lisinopril monotherapy; #P < 0.05 vs. empagliflozin monotherapy (Dunnett’s test one-factor/two-factor linear model
with interaction). AAV, adeno-associated virus.

STANDARD OF CARE IN A MOUSE MODEL OF ADVANCED DKD

AJP-Renal Physiol � doi:10.1152/ajprenal.00154.2021 � www.ajprenal.org F155
Downloaded from journals.physiology.org/journal/ajprenal at Copenhagen Univ Lib (130.226.229.016) on July 27, 2021.

http://www.ajprenal.org


efferent arteriole (42). In addition, nephroprotective effects of
RAAS blockade have been attributed to direct action on neph-
ron components, including the podocyte (43). Although
reduced glucotoxicity and metabolic stimulation of tissue

oxygen delivery may, at least in part, underlie the cardiorenal
effects of SGLT2 inhibitors (44), this drug class may also have
direct nephroprotective properties independent of glycemic
effects. This notion is strengthened by clinical trials

db/m
db/db UNx-LacZAAV vehicle
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demonstrating comparable beneficial effects of SGLT2 inhibi-
tors on renal end points in both diabetic and nondiabetic
patients with CKD (8–10). By blocking proximal tubular glu-
cose and sodium reabsorption, SGLT2 inhibitors increase so-
dium delivery to the juxtaglomerular apparatus, thereby
activating macular densa cells, which is a key mechanism to
restore tubuloglomerular autoregulation, leading to afferent ar-
teriolar constriction, reduced intraglomerular hypertension,
and a decrease in hyperfiltration (45–47).

Empagliflozin monotherapy exacerbated albuminuria,
glomerulosclerosis, glomerular hypertrophy, and cardiac hy-
pertrophy, which were completely prevented by lisinopril
coadministration. This suggests further RAAS stimulation
following empagliflozin administration in db/dbUNx-ReninAAV
mice. Empagliflozin administration has been reported to
stimulate plasma and cortical renin activity in both db/m and
diabetic db/db mice (48). Correspondingly, increased plasma
renin activity as well as elevated plasma levels of angiotensin
II and aldosterone have been observed in patients with diabe-
tes following short-term empagliflozin and dapagliflozin
treatment (49, 50), likely attributed to intravascular volume
depletion, a well-known effect of SGLT2 inhibitors (45, 49, 51).
Although cardiac hypertrophy in empagliflozin-treated db/db
UNx-ReninAAV mice may indirectly suggest further stimu-
lated RAAS activity and hypertension, this must be specifi-
cally addressed by blood pressure analysis. Although chronic
hypertension was confirmed in the ReninAAV dose-finding
study, tail-cuff plethysmography was not applied in the treat-
ment study as the procedure may cause handling and
restraint stress, which could negatively affect blood pressure
and therefore potentially influence treatment outcomes in
themodel.

Current clinical trials on SGLT2 inhibitors in diabetic and
nondiabetic patients with CKD have been performed with
background antihypertensive therapy, typically RAAS block-
ade (7–10). Although effects of SGLT2 monotherapy remains
to be established in patients with DKD, preclinical studies
have yielded inconsistent results on SGLT2 inhibitor treat-
ment in DKD/CKD models. Accordingly, empagliflozin and
dapagliflozin have demonstrated no effect or attenuate renal
end points in normotensive diabetes models with features of
mild-moderate kidney pathology, including db/db mice (48,
52–56). Empagliflozin has been demonstrated to prevent the
development of glomerular and tubulointerstitial fibrosis,
but not GFR loss, following angiotensin II infusion or 5/6 ne-
phrectomy in nondiabetic rodents (56–58). Although dapa-
gliflozin showed no glomeruloprotective effect when
administered 1 wk after 5/6 nephrectomy (59), canagliflozin
treatment starting 1 wk after angiotensin II infusion has

been reported to improve GFR and improve glomerulosclero-
sis in normoglycemic mice (60). Collectively, it may be
speculated that the timing of SGLT2 inhibitor administration
is critical for observing therapeutic effects in DKD/CKDmod-
els with established progressive kidney disease.

In contrast to lisinopril, empagliflozin increased body
weight concurrent with improved hyperglycemia. Similar to
db/db UNx-ReninAAV mice, long-term empagliflozin treat-
ment has been previously reported to increase body weight
and insulin levels, but not food intake, in db/db mice (48,
61). Considering that body weight in db/db mice gradually
reaches a plateau and may eventually decline as a conse-
quence of long-standing deteriorating hyperglycemia and
insufficient insulin secretion (62), it is conceivable that sus-
tained body weight gain in empagliflozin-treated db/db
UNx-ReninAAV mice is a consequence of improved glucose
handling.

Limitations of the study should be considered. Because
blood pressure was not monitored in the treatment study,
it remains to be determined to what degree the slightly
more robust effects of lisinopril and empagliflozin combi-
nation treatment on kidney histological endpoints may
be explained by contributory mechanisms unrelated to
blood pressure regulation. Although our study provides
pharmacological validation of db/db UNx-ReninAAV
mice as a preclinical model of advanced DKD, using lisin-
opril alone and in combination with empagliflozin, future
studies in db/db UNx-ReninAAV mice must aim to
broader define treatment responses in the model by
profiling drug classes targeting other pathophysiological
mechanisms in DKD. Also, the present study was limited
to define kidney disease for up to 17 wk after ReninAAV
administration in female db/db UNx mice. Considering
the clear indication of extreme albuminuria and
advanced glomerulosclerosis, we cannot exclude worsen-
ing kidney function beyond this observation period.
Although it would be relevant also to characterize DKD
progression and standard of care in older db/db UNx-
ReninAAV mice, this may be incompatible with progres-
sively deteriorating hyperglycemia and resulting reduced
longevity in db/db mice.

In conclusion, the present study substantiates hyperten-
sion and diabetes as essential components in the progression
of DKD and further supports db/db UNx-ReninAAV mice as
a clinical translational model of advanced DKD. The thera-
peutic effects of the standard of care to control hypertension
and hyperglycemia provides a proof of concept for testing
novel drug therapies in the db/db UNx-ReninAAV mouse
model of DKD.

Figure 3. Lisinopril and empagliflozin combination treatment improves glomerulosclerosis in db/db uninephrectomized (UNx)-ReninAAV mice. A: auto-
mated detection of periodic acid-Schiff-positive glomeruli and scoring of glomerulosclerosis. A scoring-based color code was used to visualize sclerosis
severity (GS0�GS4) in affected glomeruli. Representative images are from vehicle-dosed and lisinopril þ empagliflozin-treated db/db UNx-ReninAAV
mice, respectively. Insets: further magnification (�20) of the selected areas. B: distribution of glomerulosclerosis scores in db/þ mice (n =8), vehicle-
dosed db/db UNx-LacZAAV control mice (n = 10), and db/db UNx-ReninAAVmice that received vehicle, lisinopril (40mg/kg, PO, QD, n = 10), empagliflozin
(20mg/kg, PO, QD, n = 10), or lisinopril þ empagliflozin (40 þ 20mg/kg, PO, QD, n = 10). B: group-wise distribution (fraction %) of glomerulosclerosis
scores. C: glomerulosclerosis index. D: fraction of glomeruli with severe or global glomerulosclerosis (GS3 þ GS4). E: percent area of cortical collagen
type III (Col3). F: total cortical Col3 mass. G: percent area of kidney injury molecule-1 (KIM-1). H: total KIM-1 mass. I: percent area of cortical CD11b. J: total
cortical CD11b mass. �P < 0.05, ��P < 0.01, and ���P < 0.001 vs. db/db UNx-ReninAAV control mice; #P < 0.05 and ###P < 0.001 vs. empagliflozin
monotherapy (Dunnett’s test one-factor linear model with interaction). AAV, adeno-associated virus; GS, glomerulosclerosis scores.
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Figure 4. Lisinopril and empagliflozin combination treatment attenuates glomerular hypertrophy in db/db uninephrectomized (UNx)-ReninAAV mice. A:
3D reconstruction of representative kidneys from db/m (n =8), db/db UNx-LacZAAV (n = 13), and db/db UNx-ReninAAVmice that received vehicle (n = 13),
lisinopril (40mg/kg, PO, QD, n = 15), empagliflozin (20mg/kg, PO, QD, n = 13), or lisinopril þ empagliflozin (40 þ 20mg/kg, PO, QD, n = 15). Scale
bar = 700mm. A volume-based color code was used to visualize the volume of each individual glomerulus, ranging from 20 (blue) to 250� 1,000 mm3

(red). B: volume distribution frequency plot. C: glomerular mean volume. D: whole kidney glomerular number. �P < 0.05, ��P < 0.01, and ���P < 0.001
vs. vehicle-dosed db/db UNx-ReninAAVmice (Dunnett’s test one-factor/two-factor linear model with interaction). AAV, adeno-associated virus.
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